o
B b

&

,;‘.ﬂ l"‘

N
(J .

&

L

UCRL-20386 C . 9\

SINGLE CRYSTAL STUDIES OF HYDRATED
TRANSITION METAL IONS BY ELECTRON
PARAMAGNETIC RESONANCE

Akira Jindo

(Ph.D. Thesis)

January 1971

AEC Contract No. W-7405-eng-48

r - B
TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call

Tech. Info. Division, Ext. 5545

LAWRENCE RADIATION LABORATORY
UNIVERSITY of CALIFORNIA BERKELEY ;}

98¢02-TdDN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



£

A

i,

-

-iii~

TABLE OF CONIENTS

- ABSTRACT -

I. INTRODUCTION =------- v;;"";;f';}';";"f"";"';"“"'*'“’; 1
IT. EXPERIMENTAL --n-nmnmcmcmnmmnan- S—— S S -
A. .Spectrdmétér‘; --------- ————— --;;—-;-;Q-;;----f-i;---;-- 6
B.. éompuﬂef'---;é-;—-----------;;f-;-f-; ..... i 8
C. Chemicals and Crystal Growtﬁ ---;_--;-;---;; ____________ ) 9
1. Metal Selenétes'--;-e—aeA;--5--e;-———--,---—-----Q-- 10
: o, aeNiso;{éneo e S 13
3. LaéMg'3(No3)12._24Hgo ————————— e 1k
4., Metal Bromatés 'f";“'“"" ---------- o emm————— 15
TIT. HOST LATTICES i SRR T
A. ‘a?NiSOu.6H20 and‘ZnSeOh.GHEO e -- 16
1. Crystal Structuré ----——---Q--——-—-g—--~--;--—-----4 16
2. Magnetié AxeS'-Q----;——--;-?-----;---;---;-—---;—;-- 19 |
B. 'ﬁéQMg3(No3)12.2AH20 -----—;4---—4------;-5--;------,-5-- 2l
1. Crystal Structure -=-=---- e mmm e ecemmaaaa— o - oL
.H2 Paramagnetic Ton TMPUrities memmmmmmcccccmmdecceeo—— 25
c; Zn(BrQ3)2.6HéO S e 27
\ 1. Crystal Structgre'—-;———-e-— -------- mmemme i 27
2. 'Magﬁetic Axesﬂ-------—----------f--;------; --------- 28
V. N2 in DIAMAGNETIC HOSTS -=--nmmmmnmmnmmmnmmmcmmnnamneacee 31
A. 'Theéry --—------—-——----;--—-Q-----; -------------------- 31
| '-wl. Crystal‘Fiez& Model fOr‘3d8 ?';;;";f"""“f‘;"“‘ 31 :

2. Gpin HAMIlLONIAN meremmmmmmmmencmemsesemsomoomnmsie 37



IVO

vI.

. C *

-iV—_

-s,‘pé_ctral Assighmenf "---—---'-—-;-_:- ------- ————— ' ;--;-—5_;-; hs
c. met in znse04.6H20 e '-;;-Aff------------f--- e
“l-w ¥e Plane Spéétra —------Q-é-----—-%&%f-é—---f--é---f 47 :
‘2. ac PlanéTSPeétra'-4-----?--?;-;-—f;'-""4f-;-—--4--, 49 |
l-j{"ab Plane épectra ----- ‘-~---7—-~-------;;;--—-----~-; 52
h: DiscﬁSéion of Resﬁlts -----7-----5-_--;,;--_; _______ - 53 
. 5 Summéry. ----------------------------------- ; -------- 56
D . Ni in LMN -------------------------------------------- 58
| | 1. Type 1 Ioﬁ ----------------------------------------- 58
2, Type 2 Ion ;%—‘ -------- ; -------- ;-;;--_____-_--_____; 69
Ni .in Zn(Br'o>3)2V.6H?o ----Q-------------_-------% ______ 71
1. Undiluted ﬁi(Bro3)2.6H20‘-5--;_f__________;}___;_;;__ .
e Ni%* Doped in Zn(Brog )y 6Hp0 =--=---=-- QQ_;--_-;f_; 72
F. The Sign Of D =m=-msrmms=cmsmmem oo oo oo SRR >
i{ 1. Review Of Past WOrk =-=------cmmocommeocm- e 75
o 2. Discrepancy and Discussion -;af—-a;-f-Q-—;;--5-;_-5-‘ 83
Cu?+ in_ZnseOhf6Héo EREEEEE QQQ--Q--—--;---,-_;-;--_f-_f__;--_,89
A. ,Theofy of cutt (3d9)  SGLEEESEPEEEEEE PR SO -
.B.‘ Resu1ts ____;._-_; ----- --;_-,----_-__;_________-__;,____ 95'
Discusgidn --?F-4f—---;;—--f ---------- e m—————— 99
C02+ in Znse0; .6H.0 s-=scmcccmcecccaaa '_-;-;_-;-_,--______;___
o in )+ CHo0 = ; , , 106
fThgory,for cott (3d7) S P S, SRR 106 -
B. Resultslf---;----f--é----_--,--f-_--;;_____,_;_,_-;;___;'108
Discuésion ---4~----—---;--f_-,--,---_;;_____;-f--_;_f__,lli-

1. Analysis of the g Factor and the Axial Splitting --- 111 |

- 2. Second Order Hyperfine Shift _--_--"'f"";"“i""_ilu

¥y



e

<\

Lol A

VII. PARAMAGNETIC IONS IN NICKEL SULFATE AND NICKEL SELENATE ---- 117

A e in NiSeou;EHQO'e;---Q--éf -------- ————-- oo 117
B. c¢2+ in a-NiSO) .6H,0 S ————————— F----~-5Q- 122
¢, cu® in a;NiSQL.6H20‘-#f—~--—-f--——-;----;--f---~;-; ----- 125
p. cutt in NiSeOu.6H20 and Mixed Crystals =-=----- cemcmcea- 133
E. @-NASO, . 6H,0 —mmmmmmmmmmmmsmommem e 135
lf'ﬁigh-Fiéld Transition -------m-mmmnmn- K
2. Coupled-Pair Tranéition'-----4—-§———-e¥---—f ----- ——--- 138
APPENDIX I Determination of ¢ -;--f-;_-;-;---_;-_;-;_________;__ 141
APPENDIX I Direcﬁion'Cosines'in ZnS¢Ou,6H20 ----- S 143
APPENDIX iII Jahn-Teller Interaction ~=-w-eemecocmcmoccmc oo 146
A. cu2+ in IMN ---~; -------- S b7
B; Cu2+ in Zn(Br03)2j632° ___;_-;_-;___ _____ ;-____----_;_--;-‘151
€. vey, in Various Host Lattices ------- B T T T 152
APPéNDIX IV Tables of Experimental Date ----- ———— mmmeemoee—te— 154
APPENbIX V  Computer Programs S S 158‘
A;.Field_Positions of N12+ EPR Spectra ---—ff-—-----—--é--—— 158
B. Hermitian Matrix Diagonalization S 161‘
ACKNOWLEDGEMENTS emmmmmmmmecmmenememmaaa mmmmmmmee- Qe----fs—- 165
* REFERENCES 4~--—5----------4----—---7---e--;———--------—--—--5--—- 166
FIGURE LiST N 4—5---F-—' ----- 'ff--~--*-%------f-f---4-----+'172“_
FIGURES e mmmmmmme e mm e m e mennnn 180



7 ¥

g = 2.219, g = 2,238, D= +4.20 em Y, E

~vii-
SINGLE CRYSTAL STUDIES QF HYDRATED TRANSITION METAL
IONS BY ELECTRON PARAMAGNETIC RESONANCE
' Akira Jindo
Inorgénic'Maferials ReséarchbDivision, Lawrence Radiation Laboratory
and Department'of‘Chemistry
University of Califgrpia, Berkeley, Ca}ifornia
| ABSTRACT
We hgve undertaken an electron paramagnetic resonance‘(EPR) study of
certain transitionvmetal’iOné'in ﬁydrated singie'cryétals at temperatures
ranging from 300 to'1;2°K. |
We studied the EPR sPéctravof Coz+, N12+ and Cu2+ doped into single
¢rystals of;ZnSeOh-6H20. -This diaﬁagnetic crystal is'isostructﬁral‘with
the tetragonal a—NiSoh-6H20;‘<The relationship between the principal spin
Hamiltonian axes (x,y,z) and the crystallographic axes (a,b,c) has been

2+
a

established. The spin,Hamiltdnian,parameters found for Cu re

g = 2.4295, g = 2.0965, A =115.6 G, A = 9.5 G, ¢ = h3.3° and § = 3°,

where ¢ is the angle that the z axis forms with the ¢ axis/and B is’ the

. ' ' ‘ - +
angle by which the x axis is rotated from the ab bisector. For N12

1 0, ¢ = 35.5° and B = 2.0°.

Finaliy, for Cot g =5.975, g = 3.45, A= T7.0 d, A =206, ¢ =58.5°

and B  = L.5°, ‘These parameters agree well with crystal field calcula- -

tions forvan.elongated tetrégonal symmetry, if some covalency is inciuded.
vThe EPR‘spgctra of Ni?+ weré,alsd investigated in the trigonal host

1att1ces,.La2Mg3(No3)12-2hH20(LMN) and Zn(Br03)2-6H2O. In LMN tyo type§

2+ ‘ ~ ) v
of Nl2 spectra were observed. Our results have confirmed the assign-

ments previously féported by Hoskins et al. and by Culvahouse. The

. PR : et o, cas
sign of D is negative for the type 2 N12 ion and positive for the type

-1 ion. The results for N12+ in Zn(BrO3)2-6H20 were explained by



S eviii-.

gy = g é 2.235;""D = -1;79 em™Y and E = 0.001 cm > at 1.7°K.

From a study of the results on N12 in a varlety of crystals we
conclude that the 31gn of D can be correctly predlcted by crystal fleldi-”
theory for N12+ only with tetragonal symmetry. For a trigonal symmetny
‘simpie'crystel theory cannot ekplain the sigﬁ of D and othef impoitant ) s
effects must be taken into account. | .

We have‘re—examlned the EPR spectra of pure a—leoh «6H 0 We.have
detected a new type of spectrum which 1nvolves 51multaneous trans1t10ns
of two nelghborlng 1\112+ ions. | |
| Cu2 ~doped in a—leOh°6H (6] showed & tetragonal symmetry with
| unusuelly high g values that were slightly dependent upon_the crystai -
sehpe; teﬁperature and-iesonance frequency. The observed parameters
were"gﬂ = 2}900, g = 2;&82,_A" = 93.9 G, A ‘
Similarly high g values for'Cu2_+ were also detected in tetragonal

=10 G and ¢ = 61.8°.

NiSeOh-6HQO; Exchange tnteraction between Ni2+ end cust are'responsible
for the anomalous e factors,.bﬁt néither a simple molecular field
correction nor ah isotropic exchange between a N12+-Cu?+ pair'coﬁld give
a quantitative agreement with the-observed g valuee.

N\

The presence of Ni2f ions in;the_neareet neighber sitee had-little_
effect ﬁpen the EPR of Cbe+. The spiﬁ Hamiltonian parameters of Cog+.
in ZhSe0h~6H20, NiSedh°6H20‘and a-NiSOL-6H20 were all very eimiiar.
ZWe elso report the EPR results of three systems with Jahn—Teller
interactions: cu?? in IMN, cut in Zn(BrO3)2-6H20_aﬁd VClh in various

host lattices. o . ' ‘.
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. I. INTRODUCTION

vSinee the discovery of electron paramagnetic‘resonanee (EPR)
the paraﬁagnetie ions in.single énystals.have.been the subject of an
intense inquiry. The single crystal saﬁples have been continuously
used in the EPR work, mainly because more accurate'characferization
of the peramagnetlc ions 1s p0551ble from 51ng1e crystals than from
polycrystalllne samples. |

We limited the SCOpe of ‘this work to the first—row tfansiﬁien

o : + o $.,
metal ions. In partlcular we con51dered 002 s Ni2 -and Cug‘ ions

incorporated in hydrated 51ngle crystals of both dlamagnetlc and para—;f s

magheticvhosts. We have prepared sulfates,. selenates, bromates and
double eitfates qf(tran31t10n metal ions in plus—two ox1dat10n;s£ates.
. Singlevcryeteis of these hydfated compounds are easiiy grown from
aqﬁeous solutions by'élOV evaporetion. FIn these crystals the para-
ﬁagﬂ;tic ions ere surrounded by six water molecules arranged in nearly
' oétahedfal symmetry wifh sﬁall tetragonal or trigonal dietortions.
. The EPR of'002+, Ni?+ and‘Cu2+'ions are known to be very sensitive to
the local symmetries_around them. |

We need to distinguish the two types of symmetries frequently »

referred to in the EPR studies of single crystals. These are the

symmetry of the crystal lattice and the symmetry of the crystal fleld

The former is determlned by all the atoms in the crystal, whereas the

latter.is determined largely by nearest neighbor atoms or molecules.
It is the latter symmetry, called the site symmetry,‘that plays an

important role in determining the EPR spectrum of single crystals.
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When the site symmetry of a crystal under study is known, one
can usually predlct the behav1or of the EPR spectra of paramagnetlc
ions substltuted in that s1te.- ThlS is the case of lanthanum
magnesium nltrate, La (NO ) 2hH20, (abbreviatec as IMN), and

zinc bromate, Zn(BrO ‘°6Hé0, whose crystal structures are known in

3)2
detail. Conversely,'the results of the EPR studies_can’often'reveal
the site symmetry, even when it is ﬁnknowc'from the crystallographic
study. The cuprlc ion can be used to resolve an ax1al symmetry into
trigonal or tetragonal symmetry For_lnstance,-when‘Cu is substituted
' into a'trigcnal site, the resultiﬁg_EPR spectra will consist of an N
anisotropic spectrum at very low tempereﬁure and an isotropic spectrum,-
at'higher temperature. Two such exemples are,given in Appendix IV.
Bﬁt Vheh Cc2+ is introduced into a tetragonal site, only an anisotrcpicy'
spectrcm will result at all temperatures. By use of this_technique E
we have determined the site symmetries of the metal ions in zing
selenate,.ZnSeOh-6H20. 'Of course, one cannot always hope tc-exﬁect:the
ions of different size to maintain the same site symmetry around them.
‘But in préctice this expectatidn is well'founded in many single crystals.
The theoreticel apparatus developed to interpret the:observed
"EPR spectra is called the spin'Hamiltonian, which deals with the ground
gstate‘of tﬁe magnetic ions located in a given crystalline field. A -.
-careful stﬁdy of the.spectra under various experimental cdnditiocs‘
}yields a set of spin Hemiltonian parameters such as-the spectroscqpic'
vsplitting.factor g, the initial (or zero-field)'splittings.and hyper—;

‘fine structure (hfs) constants. These parameters in turn furnish some .
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igfprmatioh as to‘the'n#turé-of the interactions inV&lving the magnetic
electroné with their environment. The information derived from the’
EPR‘Spectfa can, in févoréble cases, prqvide estimates of the crystal
', field parameters. This is illustfated in the ‘res'ult.s of the 002+, Ni2+’
and Cu’’ ions dqped in.ZnSGOh'6H20- | | |

' Throﬁghout.this work we use the intermediate'cryStai field theory
(CFT), in which the crystal field is smaller théﬁvthe éoulombic'reéulsive
enefgy 6f eiectrons but larger than the Spinéorbit interactiqn. This
is the case for the pluéftwo oxidation states of the iron group ions.
 In fhis scheme one can characterize the energy levels of a paramagnetic
ion by thé'orbital end spin angular momentum. of the unpaired éléctrons!
The érouﬁd state of the free ion is determined by Hund's rules. In |
solids the crystal field genérated;by the nearest ligands modifies the
energy ievels of the ground aﬁd the excited States.‘ OthefIWeak intér—
aétiohs are considered as perturbations; These include the spin;orbit
iﬁtéraétion, the Zeeman interaction, the hyperfine interaction, thé
exchange and electron dipole—dipdle interactidﬁé. ‘Concréte examples of

’ . . . . . .2t
the crystal field calculations are given in the theories of N12 and

+
Cu2 .

Fifst we Wwill examine the EPR spectra of C02+, N12+ and Cugf in‘
'diamagnetib host lattices in .order to establ}sh their basiﬁ features
 as isolated systems. Then, by increasing‘the‘concentrafion of thé
. paramagnetic ions or by using the péramagnetic host lattices we hope
-to elucidate the_natﬁre of additional inferacfioné involving two or

more adjacent magnetic ions. The effects of the neighboring magnetic

ions are manifested in EPR as line broadening, line shifts and additional
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transitions. - Qﬁalitative descfiptions of theée effects afe shown in

relativély concentrated samplés of N12+ ih Zn(BrO3)2~6H20‘and in LMN.

Other examples are seen in the Cog+, Ni2+ and Cu2+ ions in the pafé—

magnetlc host lattices of nickel sulfate, - leoh 6H 0 and nlckel

' selenate NlSeOh 6H 0. ' ' - : o : e
The EPR of a—NlSOh 6H 0 has already been reported by Batchelder

of this’ laboratory. - His Ph.D. the31s (1970) which is the forerunner

of'this wbrk,.giVes the referénqes to the early work on the magnetic_

properties of 'a-Nisoh-6H2'o. We find considerable differences in-the '

spin Hémiltonian péiaméfers'that ha&e beeﬁ feported by various'authors.'

For example, the'éxial'and the rhombic cbmponenté of the zero—field |

splitting, D and E,..vary from 2.Th to 4.77 et and from 0 to 0.28'cm;rl;

respectively. The most -comprehensive work carriéd out on this

compouqd is the magnefo—thermodynamic studies of Fisher et al. (1967,

1968 a, b) and of Fisher and Hornung (1968). They introduced a

moleculgr field correétion of the form YM, vhere Y is the molecular

_.field gbnétant and M is the ﬁagnetization. With this they could explain

\the magneﬁiiation and heat capacity of a spherical sample of a—NiSOh-6H20

in a magngtic field of O to 90 kG at liquid helium temperatuies. Their

least-sqﬁare adjusted parameters are %l = 2.216, g = 2.250,

D = L.7k1+0.001 ém'l, E = 0.010.06 cm’l, b = 39.o°, and Y = 0.266

‘mole.cm-s in the ab plane and Y = 0.272 mole.cm > along the.c axis.

But éinée the magnetization énd the heat capacity ﬁeasurements dea;

withvthe.bulk properties of a single crystal, different cbntributions: v

from non-equivalent ions could not be separated by this'method.: This

could, hdwever,fbe done by EPR.
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B&féhgl@er obéerved an anisotropié EPR spectrﬁm corresponding to
the ffansitioh between the fWO‘excited states df the N12+vspin triplets.
His EPR results could be gqualitatively explained by an isolated Ni2+
systen, if.aﬁ E of 0;032 cm—l was uéed along with the parameters given
by Fisher et al. But Batchelder's bbservations onvthe tempefature

dependence of'the‘EPR line-widths and line positions could not be

: v +
explained by_the isolated N12 model even if the molecular field cor-

recﬁioq was introduced. By use of a far-infrared spectrum Batchelder

estimated the nearesf neighbor exchange interaction’to be appréximately
- - B + + + ‘

equal to 0.12 cm l. His studies of an s 002 and Cu2 in

a—NiSOh-6HéO also indicated the importance of the exchange interactions

. +
with the neighboring Ni2 ions. We will review his EPR work and report

a new type of transition observed in a—NiSOh-6H20.



-6~

II. EXPERIMENTAL

-~ A. Spectrometer

The EPR Spectrometer»used for the low temperéture experiments on"

single crystals was essentially identical to that of previous investi-
gators in this laboratory (Pratt, 1967; Batchelder; 1970). Tt was

described in detail by Pratt. A few minor modifications were made.

The first modification was to replace the magic tee with a three-port

circulator and to change-thé bridge arrangement.. Secondly, we modi-
fied the V4502 amplifier by the addition of a twin T filter in the

external position. The 825 Hz modulation was provided by a'HPEOOCD

wide range oscillator followed by a power amplifier. A frequency of - v

825 Hz fed into the Varian V4250B sweép unit made the spectrometef
less susceptible to microphonic noiée coming ffom the buﬁbling of the
”vliquid nitrogen in the Dewar and other laboratory vibrations. ‘The
third change was the use of a variable microwave coupler constructed
from a.length of 6 mm diameter quartz rod, a teflon circular disk

(1 in.'dia; x 0.k in. high), and a 30 gauge copper wire helix imbedded
in the'feflon disk. - Upon rotation of.the_quartzvrod, the helical

copper. wire moved in front of a 5/16 in.-couplihg window. - This

enabled the incoming microwaves to vary their coupling with the cavity.

The entire waveguide unit is shown in Fig.1l. The quartz rod was

held tightly to minimize its vibration. Seve:al styrofbrm pieces

vere inserted along the waveguide as shown in Fig.l. ~ Although this. .

variable coupler introduced an additional microphonic noise from thé

vibration of the quartz rod, it allowed an'adjustment of coupling at




all temperaturés.

| The crystal mounting was accomplished by holéing the cryétais
down with'Scotch Brand Magic Tape in grooves machined in teflon disks.
The thrée most‘freQuéntly used mounters aré.sketéhed in Fig.2. Fo?
well cleavéd single crystals fhé mounting was excellent.

A»few exﬁeriments were conducted on powdered samples with a

conventional Varian sﬁectfometef and lOO kHz modulation. Cold N2
- was passed over the sample'andAit lowered the temperéture to about
-180°cC.
| The X-band Microwave‘frequency was measured by a HewlettfPackard.
eléctronic counter, model HPSEMSL, and a frequency.chverﬁer uni£,
model HP5255A 3 to 12.4 GHi, When the HP5255A did not function well,
a HP259OA,microwave frequency converterAaﬁd 1IP52538B (50 td 500 Mijz )
plug—in_unit were substituted. The measurement of magnetic field

was accomplished by detecting proton NMR with a Harvey-Wells FC-50

oscillator. The NMR probe was mounted outside of the Dewar on a pole
face .of the magnet. The NMR frequency, VP, was converted-to a field
by
-4
H=2.3487T x 107" »

The electron g factor was calculated directly from the ratio of the

-electron and proton resonance frequencies by

hv
€ . 3.04208 x 1073 &

Vp

g ="
By
or from the magnetic field by

g = 7.1557 x 1071 —2¢




where Ve is the electron resonance frequency and B is the Bohr magneton

which is equél to 9.2732 x 1072% erg.gauss-l.

B. Computer
,In'this work three digital compﬁters'were‘employed; Iarge
scale'numerical calculations and matrix diagonalization were performed
with the XDS 910 of thé College of Chemistry and with the CDC 6600 of
thé Lawrence Radiation Laboratory, Berkeley. Wevhave also extensively |
used a,PDP-S/I computer (Digital Equipment Corporation) equipped with
8K word mémbry, 32K Disk Monitor System, High Speed Reader and’AXO8" |

Laboratory Peripherél.. This sysiem, burqhased pfimarily*fdrgthe"_sv

purpose of signal‘aVeragiﬁg and data proceésing,.was‘eﬁtfémeiy”u$efﬁlj*w;'j’ﬁ

for various.nﬁmerical calculations programmed in the easy'Edgalfléﬁ;;f‘

guage.  Spectral simulations were readily carried out On'thisfcémputef3 :',f

by the'addition'ofva 10.5 inéh oscilloscope (Tektronix,~Typev6il) and |
a point plotter (HP TOOMA X-Y recorder with a 1TLT3A mull detector).

We will list two sample_programs in Aﬁpendixvv.' Oﬁe is a Focal
progfam for the computation of the theoretical field positions of

N12+ idn in ZnSeOh.6HéQ by‘solvihg ﬁhe cubic equation and by successive
itefation. The other is a Fortraﬁ Iv diégonalization program of any

symmetric hermitian matrix to give its eigenvalues‘and'eigenvectorSQ
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c. Chemicals.And Crystal Growth .

Mbét.of the chemicals used in this work weré:commercially
available, but some selenates, bromates and carbonates were prepared
in the ménner éescribed'below.

Single crystals of most metal hydrates are readily grown byv
élow evéporation from aqugous splution. An introductory book by .
Holden and Singéf (1960) ﬁéy prove useful for a beginmer. All syn-
theses and crystal growing were done on a one-tenth to one-hundredth’
of a mole scale. | |

.A desired compouni'is weighed "in:a beéker and -dissolved in-a
ﬁinimum-ambunt>of distilled water. A magnetic stirrer and a hot
plate, adjusted below boiling, often guicken the dissolution. The
~ solution is filtered and cooled to room temperature. . 0ccasionally.'
many small crystals preéipitate out in this rapid.cooling process;
They are kept for later use as seed éryétals. Alternatively, seed
crystalé may be>gr6wn by placing a few drops of a saturated solution
on a watch glass and allowing it to evaporate. Daily check of the‘
slowly evaporating solutions is almost necessary, especially for the
growth at'elevated teﬁperatures.v The SOlutions'arerstirred and the _
crystals are moved or turned over to ensure uniform growth. Constlant
-decantation or filtration may be necessary to allow only a few crystals

: \ .
to grdﬁ to large size. Where more than one form of hydrate is possible,
careful control of temperature is imperative. An ample supply of
smali'beakers (15 to 25 ml), forcepts, spatulas and vials is desirable.

Experience helps a great deal, but it is the power of Nature that one
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has to rely upon to produce good single cfystals. Luck can and does
’pléy a large part in crystal growing.

Identification of crystal axés were usually unambiguous from
‘their Véll’develdped tetragénal or trigonal shapes. However, when.ﬁhe
identification seemed uncertain, particulérly in some;selenﬁtes, a.

cross-polaroid optical technique was employed (Gibb, 1942).

1. Metal Selenates

Selenates of divalent metallic elements are.easily synthésized'by
reacting metal carbbnates with a small ekcessvof selenic acid (Klein,
l9ﬁ0). Tﬁé reaction répidly proceeds with #igorous effervescence.and
generation of heat. All the selenate crystals, e#cept NiSeOu'6H20,
were sﬁored in a refrigerator at 5°C, for they dehydrate slowly to
beccme white solids if left in dry air at room temperature. Table I

lists the stable forms of—metal:selénates investigated by Klein.

(a) ZnSe0), *6H,,0

Fourteen gramé of basic zinc éarbonaté;(Mallinckrodt) ﬁgre reacted
with 35 ml of Uo% selenic acid (H,Se0) , ‘Alfa Inorganic). Slow evapo-
ration of the éolquesé solution prodﬁced large transparent single .
fcrystaisfof tetragongl prismafic habit at roomvtempefature; but with
tetragonai'bipyramidal hebit at 5°C in a refrigerator‘ These twb habitéb
were rgported for 'a-Ni‘soi‘--énao by Groth (1908) and are sketched in

Fig. 3a and b. The tetragonal prism (a) has its crystal axis perpen¥
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Table I. Stable forms of‘metal selenates (Klein, 1940)

Metal - n+H.0 Crystal " Color Stable temperature range

2 _ - - - -
structure ~ ) in soln in room air
(°c) (°c)
Mg 6 monoclinic. . . ~ 3.6~89.5 - <50
Mg T _ o -T.1~ 3.6
. * : . . .
Mn 5 tricliniec = light garnet - < 55
Mn 2 orthorhombic o | o
Co 7 monoclinie = ruby red- -6.4~11.h4 _
Co 6" monoclinic  dark pink 11.4~33.5 < 25
Co 5 triclinic . ’ 30~60
Cu . 5% triclinic blue -1~ko
Ni 6*  tetragonal deep green -3~82
Zn 6? ' tetragonal colorless -7~35 < 25
Zn 5 triclinic - ‘ - 35~h)

*
Synthesized in the present work.




-le-

dicular to the tetragonal base; whiie the tetragoﬁal bipyramid (b) Kas
its unique'axis‘along‘the line’cénnepting»the'two apexes..- Both forms
afe eaéily'cleaved byxa razor blade along a plane perpendicular to

" their uﬁique axes,i ‘No paramagnetic impurity was fQund by EPR from

300° to 1.3°K.

(b)vNiSeOu.6HéO

Since the commercially available NiSéou.6Héd (Alfa Inorganic)
contained large amounts of Co?+ impurity, a synthesis‘of NiSeOh ﬁas
~done by the caibonaté method. = large crystals Of'tetragonal'prismfor .
plate, ana never of bipyraﬁid, crystallized at room temperature. - No
dehydration takes place in #ir at foom‘temperafure. Niséou{6H2Q
prepared from nickelous carbonate (Mallinckrodt) was found to contain
traces of 002+ and Mn2+ by EPR at 1;3°K.

The sjnthesis of pﬁre ﬁickelous'carbonate was tried from NiSOu ‘
after the @anner described by Brauer (1963). ‘Fifteen grams of KHCOB'.
(Baker,and Adamson) ﬁas dissolved in 150 ml of watér and 002 waé bubbled
through the solution kept at 0°C for about 15 minutes} 9.2 grém.of
NiSOu.6HéO (Alfa Inorganic, labeled: "Ultra—puré").was dissolved in
350 ml 6f water and;cooled‘to 0°C. Then-thevtwo solutions were mixed,

 stirred, and kept in a réfrigerator. After thfeé days dry Né'gas ﬁas-.
: bubbléd through the green solutipn_to drive off exéess‘coz; A.thin |
film on the surface and white flocculent precipitate disappeared'in
7this frbcess. Fine crystalline particles deposited, . léaving a.cleér

supernate solution. After two days of sitting at room temperature,
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the’superhate liquid was.decanted. The light green precipitate was
washed several times with 5 ml of water. The product was dried in an
pure NiSeOu was

ovén at lOSdC for a day. Starting with this NiCO?

prepared by the carbonate method.

(c) cuseoy, MnSeQ,, and CoSeOy

. Solutions of aBove selenates were synthesized by the carboﬁate
method from.basic cupricrcarbonaté’(Baker and.Adaméon), manganous
éarbonate (Merek & Co.) and cobaltous carbonate (Baker's Analyzed).
According té Klein, CuSeOA.SHQOlié least water soluble of all the metal

selenates and decomposes in solution above 50°C.

2. a-NiSO,.6H,0

Thin plates of a-NiS0,.6H,0 single crystals were available from -
1y Ot . rom |

" Semi-Elements Corporation. But'these crystals éohtained a large amounﬁ

of Co2+ impurity and traces of Ct.12+ and Mn2+ (Batchelder, 1970). '
Nisoh was commercially évailable from several c0mpanies5<Baker and

Adamson, Mallinckrodt, Alfa Inorganic, to name a few-- all of which

 contained only a trace of 002+. Repeated crystallization near o°c

reducedkthe amouht-of impurity ions beydnd our detection by EPR.
"Ultra-pure" Nisou.6HéO from Alfa Inorganic was indeed pure and freef
from‘Coe+ impurity.

When'a saturated solution of NiSOu is kept at room temperature,
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 >most likely NiSO), - 7H20 pre01pitates.‘ The heptahydrate’that ngWS'in
a long monoclinic slab eas11y dehydrates to develop white marks on the
surface. | The hexahydrate forms a prism, s1m11ar to type (a) of ZnSeOh
6H20,‘and is stable in air. Some observers claim that the hexahydrate |
has deepér green than the heptahydraté.

Iﬁ_order to grow a-NiSOu.6H20 the éo;ution must be kept well
above 36;590; the temperature at.which'hexae and hepta-hydrates exist
in equilibrium (Gmelin, 1966). A simple thermostat bath was copsﬁructed,
. which was'equipped with two single;blade heaters Qf_250 watts, stirfer,
relay-switch and a mefcury thermo-switch thermometer. Thebbath‘teﬁper~ 
éture was controlled at 38.5%0.1°C. A large crystai (5x5x3 mm3)‘qf-
squére Prismatic shape can be grown within a few days in this-apparafus;
Impurity ions were infroduced by adding a few dfops of corrésponding

sulfate solutions. -

3-'La2Mg3(NO3)12.2uH26 (LMN)--.

Lanthanum nitrate (La(NO3)3.5H26, Alfa Tnorganic) and magnesium
‘nitrate-(Mg(NO3)2{6H20; Raker énd Adamson) are mixed by the mole ratio
- of 2:3 and dissolved in water. Slow evaporation of water brings forth 
jlarge transparent hexagonal plétes. The crystalg'arevrélativeiy free
from crystal imperfections and from paramagnetic impurities.
Deuteration of LMN was carried out by repeated Crystallizatioh
from D,0 solution in a vacuum desiccgtor. Ni(NO3)2.6H20 (Baker and

Adamson, "low cobalt") was doped in IMN. For _Cu2+ in IMN Cu63bisotope'

63

was used (Cu ~“0, Union Carbide, Oak Ridge National Laboratory).

<
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" k., Metal Bromates

(g’) Zn(Broy), - 6Hy0

This chemical is availébleffrom Alfa Inorganic or from Atomergic

,Chemicals. A large crystal of cubic hgbit with pronounced {111y faces,

shown on the left,is readily grown
by slow e?aporation. A rectangular'.

priSm, ihough rarely grdwn,-may prove

very useful for orientational.depén—

dence of imburity spectra. A trace

of NiZ" ion is found by EPR.

b) Bromates of N12+ C02+, and Cu2+

Metal bromates are synthesized by reacting mefal éulfates‘with»
barium bromates. Weigh out 10.5 gm of Ba(BrO3)2.H20 (Mallinckrodt )
in a'beaker and add 10 ml of water.  Barium bromate is not very soluble

in water. Dissolvebequal mole of metal sulfate in water and add the

~ solution dropwise to barium bromate from a separatory funnel. Maintain

the mixture warm on & hot plate dnd keep stirring. A clear solutioﬁ

is obtained by filtering white Basou powder.  Hexagonal prisms are

'érystallized both at room temperature and at 5°C. = The colors of metal

2+ 2+

bromates are colorless, green, dark pink and blue for-Zn2+, Ni ', Co

and Cu2+, respeétiVely.
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ITII. HOST LATTICES

A. «-NiS0y,.6H,0 and znSeQ, .0IL,0

1. Crystal Structure

The ¢rystal structure 6f ZnSeOu.6H20 has pot been examined in
detail. But it is structural with the tetragonal a-NiS0) *6H,0
_and‘its lattice dimension ratio is a i = 1 : 1.8949 (Klein, 19k0).
Here we will discuss the crystal'structure.of a—NiSOu.6HéO,for a
complete'structure has beén established for it. The X-ray analysis of
a;Nisou.6H20 was first made by Beevers and Lipson (1932) and disgussed
by Beevers and Schwartz (1935). 0'Connor ard Dale (1966) investigated
the'arrangement of the hydrogen bonds in a—NiSOu.GHEO by neutron
diffraction. -

The cfystal is ‘tetragonal with a space group of éither PHlQlZ or
Pu3212 depending upon itsvenantiomorphic form. ‘ There are four mole-
cﬁlés in a unit cell whose diménsions'are ao = bo = 6.79040.003 A and -
co = 18.305+0.004 A. Fig. h is a three~dimensional model of ‘ |
. a-NiSOu;6H20, depicting onLy N12+ and Soi~ ions for éimplicity's sake.
The large dark balls represent Ni2+ ions with six coordination axes.
The small tetrahedral units are soif ions. Four unit cells are éhown
here. " The Ni(HéO)2+ and SQi— grbups fbrm a layer‘lying in the (001) plane
~at positions of 0,1/4, 1/2 and 3/k in units of ¢ . TFig. 5 shows a
projection of one-half of a unit cell on (00l) plane along the ¢ axis.

The two iayers at z=0 and z= co/h are depicted here with the relative
posifions of Ni, S and O atoms. The numbers within circles represent

the coordinates in units of ¢, along the ¢ axis as determined by Beevers
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and Lipsoﬁ,' The nﬁmbers ih'parentheses indicate the five nonequivalent
oxygen atoms as denoted by O'Connor and Dale. |

In each layer the Ni(HéO)Z+ is located between two SOE-  units;
one'sulféﬁe having the hofizontal oxygen, 0(5), élosér to N12+ and

the other having the vertical oxygen, O(4), closer. to NiZ*.  For a

given layer there is a two?fold symmetry about the ab bisector which -

we will hereafter call the ¥ axis. Adjacent layers are generated by

the three successive-operations‘of a four-fold rotation about the ¢
axis, a tfanslation of ¢0/4 along the ¢ axis and a translation of a,/\/7
units along the 7 axis. The sense of the four-fold rotation may be |
right or.left-handed, corfespbnding to the two enantiomorphic'formS ofv
a—NiSOu.6H20- Fig.5 ¢orresponds to the left-handed enantiomorph.

Each layer is linked to another by the hydrogen bonds between O(1")

and 0(3) and between 0(3') and O(4). The Ni-O bond distances as
determined by O'Connor and Dale and by Beeversvand Lipson are_liéted.

below.

0&D | B&L
- (61y0) - (6p,0)
Ni-O(1) 2.02:0.01 A . 2.04 A
Ni-0(2) ‘2.07+0.0L. 2.0k
Ni-0(3) '2.2040.01 - 2.02

v O'Copnor'and-Déle;made‘ho correction for the thermal vibratioﬁfeffedts;

The actualvuncertainty in the values of these bond distances may k

probably be much greater than the standard deviation given above.

~ 0'Connor and Dale concluded "Individual Ni-O bond distances do not show

significant departures from their mean value, 2.06t0.02 A" Ve should
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be careful not tq'place'an Undue‘significancé upon the reported,vari-

ation‘in‘the three Ni-O bond distances.  All the bqndvangles of 0-Ni-0 -

within a'Ni(bQO)Zf group are clqse tp 90°, forming»negrly a perfect
octahedfqn. The cn&sﬁéllographic data alone'will:ﬁot unambiguiously.
support any distoftion of an octahedron at the Nief site.

The major difference among the six water molecules about Nist iér
in’that'o(i)_and 0(2) have two hydrogen bbnds;“whilé 0(3) has three;
The 0(3) acts as a proton acceptdr anaAitsvnegativé ;harge shouid.ge
_vdiminished by_the additional hydfogen bonding.. This point_becomes
clear in,the.Pauling diagrém,of eléctrostaticvvalehcy giveh by Beevers

and Schwartz. Lines of force start from cations (or more positively

Type 1 and 2 ' Type 3
charged atoms) and end on anions (or more negative atoms). Here the
dotted'arrbws indicate the Ni-0 bonds. The numbers refer to the
strength of their electrostatic bonds. The sum of both incoming and

outgoing lines about an atom must be equal to the electric charge'on'it.
For example, the O(1l) has one incoming bond of 2/5 from Ni +, one -out-
‘going bond of 1/5 to 0(3') and one outgoing bond of 1/5 to 0(5), result-

ing in the net charge of zero. -Similarly, o(2)vhas.2/5 from Ni2+,
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“bonded to Ni2
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1/5 to o(k) and 1/5 to 0(5).  0(3) has 1/5 from Ni°*, 1/5 from o(1'),

1/5 to 0(4) and 1/5 to 0(5).  Thereforé, these purely electrostatic.

arguments predict that the oxygen atoms of type 1 and 2 are more Strongly
s, .

than that of type 3. This is equivalent to saying that

the bond distance of Ni-0(3) should be longer than Ni-O(l) and Ni-0(2).

We would assume the Ni-O(3) axis as the z axis of the crystalline

electric field affecting the central metal ion. A more detailed
argument will be given later in IV-A-1, since the nature of this
bonding is important in predicting the properties of the paramagnetic

ions in this crystal.

2. 'Magﬁétic Axes

 TThe aﬁgle between the c¢ axis and the magnetic z axis, hereafter
called ¢, is of special interest to us. The Zeeman interaction is
primarily determined by the relative orientation of the z axis and the

magnetic field. The crystallographic value for the angle ¢ is deter-

. mined under the assumption that the axial crystal field is aligned

.along the Ni-O(3) bond. The magnetically determined value, however,

refers to the principal axis of the spin Hemiltonians. The values of

$ are tabdlgted in Table II along with the methods of determination

~and authors.

All the previous workers have assumed that ohe of the principal
magnetié akes of a single crystal was parallel to the Y axis. This is-

the axis of the easiest magnetization and the largest magnetic suscepé

‘tibility. This axis should also be a principal axis of the ¢pin-

Hamiltonian of the individual Ni2+ ions. Onie-half of the_Nigf ions
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Teble II, Values of ¢ in G-NiSO)-6H)O -

| Authors

) Methods of determination
33° magnetic susceptibility Watanabe (1962)
hoo neutron diffraction and © 0'Connor and Dale (1966)%
B X-ray ansglysis : : v C
39°° . heat capacity in strbng' Fisher and Hornung (1968)b
: magnetic field v .
39.8° EPR at 4.2°K This work

a. See also Beevers and Schwartz (19355.

b. See also Stout and Hadley (1964).
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. have two-fold éy@metry about one of the )’axes,[lltﬂ; and one-half have:

two-fold symmetry about the other, [116]. If we denote this axis of
each Ni(HéO)2+ Byex;‘then y and é axes are COntaihed in the Yc plane,
(110) or (I10). - Fig. 6 shows the projection of the magnetic axes of
ene_ﬁnit celi'on the 7Yc plahes.

In our EPR exPeriments the sample orientationiie fixed in e
cavity and”the magnetic field direction is rotated in a horizontal plane
that.ceiﬁcides with oﬂe of the cristai ab, ac and Yc plapes. ‘ Welcah,
write dowh'the'difection'eosines of the‘megnetic field with respect to

‘the principal magnetic axes, (x,y,z). These direction cosines are

' tabulated in Table III a,b,c. The following abbreviations are used in

the table: Kl= sind, K2= cosd, K3= sina , Kh= cosa , and RT= IAE

where a is the direction of the magnetic field measured from the ¢ axis

‘in the ac and the Yc¢ pianes and from the Y axis in the ab plane.

‘In.the ab plane there are Only twp magnetically nonequivalent
ions. .In'this plane the angle a is measured from the x.axis of ion 4.
Trahéfdrmetion of @ to 90-a generates the direction cbsines of ion 2
from thosé‘df ion 1. .Ion‘3 is equiVaient to ion 1, save for the qppoéite
signs”in the direction cosines. Similarly, ion ﬁ 15 equivalent to ion

2. When the magnetic>field, H, is oriented along the a or b axes,

:all.four ions become identical. At a = 0° the spectra of the two ions

‘are farthest apart, with ions 2 and 4 showing a perpendicular specfrum.-'

The ac plane spectra will exhibit a similar behavior. We will

. denote byva the angle that H is rotated from the ¢ axis toward the a
- axis in the ac plane. ~ Ions 1 and 4 are equivalent, while ions 2 and 3

‘are equivalent. The ﬁireetion cosines of ion 3 are obtained by

substitution of -a for a in those of ion 1. A similar change yields
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Table III. Direction cosines (2,m,n)'inka—NiSOu'6H20

a. Magnetic field in ab plane -

Ions '3 v o m n
1 - K3 | ~K2XKh KXY »
2 k2 -K2XK3 axis
H3i = ;Hii, Hhi'sm;H2i;.(i:= Q,m,n)r
b, 'H in ac'plane
1 KXRT N K1XKL-K2XK3XRT KXKU+KIXK3XRT
2 KXET _-  KIXKM-KEXKIXRT |  K2XKU+KIXK3XRT
For ion 3'(or L) replacé o by -0 in ion 1 (or 2)
"RT = 1//2 |
..c. H in Ye pléhe
1 o -sin(a-0) cos (a¢)
2 - -K3 - KIXKL KoXKh
3 0 - -sin(a+¢) 'cos(a¥¢)
b K3 - . KIXKh kXKD
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thé direction cosines of ion b from ion 2. At a=0°, H along the c
axis, thé foﬁr ions aré equivalent. So are they at a; 90°, or along
: theba axis. Theréfore, we will observe at most two types of spéctfé,'”
except af the a and ¢ aies where we will expect ohly.dne kind.

Thé.most interesting speétrum will be seen iﬁ the 7Yc plane.
Here -a is measured from the ¢ axis toward [110] axis. = Ions é and 4
are equiVaient,.while ioné 1 and 3 are not. ‘Three kinds of spectra
will bé Qbserved ét ail angies eXcept along the c axis and along the vy
axis. - Rotation of the m‘ggriet in this plane will encounter all thvrée
prinecipal axes.k When a= +0, ion'l will have the‘magnetic field
totally'aloné its z axis. At a=90-¢ the y. axis of ion 3 is met, and
at a= 90°.the x axes of ions 2 and 4 are encountered. _ Thus,»the- Ye
plane data will contain the richest information, notwithstanding the
most coﬁplex spectra. | |

'it turns ouﬁ that the direction cosines of Table IIT are too
simpléito account for the eiperimental resuits for ions substituted in
the ZnSeO&.6H20 lattiéé. The neceséary_correction in the direction
cosines is different for each substituted paramagnetic ion and will be

discussed in sections iV, V and VI.
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‘ Brg,La2Mg3(No3)12-2hH20j

1. Crystal Structure

Zalkin, Forrester and Templeton (1963) studied in detail by X-ray
diffraction the crystal structure of cerium magnesium nitrate, g
Ce2 (NO )12-2hH2O, CeMgN. There exists several'isostructural double

) -24H O where T is a

nitretes known with the general formula T D (NO 12

3
triveient ion such as Bi3+'end lanthanide ions and D is a divalent ion»
like M32+‘and Zn2+./ They are rhombohedral crystals whose space group
belongs to R3. The hexagonal unit cell contains three formula units:
six T ions and nine D,ions. The cation Dvis surrounded by six water
molecules in nearly octahedral symmetry, while the eation T is surrounded'
by twelve_okygen atoms of four.nitrate ions erranged approximately in
icosahedral symmetry .

Whlle there. is only one type of trlvalent 1on there are two
dlfferent types of divalent 1ons Three Mg ions per unit celllbelong
to the first kind and six Mg 1ons'belong to the seeond kind.v Fig. 7
shows the positions'of Mg2+ ions relafive to therCe3+ ion_in CeMgN . The
distances arevin nénomefers. The Mg(l) is surrounded by six Ce3 ions

+
at a dlstance of 6. 98 A and its 51te symmetry is C The nearest Mg2

31
ions surrounding the Mg(l) are six Mg(2) ions at_a distance of T.15 A.
 The Mg(2) ion has as its nearest neighbors another Mg(2) on the trigonal
' + +

axis at 4.99 A away, one Ce3 ion at 6.17 A, three Ce3 ions at 6.36 A

and six Mg(1l) at 7.15 A. The site symmetry of the Mg(2) ion is c5.

-

' This.difference in the site symmetry of the Mg2+ ions will manifest
itself in their different degrees of distortion in the EPR of paramagnetic
. . . + . . . . o .
‘ions substituted in the Mg2 sites; site 1 is nearly isotropic and site

2 1s more anisotropic.
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5. Paramagnetlc Lon Imgurltles

| Many paramagnetic ions doped in double nltrates have already been
investigated by EPR. Two types of divalent ions have been observed
for-Co ', Mh and Ni2+ butvohly one type of cu®t is reported. The

magnetic z axis 001nc1des with the - [lll] direction of the crystal. For

- the 51te_l the trlgonal dlstortlon of an octshedral symmetry is small.

The EPR sPectra of‘the paramagnetichions at site’l'are characterized by
nearly isotroplc g factors and hyperfine spllttlng constants A. For

81te 2 the trlgonal dlstortion is feirly large and the g and A values

. show greater anlsotropy, Since the type 2 ion can have another type 2

ion only at a distance of 4.99 A, the probability of a spin-spin
exchange interaction is high in a relatively COhcentrated sample.

We need to clarify our distinction betweeh the type 1 ions and the

-typel2 ionel"Trenem (1953) and Gager et al.'(l958) observed two types

+ . . . i C
of 002 in BiMgN, long before the X-ray analysis of Zalkin et al. was

]reported. They called theoless isotropic ion type I and nearly isotropic

. S . oy .
ion type II. Trenam (1953) also reported two types_of an in the same

host lattice, and said that the type II ion, which had a smaller zero-

field splitting'or’D value, was twice as intense as the more anisotropic

type I.: His conclusion contradicts the assignment of the Mg2 ions by

4 _ B _ ‘ e
Zalkin et al. Accordingly to the latter authors the three Mg2 ijons in

. - . ' ' , o + . e
'site 1 have a higher site symmetry than the six Mg2 ions in site 2.

Zalkin et 8l. showed that the oxygen atoms of the six water molecules -

: : ‘ + : :
“ surrounding the Mg2 ions are at the corners of an octahedron which
~ would be regular if bond angles were changed by less than 1° for‘site 1

and by 5°'for site 2.
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Culvshouse (1962) listed the D &51ues‘¢f"N12*;and tﬁe g values
of 002+ in several double nitrates, The ions in the "X-site" glways
had'smalier.D values andvmore nearlyvisotropic g Valueé than-the ions
in the.ﬁY4Si£e".. Thus, his X—ion should'correspond to site 1 of
Zalkin et al. and the Yrion‘to site 2. And yef.hié diagraﬁ of the
divalenf‘*-ibn showé ahother X-ion on the‘tfigonal_axis as.the nearesfy
neighbdr;‘éxactly opposite‘to thé_assignment ofFZalkin‘et al. (Cﬁlvah§usé
et al., l§69). In this report #evﬁill foilow the assignment of Zalkin

)1,°2UH,0 as LMN.

3 .
Since the z axes of the divalent sites are all identically parallel'

et al. We will also abbreviate LagMg3(NO 12

to fhe trigonal axis of thevcrystal, there is oniy one set of diréctioh
'cosinesuﬁo be specified'fdr.each kind of ion.'VWhen1tHe’magﬁetic fiela.
lies in thé_hexagonal plane, (111), the‘ling positions will correspond
to the perpendicular spectra and will ﬁot vary with the field'direcpion.
If we assume thét the x axes of the divalent ions lie pafallel to the
hexagonal  edge of the single crystal, phe directioh cpsines in the xz
pléne are‘givenvsimply by (sina, 0, cosa), where u>is the angle betﬁeen

“the [111] axis and the magnetic field.
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q; ‘Zn(BrO3)2'6H20._

1. CryStaiaStruoture

The'structure of this crystal was.studieauby Wyckoff (1922),
» Bradley'ana J§y“(l932),and Yi and Beereré (1935). vWe.will summarize
.the work‘of’xﬁ and Beevers. - o

Z BrO3)2 6H20'forme e‘oubic:orysta; of-space group.Pe3 (Tg) yith::
four molecules per wnit cell of a = 10.316 A. The unit cell consists
of the octahedral Zn(H,0)2' and the pyramidal BrOg

four‘body'diagonals of a cube. The zinc atoms occupy the p051tlons at .

groups arranged on fhe

(000), (0 1/2 1/2), (1/2 0 1/2) and (1/2 1/2 0), formlng a face-centered
cubic subflatfice. The bromine atoms lie on the corners of a simple
cubic sﬁbflattice of neariy_one half the_ceil edge of the ectual or&stal
lattice; i.e., at (0.259, 0.259, 0.259). | |

Each ‘Zn atom has a coordlnatlon of six water molecules and forms
a regular octahedron; The dlstapce Zn—OH2 equals 2.12 A. anch Br atom Lv
is eituated af the vertex of aAtrigonal pyramid-Whose base consists-of,‘
three oxygen atoms at 1.54 A from the bromine atom. The.Zn(H 0)2+ ﬁnit

1s surrounded by elght BrO unlts, and the hydrogen bonds bridge the

3
two groups. Fig. 8 shows the bondlng'structureS'and-the coordinates_ofv
the atoms in units of a along the [001] axis.

Each water molecule has two outgoing bonds (-1/6 each in a Pauling

diagram) to oxygen atoms of a BrO, group and one incoming (+1/3) bond

3
.2+ o

~from Zn~ . Out of the twelve hydrogen bonds six are attached to two

Brog groups on the same body-diagonal of the Zn(HEO)2+group, and the

three neighboring‘body—diagonals. The distances of the two types of

remaining six hydrogen bonds are attached to six BrO, units on the

hydrogen:bondsg H20f0, are very similar, 2.72 and 2.74 a4, and the
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anglé'betWeén the two bonds, O-HQO-O, is 121°. Thus, each zinc ion
is surrounded by six water’molecules arranged in nearly octahedral
.symmetry ﬁith.a small trigonal distortion along its body-diégonal.
The ovérall.Symmetry of the crystal is cubic, however, because of the

symmétrical affangement of the foﬁr such distorted octahedra.

2. Magnetic Axes

Despite its simple crystallographic struéture, Zn(BrO3)2.6H2O
has previously been used as a diémagnétic host énly for Cu2+ ion; even
in this.system, only_therhigh tempérafure specfrum was studied. Thev
EPR of undiiutedii(Br03)é;6H20 was in&éstigated by‘Qwen but nof_v
published (quoted by Bowers and OVen; 1955). The reason for this
: apparent unpdpularity seems due to the complications afising'from the
Vfour sets of sbectra. | | | | :

The divélent'ion at'the.Zn site is subject to a small tfigonal
distortion from a regular.octahedrgl’Cryétalafield along the body
diagpnal. .There are four such ions which are‘denoted_as ions 1,2,3
and 4. - We assume that each magnetic z axis is parallel to the three;
‘fold axis. If the crystal field is exactly trigonal or of higher
symmetry, the assignment of the z axié alone is'sufficient tobdeécriber
the EPR spectra. The x andvy axes can be placed anywhere in thé'plané
normai to the z axes, as iong as thé three?foid_symmetry‘is~kept:ihtact.
We wiil take the triangular-edge of the single crystal as the ; axis |

for the sake of convenience. Fig. 9 shows both a projection of ‘the

magnetic axes onto the (111) plane and its side view.
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- The angles that the z axes of ions 1, 2 and 3 form with respect to
the (111) plane are called o and are equal to.-l9°28' This is because
_each of the (111) planes intersect with the three other {111} planes
formlng an - angle of 109°28" (the tetrahedral angle). In the present EPR
work the magnetlc fleld is rotated both in the (lll) plane and in the yz
plane of ion L (see Fig. 9). The direction cosines are given in Table
Iv a.andvb;:in which the'same abbreviationsvare used an in Table III.
The maghetic field direction, o, is measured counterclockwise from xl
in the (lll) plane, and from the (111) plane toward the [111] axis in
the yz plane of ion k. When H is invthe (lll) plane, ion 4 will show a
. perpendicular spectrum at all angles and ions 1, 2 and 3 will exhibit-
‘s1m11ar spectra, phase shlfted by 120°._ When H is rotated in the yz l.
plane of ion 4, four kinds of strongly angularly dependent spectra will
'be.observed; Along the z), axls ion L will display a parallel spectrum
and ions 1, 2 and 3 Vill all be eguivalent, Along'the'yhvaXis two sets
of spectra will be seen; one pertendicular spectrum of ions 1 and L,

and the other a superposition of ions 2 and k.
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Table IV. Direction cosines .(R,m,n) in Zn(BrO3)2-6H20

B a. Hin (111) plaﬁé
Ions - & | . om ‘ ._n
1  ,_f_2‘Kh ks _ K2XK3
2 cos(a—120°) L f,siﬁ(af120°)xxl . sin(a~-120°)XK2
3 ‘cos(a+i20°) o  sin(a+1éQ°)xK1 E _siﬁ(a+120°)XK2
b K3 | | Kb | 0
""""""""""""""" b. Hin the yz plane of iom b
1 - - Kb B , -K2XK3 - © . KIXK3
2 . -KlXsin30° _ -K2XKhXcos309 ' —leKhxcos305
. -K1XK3 v o +K2XK3
3 - Kuxsin30° . K2XKbXcos30° - K1XK¥Xcos30°

-KIXK3 -  +K2XK3

b o 0 a Ky K3
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Iv. Ni%* IN DIAMAGNETIC HOSTS
A. Theory o

1. Crystal Field Model for 345

Crystal.fiéld calculationé.are traditionally §arriea out by ﬁse
of operator_eéuivalent method developed by Stevens (1952). Qe will.

v follow'closéiy the aﬁproach Qf Abragam and Bleaﬁey (1970, Chap. T
hencéfofth abbreviatéd és Ag B).

Here we are emplgying an ihtermédiate fieid treatment in which
the energy'levels are characterized by giVen-values of ﬁhe‘total‘orbital
énd'spin angular momentum quantum numbers L and S. There exists a
set of esséntially empirical rules, called Hund's rules, thaﬁ dicﬁate
which state will be the'ground’state in the L-S coupling abproximation.
These‘fules éfe:'l) The ground stéte will have the maximum value of S
consisténf with the Pauli éxclusion'brinciple. 2) If several state have
the sameihigheSf spin dégeneracy, the most stable ohe will be the state
" of the highest T,.’ Hence, the lowest term of the free Ni-' ion,(3d8),-
is 3F (I=3, 8=1). 1In the hydrated salts‘the N12+ ion is infiuenced
by thé eleétrostatic field of the surrounding water molécules. The
effect of a predominantly octahedral crystal (or.ligand) field is to

split the seven-fold orbital degeneracy (2L¢l) of 3

singlet_(3Aég),and two excited tfiplets (3T2g;-3T

3

¥ into a lowest

3

), the “T.  1lying

lg 1g

T The overall splitting amounts to about

2g’
: -1 ' ' 2+
15,000 cm in many hydrates of Ni .

higher in energy than

»In the presence of a small tétragohal distortion from an octa-

hedral cryStal field,'fhe crystal field potential is expreéSed-as

o - )'l' YN} onoe Y . V
H = B).q.(ol}- ¥ 50)4-) + (3202 + BuOu) ‘ (l)
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where'B'a.afe the magniﬁﬁde of crystal flelda and O's_are the ﬁSpin-
operators" that cah be expreSsedein terms ofvSeveral orbital angalar.
momentum operatore, - |

| If,the distorfion is trigonal, the Hamiltonian is

CH = "-(2/3)34(‘o§-+ ed\/?z' oﬁ) +'-(B§o;.+ Bgog) o (2)

The matrleelements of eachvspin operator operating'upon orbital wavel
functions are already listed in several places (Low, 1960, Table V- IX,
A & B, Table 15-19; Hutchlngs, l96h Table VIII kII) Flg. 10 a and b
are schematic energy disgrams of octahedral plus axial fields" actlng |
upon an F state ion. These calculations are valid for_de, d3, dT and
d8 systems in a nearly OCtahedral.symmetry (Oh); pfovided‘that fhe~'

7

energy levels are all inverted for d2 and 4 . The parameters lODq;

and B2 and Bﬁ in favorable cases, are experimentally determined from

2
‘optical absorption spectra. The typical valﬁe of lODq is of the order.
of loh' -1 (see Table V) ’ Both }32 and Bu are’' much smaller than lODq, .

and Bh is in general some flfty times smaller than B

With the roint-charge model Orton (1968) expresses B -and Bﬁ as

- - 28a6

2 a v : : :

_ , , ' (3a)

B® = ee'$ L ' A ' :
)y = - g B

a
where.e;‘an electron charge, e': effective charge of a ligand,

a: metaIAIigand distance,in a purely O symmetry, § : distortion from
an octahedron along the z axis of the crystal field and positive for
elongation, a and B crystal field parameters listed in Table V, and’

<1F1) : mean value of r" tabulated in Table 7.6 of A & B.
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Table V. Crystal field paramétei‘s for 3d ions.

- , Ground A 10 Dq 4

Ion (3‘»d)‘n o | i'[il : term v-(cm-l)a o ('cm-l_)C :
vet 3 2105 2/315  ‘a, 55 12400 (*r,)

ce3t 3 2105 2/315  fa, 9 15000 (°E)
M2t 5 - c-- °a, (60)> 18800 (*T))
co?t 4 -2/105  -2/315 4'1"1 178 8100 (4T2)
NiZt 8 2/105  2/315 3A2 . .324 8500 (°T )
cu?t 9 2/21  -2/63 ’B, -830 12 600 (ZTz)d

e e G% M e G s h SN N M GR R MR R MR MR D M A AW R N R R SR R M A S e Ym e M e R N S M S M M e e R e M e e e N v me e e A M e e

a. Abragam and Bleaney (1970, Table 7.6).

b. Dunn, (1961). . .

c.. For hexahydrates in solution; Griffith (1961, Table A40)..
~d.- Holmes and McClure (1957). ' :




~3h-

For'd3 (V2+, Cr3+, Mnh+) and for d8 (N12+, Cu3+), a and B are both
positive.  Hence,
B;oc-ﬁ _
: - (3b)
B}:a' _5- S

Therefore, an elongation along the z axis results in negative Bg and BZ.

An axial crystal field splits the two triply degenerate excited

3 3
Tog

very important difference in the trigonal and tetragonal distortions.';

states, and ’Tlg’ into a. doublet and a singlet. There is one

In the fﬁrmer the doublet is lower in energy, if Bé’éhd Bﬁ ére positivef
On the ofher hand; thé tetragonal distortion p;acés the singlét below .
the doublet. If Al is the singlet éneféy level above the ground state,
and if AQ is the doub;et‘energj level, then AE—AQ ié positive for a
trigonal symmetfy but negative for a tétragonal symmetry. Thisl
diffefeﬁCe wili be refiectealthfough the'spin-ofbit couplihg in the
sign of fhe.zerb-field splittihg,kD, of fhe ground state spin triplet;
TaBle VI summarizes the effects of axial distortion upoh fhe ehérgy
levels of 38 system. |

Iet us see if the cfys£al strugture.of_a-NiSQu.éHQO can make any
prediétion‘asvto whether this distortion will be an elongation or a
v coﬁbféééibn., ‘As mentioned in III-A-1, the waterkmolecule of the type
3 héswbﬁe additional hydfoéen bond which makes thévcharge~6n 0(3) less
negaﬁivé; As fér as the bonding characters are concefnéd; Nifo(l)‘andi
.Ni?O(e):aré equivalent. Assuming'that the Ni-0(3) direction coincides
with thé}z_axis of the crystal field and that the O(1)-Ni-0(2) plane

forms’the'xy plane, we can employ,eithér the crystél_field‘theory-(CFT)
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- Table VI. Effects of axial distortion in d8

‘Elongationv Compression

T'ri._gvonv'al‘_ SRR Bzo, B46_ | Négative S VPoéitive},
| I AZ-- Al o | Po.sit‘ive ' ’Negét'ive
g . g, ~ Positive - Negative
| D - Négativé , Positive

Tefragopé.l | BZO"‘ ‘B4° . _Negat.ivew o Positive - -
o Aé - Al Negativé : Pési_tive
8 - 8 . Negative - Positive

' D Positive Negative =

e o e e o e o e e e Gm S Mm e ey Me SR AR R AR M P Gh O 4m Mm e MM me =R MR s e s G G SE Ge e M D e M e MmN o e e

(*) For d3 system only the sign of g - gl1s reversed owing to |
the oppos1te sign of \. , :
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or molecular orbital (MO) theory to predict the energy levels of Ni<t

ion.

In”the CF treatment of Ni2+vion, the ground state is an orbital
singlet. _The first excited‘state is 4a trinlet.3T2g ln Oh'symmetry,
which would‘be'split into a doublet 3E (xy, ya) and a singlet_332g(xy)

in ‘the Dﬁh symmetry.' The more positive character of 0(3) over O(l)
and 0(2) reduces the eleciron electron repu131on between the unpalred -
metalllc electrons and the ligand electron cloudvthat is distributed
along\the Ni-0(3) direction.  In other words,bthe xa and yz erbitals.

(Eé) are more stabilized than the xy (B2g)

orbital, since the latter
has no electron distribution along the z axis. ‘Hence, the Eg state
will be lower than'the.fb .

’ g

orbital transforms as p electrons

> 3

In the MO theory the metal Tog

do in Oh. - In the first excited state of Ni (t -in the strong
field representation), the unpaired electron in ng can form a w
bond with the p'electronS'of the ligand oxygen atoms. .As before, the
2g
- transforming as the xy orbital. The two hydrogen bonds of’ O(l or 2)

descent of‘symmetry to th breaks T into Eg and B g’ the latter ,'

plus the Ni- O(l o1 i2.).dbond f oxm - -approximately - the sp v 'hybmdlzatlon,

leaving the thlrd p orbital of O(1) and 0(2) capable of form1ng a w

bond with the N1 ion. However, because 0(3) has already four bonds
-~ of the s§3 type, it is incapable.of_formingra w bond. Thus,vthe

- ligand electrons of 0(1) and Oéé) can be'transferred'to the metallic

1r orbltal with its electron density distributed in the xy plane.

. Consequently, w(xy) is more. destabllﬂ‘.zed ! owing to.the greater

‘electron-electron repulsion and,hence hlgher in energy than the w(xz)
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and t(yi)' orbitals. Although both the CFT and MOT predict the
: orbital doublet below'fhe sihgief in th’ We prefer the CFT to MCT,
becéusé:the ﬁatef moleeuleé are knowﬁ to be essenﬁially of.ﬁon-1r B
bdnding'character (Gray, 1965 ).'

Let us see if the above argument can predict the crystal t'ield -
symmetry_'of."FCuQ+ substituted in the'Nigfbsite Ofﬂa—NiSOu.éHQO. In
Cu2+ tﬂe greuﬁa state is a hole in éither xa-ye or z?. Sihce the
x2-y2 orbital_has no eleCt:on distribution aléng the z axis, it is
reiatively unaffected by the more positive eharge on 0(3) caused by
' the additional hydrogen bohd,r The 22 Orbital;ion the other hand, has
its greatest'electron density aloﬁg the A axis.‘_ Hence, the electron
in the ze'orbital is stabiiiZed, while the hole_ih the xg—yg orbital is
rstabilized.A Therefore, the ground state of C112+ in_buh is expected to-

be x2-y2, as will be proved in section V.

2. gpin Hamiltonian

The concéﬁt of-spin-Hamilfoniaﬁiﬁas developed mainly by the
Oxford. group (Pryce, 1950; Abfagam'and Pryce, 1951a; Bleanej et.al,‘
1950). It is mostly coneerned with the ground statesvof magnetic ions
alone, theveffects of excited states beiﬁg incorporated into a sﬁall
set of edjustable parameters. It offers a simple fheory to relete
.experiméntal observations in terms of these parémeters. We'will:eeev
how this can be achiewved.

First, we will start with the ehergy'le§els determined by'the'
crystal_field as in’Fig. lO; ‘Next, we will introduce spin-erﬁit‘and'

electronic Zeeman interactions as perturbations to these-energy_levels;
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The perturbing'Hamiltonian.is written as

w}

Ho= AL.B + BH.(L + 28) , i (W)
where 'L, is the orbital angular momentum operator in units of h, 3 is
the electron’spin angular momentum operator, ﬁ is the external'magnetic.'
field;-X is the épin-orbit cdupling constant, and. B is'the'Bohr'mégne£0n
which is equal to %.6689 x 1072 em™t gauss-l.- “Here 2 is used for the
free electron g factor which is actually equal to 2.0023. Using the’
second order perturbation thedry (Ballhausen, 1961, section 6-f,g), we
obtain the ground state energy
(5)

PR 2, 2
W= (28 - MAyy)siHy - M Ay 8,85 - BTA HE,

with (i,J = x,y,2), 81j =1 if i = j, otherwise O, and

‘Aij:_z (OlLiIan.l,Lj\t))v ‘ (6)

nfo - ,
) ‘ wn - wO
5

orbital state of energy Wn.' The matrix elements J&ij are easily cal-

Here ld) is the orbital ground sfaté of eﬁérgy'w and |nd is fhé_éxcited
cﬁlated‘with the helpvof Ballhausen‘s Appendix I . The first term.in

' Eq.(S) corresponds to the electron Zeeman intéraction, the ségond is
responsible for the zero-fieid splittihg of the’séin multiplet,}and thé,’
third term cdntribﬁtés to the "temperature»indeﬁéﬁdent”_paramagnetic
éusceptibilify. We will ignore the last’term, bécausguit only shifts.
'.‘the energy levels of spin multiplef by equal amounts and bears néu
effect:bn EPR measurements.

We introduce two. second-rank tensors whose components are rélated

to A, by
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o]
1

(esij‘_u&ij)__ S | , v' : (7_);
_v.D_“.:_’XzA.ij‘ R : R | .(8)

.
.vectors can be

Since any tensor composed of linearly independent
diagonelized by‘a'suitableVtransformation, the spin Hamiltonian is

now expressed in the more familiar way,

N

H 8 Sy + S, + g H S, )

spin = B(vx X X

\

+ D[si- s(s+1)/3] +-'E('Si - si ) (9)
The .(x,y,z) axes are the princiﬁal magnetic axes of a paramagnetic ibn,
determined by the crystelline eiectric field. _D and E are axiel and

rhombic_eomponents of the Zeroefield splitting constants and are deter-

mined as -

o
i

- 3D,,/2 = 3x2AZZ/2 _ o | | .(.lOa)

E

R N T W W N <)

b.o.d yy '
These spin Hamiltonian parameters are closely related to the crystal

field parameters:

y = e =20 a)

- : - : o (11)
.gi v = (.gx+gy)/2 = 2(]_-)#X/A2) . v
T (A4 -A,) |
g,‘,-gi = 8)‘_..._1_.-__..%.. o (]_2)
D= Mgy - g )/2 e (13)
LESCET S | - sy

|

‘ Thus,'theAcrystal field parameters can be indirectly determined by EPR,
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which:measufés g, D and E.
~If the local crystal symmetry is a tetragonal compression,'then

Ap> Ayps 88 in Fig. 10b. . Then, from Eq. (12), & D& for d7, and g//<gl

for d3. ‘Similarly, from Eq. (13), D is negatiVe for a tetragonal com-
pressibn;iand from Eq.(3b)‘Ba'is positive. The results are summarized
in Table VI.

Our next task is to calculate the eigenvalues of Eq.(9) for S=1.

Choosing M =1, 0, -1-for our basis functions, we obtain the energy"

matrix,
| M | | 1 0 : -1
M | | ‘
1 D+ Gyn | Gp(£-im) E - (15)
0 Gy(#rim) 0 Gy(#-im)
-1 | E Gy(f+im)  D-Gn

where (z,m,n)'arefthefdirecfion cosines of the magnetic field with -
resp_gct-to (x,y,2) axes, G, = ngH,a_ndg Gy = g.lBH/@ " The eigen-

values of the matrix (15) are the roots of the following cubic equation:
'w3 - 2Dw2 - W[EQ— 'D2 + (Gln)2 + Gg(ta m2)]
- 12,2 2 - o

+ D{B(#%+ v?)) - B[cB(L®- v®)] -0 - 18)

3 2 2 o _ .
which is usually solved using numerical dpproximatibn and a high-speed
-computer. "+ Alternatively we have developed a computer diagonaliza-
tion program for complex Herﬁitian matriceSvof'any size to give both
eigenvalues and eigenvectors, whereby the matrix (15) is directly

"~ diagonalized. - The two methods have giVen identical results..

. When H is applied along (x,y,z) axes, the solutions of Eq.(16)
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: are reduced to simple forms. Tablé VIIa,b tabulatéé the energy quanta
ﬁecéssafyvfdr the three reéonant tréﬁsitiohs_and their relative inten-
sities. vThe tfansiﬁions 2; 3 and 1 refer to thoSe-frbm the firstv
exgited staﬁe to the second excited étate; ffbm.the.ground state to.th¢
first éxcited state and from thé‘gtound state to the second excitéd
state, respectively, for positive D. . The transitions and felatiﬁe
intensities for Hfly are éasily 6btained by a change in the sign of E
and}by.én iﬁﬁeréhange of x énd-y iﬁ.TabieVVIIb; Fig.>lla,b depicfs
. the energy levels of the ground state spin triplet aﬁd‘the three £ran-
sitions for D/hv~2/3, vhich is suitable for NiZ* in La Mg, (N0, ), - 2H1,0
(IMN) at X—band. The solid arrows afe the fully allowed transitioﬁs
_and the broken arrbws indicate the forbidden transitions;
Depénding upon the relative'éize of the zero-field splittiﬁg and
'the Zeeman ehergy, the numﬁer of observable transitions of a givenvNi2+
ion varies from;threé to zero. When.lDI, |E| «« gBH, three transitions,
twoiani$otf0pic and one nearlyvisotropic, aré observable. If |D}>» gBH
v and.lEl & gBH, only transition 2 is possible at all orientations. The
:inténsity and line positions‘of this_transitionvare stfong.functidﬁs
.of field directions. _N12+: ZnSeOu.6HQO provides an examﬁle ofithi§
tyfe.' In the extreme case, where |D|, |E| >>gﬁH;vno resonance transitibﬁ
- is observable; | Incidentally, the maximum E is D/3, sinéé:for values
gfeater than this é coordinate trahsformation can be chosen to. bring
osE/Dsl/S.

Perfurbation theory can ﬁe used successfully for two limiting - x
cases; |Dl > gpH and |Dj gBH. Wheﬁ_lﬁljb gBH,'the z axis of the D

tensor is taken toc be the quantization axis. Culvahouse (1962) ploté
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Table VII. Transitions and relative intensities.

a. When H along z axis (n=1,1 =m = 0):

: _ Intensity :
Transition hv H, lix ‘Hyly H, hz
_'— ) A—— H 1 2 - : ) -_' ‘v

1 D+ K, ng (1 + sin 26)- 'Z'gy- (1 -.sin 26) 0

Ca 1.2 oo 12 . o
3 B - D + K ng (1 - sin 28) ngy _(1 + sin 20) - 0
2 2K 0 0 S (gz'sm_ZG) ‘
, . 2, 2172
‘where tan 2 = E/G, andK = (G,  +E")
b. When H along x axis (/=4, m=n-= O)
'Intensity

‘Transition E\:_ » - H, Ix : 'Hi iy v H1.u 2

2 (- D2+ 3E) , k o g 2 sin2 6 gi'coszﬂ

" L | Ty . '

3 (D - 3E) 2'3E) + K 0 - g 2 cos2 6 gi Sin26 .

1 2k g’ cos 26 0 0

: .2 102
where K = [(D;“E) +G§] " and tan 26 = G,/2K
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_ fhe observed. field positions of Ni?+ sPectfa versus 1l/cos# , where ¢

is the aﬁgle between the magnetic field and the z axis. In our direc-
tion cosiné representation cos # = n. 'A éalculated field position is
approximafed by

- 2(0/ap)? {[(cotd csco)* + (ny/2D)(csch)*)H/2

. (cota.ésco)e} (18)
When § is small, Eq.(18) reduces to a straight line of
H = hv/(2gBcosd) | a9t

This méthoa turns out to be a good bégihning fér:determing the valueé
of'¢”énd'D, though it is got sensitive enough for accurate analysis.
letice»that,this methqdvhas assumed an axiai symmetry (E = 0) and:an
isotfoﬁic g value. .

 'Rearfanging and expanding the»square roots of the squationsvfof
traﬁsition,Evin Tablé VII, we obtain the resonance conditions, to third--

order in D, as

Hix v =28+ (g p0)°. (DvE) ™ - (g pm)". (D4m)
Hity hv = -2E + (gy'BH)e.(D-E)-l - (gyBH)h‘.(:D-E)‘3 (20)"
HY z hv = 2g BH + E2.(gZBH)-l'- El".(gst)'3/u

We will usé.Eq,(QO) to determine the values of E and D from the

resonance line positions.

~ % Tt must be mentioned that we failed to reproduce the derivations on
page 2722 of Culvahouse (1962). Expansion of his secular determinant
' yielded Eq.(1l9) directly without ever reaching Eq.(18). :
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In the case of |D)« gBH, a formula derived by Blé_aney (1951)
can be safely a.pplied'. For the fransition Me>»M-1in S = 1, the
resonance condition 1s given by

. 2 2
hy = gpH +,D(M-1/2)[3(g”/gl)_cos 9 - 1)

+ (QgﬁHo)-l(Dgll'gL‘c:OSOSiﬁH/g? )2 (1 + 2bm(um-1)]

+ (CgpH,) l(Dgfsineo/gz) [1 - am(m-1)] (1)
with ' H = (hv/gp) and

2 2 2 2 .2

g = g,/cos 0+ glsin 0
Again t-hé direction cosine n can be éubstituted'for cos@ . The two

'lines of AM = %1 a_x;e equally displaced a.bout-Ho by the second term,
and slightly shifted by the third and the fourth term.
When |D|~gBH, a complete solution of Eq.(lS).or (16) is necessary.

- This is the case for N12+ in IMN.
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B. Spectral Assignment

In bfder fo deter@ine the spin Haﬁiltonian constants, D,_E; g,
and ¢, the principal axes of the spin Hamiltonian must first be identi-
fied. | A.khoﬁledgé‘of the'crystai structure of the host lattice is
indispenéable in this deduction. For a given crystal orientation in
the micfowa&e caVityvthe maghetic field directibn‘is changed by 5 to
10° incréments.and all the dbsérved liﬁe Positions are plotted én a
graph. Thevdirections ét which the resohance lines reach a maximum
or a minimum are céfefully‘deterﬁined. -They’éften correspond'to the
-principai axes of the spin>Hamiltoﬁiaﬁ; or they are simply related to.
them. Also the directions at which the resonance linés;cross are
critically examined. Similar measurements in two (or three for lower
than an axiél symmetry ) planes should be sufficient to'relatevthe
prihcipal axes (i,y,z) to the crystallographic axes (a,b,c), whereby .
direction cosines of the magnetic fiéld are detefmined. |

vAftef,successful assignment of the observed spectra to the thfee
‘ possible fransitions, the measured line positions with H along the
(x,y,z) éxes are substituted in the equations given in Table VII oﬁiih
' Eq.(20) for the evaluation of the parameferé. .Measuremenié at two
differént_ffequéncies provide a good checkign the aésignments of the
spin Hamiitonian consténts. A final check is'performed by»comparing
'the experimental points with theoretical positions calculated by:diréct
matrix diagonalization. |

The EPR'measureﬁénts of_tné line positions alone give no infor-

mstion as to the signs of D and E. They can be determined,.at least
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in principle, from an intensity study as a fﬁnction of’ temperaiure;
For'eXample, WhenAD’is.positive and of appreciabie ﬁaghitude,vloﬁering
the iempérature will enhance”the.iniensitykof the transition originefing
in the lowesf_level aﬁd diminish thet ef the fransifion betveen the |
excited siates. A're;ative sign Of D With respect to fhe hyperfine'
.splitting constant can be determined from the seeoﬁé order shifts of

the hypeffine lines. But since nickeivh55~only one isqfopevof non-v
zero nuclear spin (Ni63, 1.25% nafural-abundance,_I = 3/2),_whese |
.hyperfine splitting is too weak and too small to be observed in'hydrated
salts,_this method‘dbes-not apply here;. The sign of E is only,felatiVe, _e
for it debends upon the'assignment.of # and y akes of the spin Hamiltonian.'
>Once X and y axes afe fixed frem inteneityemeasurements, the line |

positions of H//x and y determine the size and sign of E in Eq.(20).
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C. Ni2+ in ZnSeOu;6HéO

1. Gamma-c Plane Spectra

A large single crystal of a bipyramidal shape (Fig.3b).was groWn
in a desiccator at room temperature.‘ From it a thin rectangular plate
was ea51ly cleaved in a planevperpendicular to the crystal axis, which
was located by two}cross-polaroid film | The Ni2+ coacentration was
found to be 3 mole %, as determined by a colorimetric method (Skoog et.

, 1958). | o | |

Tﬁia cryetal was oriented‘in a cavity with its rectangular edge
ljing poriaontally. . Wevexpected} from the cryStal structure, the Ni"
spectrajof the ac plane in which ions 1 and‘h and ions 2 and_3vwould
.be equivalent. However, when we”lowered the temperature.to 7T°K,‘we
discovered fhe crystal orientation was really the fc plaae.

The signal was strong.enodgh for derivative detection with the
825 Hz field modulation at fhie temperature. Four lines of larée'
anisotropy was observed.' The lines became broader and stronger iﬁ
the higher'field; the highest magnetic\field needed was beyond our
' magnetds capability thch was about 11 kG. The low field lines were
sharper but much weaker 1n the 1ntegrated 1nten51ty v The line 1 |
became too wesk to see near the zZ ax1s, where the direct determinatioo
of g” V&s p0351ble'if it could have been‘observed, and where this
tranéitioa_was nearly forbidden owing tole/Glnkglf

All‘four'lines more or less merged, thoughinot exactly due toa
'vslight misorientation, at one angle, which we quickly ass1gned ‘ag the

¢ axis. A rotation of the magnet by 90° brought ions 1 and 3 together.
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This orientation corrésponded to the yaxis. Ion 3'reached the maximum
fieldlnear.d=:55°. Since this is the angle befﬁéén»the c axis and the
y axis of ion 3, o} ‘must be about 35°.

The EPR" spectra at h 2° and 1. 3°K proved that the intensities of
N12+ appreciably decreased while that qf diphenyl picryl hydrazyl (DPPH)
inéreaéea as fhe'temﬁerature was lowéred. Thus, thevsign of D is -
posifive. " The posifiveiD value was expedted,sincé G-NiSOu;6Héd and'
ZnSeoh 6H20 .are isomorphous | - The thermodynamlc work on a-leol bHEO
has clearly established 1ts D value as being p051t1ve and L., (h em -1 in
value. |

In Fig. 12 the observed line positioné are ploﬁted as circleé

and the average positions of 2 and 4 as crosses. First a plot of H

vs. secf, Eq.(19) was tried to determine the spih Hamiltonian parameters.

‘D‘and:g were strongly dependent on thé choice of ¢; The best fit was
obtained by ¢ = 35°, D =k.5 cm-l and g = 2.23, as shown in Fig..l3.
The accuracy in Eq.(19) was noﬁ_high and we abandoned this method.

- Instead we attempted to calculate the line pésitions by.diagonalizing
the 3"i 3 matrix of Eq.(lS).for a given orientation. The result is
shéwn as solid curves in Figl 12.° The parameters used are

g = 2.216, gl'z 2.235,

1

> o (222)
D=+4.20cm ™, E =0, ¢ = 35.6°

The overall fit is satisfactory, if the splittings of 2 and 4 could
be ignored. Because of a slight misbriéntation, which,nevertheless,
caused a large splitting of ions 2 and 4, we did riot fully analyze the

vc plane data.
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2.' ac Planévspeétra

. Next.we pladed thé'ééme crysfal in a v slot bf a tefloﬁumoﬁnter
(Fig. é);. "This orientatibn nofmaliy:gave a Yc plane fér dther’crysﬁals
‘-of.the prismati¢'shape, but for thié particuiarvcrystal it was thevac
‘.plane.:. At 77°K,twovpaiis of doublets wefe easily observed. :ions.l
 and b4 éﬂd ions 2 aﬁd 3lﬁovéd t6gethef." All féur coliapséd int§ one
line.ét the ¢ axis. One pair reached thé maximum field at a= €3°, -
frbm which ¢ was calculated to be 35.7° (see Appendix I). |

It N12+: ZnSeOu}éHQO bbésesses exaétly axial symmétry; the high-
est field poéifion obsefved in the ac §lane corresponds to the orien-
tation'of.H in the Xy ﬁléne. Tﬁe‘relative maghitude.bf g, énd D can
be computed from this position; 'For‘iﬁstance; af'vé = 8.601 GHz, thé
= 2.242 for

observed H = lb,86h G gives g, = 2.2k for D = E.lg cm_l, &,
D =_h.l9'cm-l,'etc;‘ A-sﬁail E can make a largé difference, forbthe
resonénce obsérved is due to the transition 2 between the two excited
states of‘Table'VIIb. For example, an E of 0.001 en™* can change g,
to 2.239 for D = Lk.21 cm-¥. | |
In order to explain the doublet structufes; we modified the

.direction cosines of Table IIIb by tilting the x axes from thefvaxes' 
.toward.thé c axié_in the Yc pléne, | Thé newvdirection cosines in the
ab, TC;-and ac.pianes aré tabulated in Table A-2-a,b,é, respectiﬁely,

' of Appendiibli-  Introduction of a new angletibfbke the equi%aiency of, -
" ions 1 and 4 and ions 2 and 3 in‘the ac.plane,‘ahGEOf ions > and‘k_inv
the 7c.plane( The result was satisfactory,»és-shown'in Fig._lﬁ..'Thg‘

open ciréles and crosses are the experimental points, while the solid
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‘and broken curves are calculated from the following parameters.

1

= 2.235, D = 4.16 cm”

g” =‘2.216,‘ g,

‘ L (22b)
'E =0, o = 35.4°, B = 1.5° : '
Wevfecalculatedvthe_theoretiéal positibns.ih the. Yc plane with
the above‘set of paréméters. Thé tilting anglélof 1.5° did not
prddﬁce énouéh sflittings bf ioﬁs 2 and h;.insteéa; B= L° was necessafyf
This large'diséreﬁancy vas believed to_bé due to the bqor mounting,of
the crystal in the_?é plane." f
_A'éecond crystéivof(a rectangular prism (Fig. 3a) gave the idén;.ﬂ
ticél speétfa. This crystal.had thé'a énd b akes‘along the rectangular
edgés. .:Dehydratioh af é25 to 2SO€C for 8 hours proved fﬁatvboth 
.c?ys£éls ébntained_six wéterimoleculeé per Zh atom. The fra¢ti§hs
of the weight loss wefe'o;3420 and 0.3413, as compared With the theo-
retiéal value of Oﬂ3h17 for the hex?hydréte. |
]The*signal—tq-noisé ratio improved conéiderably when the temperF'
ature was lowered from T7° to h.2°K. Further?ldwering to 1.3°K dimin-
ished thé absorp£ion intensity of N12+;_whilé that of 602+ iméﬁfity
. remaingd the same, suﬁporting‘the,pqsitivé D valﬁef _Contrary to‘many
N12+ c;yétais that are known to change fhe ﬁagﬁithdes-df g'and'D'Qith.
: temperature, 1\]i2+ in ZnSeOh.éHEO éhows pfactigally no temperatufe
, depéndence1 As seen from Table ViII, the line positions and,widﬁhs' '
2+ ' . '

of Ni°' at 77° and L.2°K are virtually the same.
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Table VIII Enperature effect on the line positions of
: ZnSeO4 6H20,ac pla.ne,. '

. 77°K' . ol . '. » 4.2°K
8.601 GHz - - ~ '8.596 GHz
J : Doublet Line- . Doublet - | Line- |
H splitting  width H - splitting width
o ‘_(gauss)' (gauss) (gauss) (gauss) (gauss) (gauss)
' ' . ' _ * *
0° 1706 0 15 1695 ~0 (~30)
90° 337l 245 35 3364 250 39
62.8° 10864 0 61 10844 0 69
-63° 10871 0 727 10847 0 72

e e R P S mn wm AP M MR EE i e e M AN n B R e R S e e W EE P s s R R N S M SN R E e TR AR AR e R SR G MR N e e e e A e e e -

Uncertainty due to a poor overlap.
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3. ab Piane Spectra

The. spectra of Ni2+ in thé ab plane were as expected, savé'for.-
the doublef St;uétures that.could ndt be accounted fér.by the direction
cosines of Table A-2 in Appendix II. We looked aﬁ twé differeﬁt
crystais éf Fig. 2a and b, and found that the doﬁblet splittings were .
réal. .Theféepafation of-fhe doubiet reached‘maﬁiﬁum‘near.az 20° from
the‘véxis; and zero near a= O°." Near a = hSd; orva axis, the two.
sets were completely superimposed but the'splitting of each set was
not zero. _Thié:suggested that ions 1 and 3 and ions 2vand'h bééame
equivaient,near'the.v axis, and thaf ions.l and L and ions é anq.3
were equivalent near the a axis. .Thus, we mOdified-the direction

X; R » cosines by fiiting the x axes ffom'
# _the ¥ exis in the ab plane. With the
» , e . new x axés, as shown on the left, wé '
Vﬁt{ﬁﬂ obtained the new direction cosihe‘s
X3 i B i that are listed. in Tabie A-3-a of

Appendix II. The results are shown

X, in Fig.»lS;vig which the dotted curves

are calculated ffom

g =2.222, g =2.241, D=h.22cmt, -
: : ‘ (e2c) -
E =0, ¢ = 35.5°, - B =2.0° o
We see that a g of 2.09 is slightly too:large and is more like 1.8°.
The overall fit is satisfactory.

LWe find that the new.arréngément of the x axes will also 1if£

the equivalency of ions 1 and 4 and of ions 2 and 3 in the ac plane.
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but wili not split»iohs 2 and L4 in thevvc“plane.v; Therefofe,,the_real
X axes are.tilted-from thé Y axes by about'??,vlyihg neither in the.
”aﬁ plane'nor_in‘fhe Ye plaﬁe. " The ac plane,data can be fitted well
by téking B=2.1° in the direction cosines of'Table A-3-c, as will

be demonstrated in Table IX of the next section.

4, Discussion

| Oﬁf of the six péraméters (gw,véL, D, E,:¢,‘and B) two (¢ and 8)
could be QuickLy determined by the method explained in Apﬁendix I and
ffom the sizé of the doublet splitting. The femaining four were
determinéd by succeééive adjustments to givé the besf fit of the
6bserved line positions in the three different planes. Our X-band
- klystron was capable of generating microwave.frequencies from é.#8 to
approximately 9.9 GHz. Thé highest magnetié field attainable b& our .
magnet was about 11 kG, because of the wide pole gap needed to accom-
modate ﬁhé-double Dewar system. Hence the difecf’determinatidﬁs of
g D and E were impossible with these limitétions.‘ o

Table X illustrétes the kind of fittipg we obtaiﬁed for_thé ac

plane,dataf The line positions were calculated from the following_

parameters with the direction cosines of Table A-3-c.:
gy =2.222, g =2.241, D = k.23 em™t -
S S (224)
" E-= 0, ¢ = 35.5°, g =2.1° .
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Table IX. Calculated and observed field positions of Niz+:ZnSeO4' 6H20,
. - ac plane. 8.596 GHz, 4.2°K. :

a _ Hobs - Hcal H,1-Hops
(deg) Ion . (gauss) (gauss) gauss?_ Comments
-0 o 3,4 1695 1698 | 3 c axis
90 3 3239 3248 9 } _
» ) a axis
90 4 3489 3494 . 5
62.8 3 10869 10 866 3 Highest field
62.8 4 10819 10810 -9
58 3 10108 10095 o5
58 4 9537 9490 47
53 3 7905 7915 10
53 4 7235 71221 -14
8 - 3 5827 5845 18
48 4 5399 5388 -1
43_:‘;. 3 4481 4490 9
43 . 4 4229 4220 9.
_zﬁgluf“f3 1507 1504 -3 Lowest field

271 4 1532 1528 -4
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Our accnracy>in the field measurement was limited'by three factors:
(l) typlcal line width was 4O to.TO G, (2) the NMR probe with a snunt
was not very sensitive above lo kG, (3 ) the line positions shifted over
50 ¢ at a change of O.l°<in orlentetion near H = 9 kG. The errors
involved in (1) and (2)'wouid not exceed a few gauss, but a slight
misalignmént of the crystal or magnetic field,direction would lead a
iarge_errbr in (3): Thus, cur‘fit‘to.the experiment can be considered
to be eatisfactory;

' Let us see howvﬁne simple CFT compares with our results.
From Eq. (22d) |

(g>= (g, + 2g_L)/3 2.232

(8> - g, = 0.229

| g// = g.L = -0.019 : ' N . (23)
" Then, Egs.(12) and (13) yield

-(0.229 x 8500)/8 ~ -245 cm™t (el

Il

A
-(2#5)'x (~0.019) x.(c.s) ~ +2.3 cm_l. '_(25)
-1 (26)_

D

i

-y = (k.20/4) x (8500/2&5) ~ 1200 cm

The spin—orbit coupling constant of the free N12+-ion, -315 cm l;_is

- about 20% too large to:account for.tne g shift. lThis discrepancy is
' aScribed to bonding effects.  And yet the free‘epin—orbic coupling o
-constant is roughly 50%.too small to explaln the observed D value.

This type of discrepancy is not uncommon and 1s fdund in many cryéﬁals
cited in Table XIII. McGarvey (196kDp) attributes the dlscrepancy to
the neglect of the charge transfer states. The contrlbutlon of the

charge transfer state, excited lT

2g state for example, is of the same.sign.
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‘as that of iowéf lying states and will increase the magnitude of cal-
culated D and E, but for g the effect is Qpposite‘to_that»of loWér
yenergy étatés s0 as to bring the calculated g cioser to the frée spin_
valﬁe.‘ The tetragonal distortion is calculated té be about 1200 cm-l,
with the Qrbitalvdoublet lying lower than the singlet. This result

supports our assumption that the tetragonal distortion at the Nigf site

is an elongation. .

5.ISummafy of Ni?+ in ZnSeOu.6H20

The EPR‘sbectré of Ni2+ in ZnSeOu{éHQO single crystai could Be '
explaihed by a tetragonal éfystal field with a large-positive D vaiue.
Each of the foﬁr x axes is tilted from the ab bisector by abouf 2° and.
lies neither in the ab nor ¥yc plané. This fact is different from ‘

,a-NiSQ+.6HéO whose x axes coincide with the'yaxesf The fetragonal
distortion is assumed fo'be an elongation in accord wiﬁh”the CFT pre-"
iction and with the result of Cu’' in ZnSeo;;6H2Q that will be tgeated
in section V. |
| fThé»EPR of N12+ in ab, ac and ve plénes couid be best fittéd by
the following set of spin Hamiltonian parameters. |
gy = 2.219£0.003, &) = 2.238+0.003

D

+4.20£0.04 en™t, E = 0 (22¢)

$

)

35.540.1°, ‘8= 2.0%0.5°

The signs of (g” - gi) and D are consistent with the CFT. The
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. spin-brbit Qoupling conétaht 6f the free Ni2+ ion mﬁst be reduced byv
about éo% to fit thevobsef#ed g.valuéé and must be increased by about
50% to explain the observed D. The reason for this discrepancy is
explainedvin terms of the neglect Qf charge-transfer stafes, as quoted -
in the ﬁrevious'section. The apﬁarent temperature independence of
these parémeters presents an interesting éontrast to N12+ ion in trig-
Qnally.distorted diamagnetic crystals in which the magnitude of D is

" known to éhange appreciably with temperaﬁure. |

Thé host crystal grows in two external habits, both hexa-hydréted.'
v ThevEPRESPECtra of l\Ii'2+ in these cryétals behave identically, indicating

_‘that they must have the same lattice structure.
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p. N°Y in NN
1. Type 1 Ion

(a) Spectra at 77°K

The hexagonal plate of Nle : IMN sihgle crystal was briented
vertically so that‘the magnetic field was rotaﬁed in tﬂe XZ planef
At T7°K three lines, originating from the three transitiens among the
N12+ greund state triplets, were easily‘detected et all_angles.
Fig. 16 showe the observed line positions of'these'three'transitions
as a function of angle. Line 1 was the least angularly dependent and
it_was.due to the transition from the lowest td the highest level ef
the triplets. ThlS transition is often called a half-field tran51t10n;
or a AM = +2 transition or a forbidden transition. The last two
names are a misnoﬁer, because ﬁhen the energy quanta is comparable toe
the_zerd-field spiitting, fhe M values are not gbod quantﬁm numbers |
and the,tfansition is far ffom forbidden. The line was always sharﬁ_'v
(~40 @) and fairly stroné except when H was oriented nearly perpendicﬁlar
to the z axis. At this orientation its traneition probability isf
calculated to be zero. |

In contrast, lines 2 and 3 were highly anisotropic, of which 3

was the more ihtense and the more anisotropic. when H was along the
z ax1s, line 2 became weak but sharp The llne -shape was dlstlnctly
asymmetrlc and thls will be dlscussed later. The position of line 2

at this angle gives in the first-order the value of g” from

g = hy/(28H) = 2.226

and . D = (H; - H))/(28H) = 0.1776 em™ L



1.Lines 2.andf3 crosééd‘at'iz= 52.99 at ﬁév;'§;2 GHz. This'angle served as
a good marker for ‘the crystal orlentatlon, for the cr0551ng angle did
not vary more than 0.1° over a frequency change of 0. 3 GHz. The
energy diagram is shownbln Flgf-lT. .Inc1dentally, when the second
order effecﬁ Qf D can be neglected, the crossing angie is equal‘tp
5k°4h',>at'whiéh’thé lowest énd theihighest levélg are equélly.disposéd
about the middle level. At the crossing angle an-. absorption of two
quanté 6f hv can cause a transition from the grouhd state to the high-
eét excited state. ,This'is éailed a double Quanﬁum transition (DQ)
and hasjbéén observed in a number of triplet states such as ﬁi2+:ngO
(Ortén et.éi;, IQﬁﬁh;.Smith et.al., 1969) and in many extendéa_n'systems
(e.g.;IWassermah,et.al., 1964). The DQ transition is a very sharp
iine of aboﬁf 2.G wide.and'its intensity varies roughly as the square
of the miérowéﬁe power;.

;The (lll)_plane data revealed a small angular dependence of'lines
2 and 3; Line 1’was égéin'very wéak. >When line. 3 was at the maximum
. field, line 2 was at the minimum field. vRotaﬁioﬁ‘of H by 90° shifted
line 3 to the lowest field and linev2 to the.highes£ fiel&. - The linev
v'shlfts for 2 and 3 were 1T7.1 and 17 T G, respectlvely at v, = 9.813 GH?.
i From thls the size of E was estlmated to be O. 0007 cm l. There was
, clegrly'1209 periodicity in the spectra of the (111) plane;vindicating “
vthaf‘eéch.Ni2+ ion in the site 1 has its x axis along the hexagonal
edge of the singleicrystal. ~ Whether we call this axis x or y is im-
material, for the exchange of x with y herely changes the'sign of,E.

‘'The best fit to the xz plane spectra was obtained by the following
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parametefs,_] The calculated field positions are drawn as solid curves
in Fig. 16.
gy = 2.230#0.005, g, = 2.230£0.005
D = +0.1785£0.0005 cm ™
' -1 (27)
E = 0.0007+0.0002 cm ,
¢ = 0.

The sign of D was détérmined at liquid helium temperatures, as’explainéd

in the nekt section. -

(b) Spectra at liquid helium temperatures

At_liduid'helium temperatures the‘éignal-tq-nbise rétio imbroved
considerébly so that we could obéerﬁe straight absorption spectra of
Ni2+ ion even at —30dB attenuation of the micfowavé power. ‘This‘cor-
responds to aﬁou£,0.3 mV at the crystal detector. When H lay iﬁ the
(lll) plane, two strong absorption peaks were observed.  They corre-
sponded to line 3 at 1822 G and to line é at 3802 G when v, = 9.3382
GHz. There were two weaker lines; line 1 near 1300 G and a line near
8500 ¢ that was arising from the second type of N12+ ion. At i.7°
and 1.3°K line 3 became definitely mbre intense than line 2. Their
angular variations were about 15 G in this plahe} ' The spectraﬂ
'observéd in the xz plane at the liquid helium temperatures were essen-
'tially the'same as ‘at T7°K, except fb& thérshiftsaih theﬂlﬁne&positions.
The.differences between the observed and thée calculated field‘positions
are bettér than a gauss for most angles, some of which are illustrafed

in Table X.
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Table X. Calculated and observed line positions, Ni:LMN, Type 1,
. ac plane, 4.2°K. _ o
’ H H *

a o . ‘obs “cal H .-H
(deg) _Transitlor; - (gauss) (gauss) cal "“obs
0 B T 5‘026.2, © 5026.9 | 0.7
‘d | 1 . 1178.4  1178.5 | 0.1
90 2 3947.7 3949.6 1.9
0 .3 19141 19179 3.8
s29 2,3 2890 28961 0.0
52.9 R ' 1095.1 1095.5 0.4
v, = 9.7057 GHz
g, = 2235 g - 2.233 )
- (28)

D = 40.2005 cm~!, E = 0.0007 cm™!
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.At¢1= 52;9° the two transitions 2.and 3 éOinéided-to give a
single sproﬂg line. We varied the microwave power level to test if
the doubie quantum transition could be ébserved. Even at abbuﬁ 200 mW
ho DQ line.was detected. Nor could ﬁe detect a sharp line with a
phase inverted (IN) over the power rangé of 200 mW to 200 ul. This'

a IN.line_was observea in a p@wder sample of Ni2+; LMN (see section.IVf
p-3). | |

| TW6 crystals.df différent Ni2+vcbn¢entration were used. ’Their
EPR~speétra were identical e*ceptvfor the line widths of the sifé 1 ion
and multipiet struCturés of the site.2 ion. The typical Line widths
| of N12+vwere 100~140 ¢ for ‘the morevconcentrated cfystal and about 40 G
for the'ﬁbre dilute one. The“létter waé about 15 fimes more diiﬁtef
as estimaﬁed ffom relati?e intensifies;

In order to determine the sign of D a study of relative inten~
sities at different tempefatures was conducted on'the dilute crystal.
Straight aﬁsorption= spectra weré recorded at power leveis low
enough to prevent saturation and the intensities.weré calculated from
the areé under the curve. The result is shown in Table.XI. .The
intensiﬁy of the transition 2 waé diminished as those of 1 and 3 weré ﬁ
enhanced. Therefore, it was concluded that D is positive.

The line shape of 2 at H// z has been seen in the 'half-field
transition of non-Kramers ions (F€2+: MgO, Low and Weger, 1960) énd
is commonly attributed to the strain effect of the crystal lattice;
While in»Fe2+: MgO the high-field side is sharply cut off and the low-

field region tails off gradually, in our N12+: IMN the low-field side

o ) . i



- Table XI. Relative intensities vs. températui'es.
- Ni*:LMN, ac plane '

a=90° o= 44.6°
(K L/ LA, L/
1.36 ~ 0.56 0.84 ~ - 0.58
1.80 0.6l 0.89 0.63
42 0.78 . 0.96 0.79

L v, = 9.7057 GHz
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is more shérply cut off as shown ih Fig. 20a (absbfption)vand b (firsf
derivative). | A & B (section- 3.1k) exblainv this line shape in'ﬁefms
of rhombié'strains that~upset the axial symmetry. - When the crystal‘
field is exaétiy axial, this transition is strictly forbidden (sée_

. Table Viib).- .The presence of é rhombic strain, eqﬁivalént to E £ O,'f
gives risé to a small initial splitting - and alloﬁé»é weak transifioﬁ»
to take'place. If this strain is oriented randomly, the resonénce line
is broadenedvto the lower field side of Ho = hv/éQg’B), when the,ffg-
quency is fixed and the ﬁagnetic field is variéd} " For an:oscillatory o

field H, along the z axis, the maximum peak occurs at

1
2 -1
Ho=H, - ag)- (khveyp)
where Ai 'isvthe most probable value of Ae.A Thus, the smaller
the average local strain is, the sharper the cut off on the high-fiéld
 side. - There is a greater shift of the maximum peak to the lower field

in Ni%*: LMV than in Fe“': Mg0, whose site symmetry is octahedral.
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- (c) Powder spectra’

The EPR of powdered samples with §>1/2 has been iﬁvestigated'

' mbst:acfiQely for organié triplets énd only to a smaller extént fof
the ground'state_brbitél Singiets of.firSt:rbwvtranSition‘metal ions.
Among the organic triplets are afomatic x systems whose powder sbectra-
give almoét as much infofmation as do’single crystai samples.‘ The '
zéro-fiél& splitting of.these ardmatic compounds does not ariée frbm
tﬁe spih-prbit goupling, for it is ﬁuch Smalier than in'thé metal ién,'
‘but primafilybfrom dipolé-dipole iﬁteraction of the electron spins.

The size of this splitting can be as large as-O}33cm-;.

Aithouéhvan_
S state ior'l,AMng+ fortexample, can bé seen egsilyvin a powder sample,
we wili ﬁbt-be cdnéerned with it heré; becauéé it reduires‘a special
treatment..  Burns (1961) démonstrated the accuracy of the determination
of‘g and D:for thé powder sample of Cr3+ in a@monium‘alum.

in a single drystal‘cdntaining.a spin tripiet the'trénéiﬁions.of'
AM = i_l dre strong »_é.nd highly anisotropic g.nc_i_ that of AMY = 2 is weak
and'nearly isotropic. _Since in a-powder'sample, on the other hand,
81l the angles_between the spin axis of each micro-crystallite ané the
mégnetic field are possible, the spectral region of AM = %l spreéds'
6vér 2D. The greéter the éngular dependencevOf a transtion is, t#é
less intehse it is in a powdér spectrum. . Thefefore, a fairly étrong
AM =2 line is seen .and only lines of AM = i}_ CCCﬁring at maximum or
minimum f}eld (HA/X,'y, z) are‘observed-in the bowder saﬁple. Fig.l9
is a fypical computed powder spectrum.of an axially éymmetrié spin‘

triplet. Here Xy

denotes the line position of the transition 1 at

HI x, etc.
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We ground the concentrated single crystal of Ni2

: IMN used in
section IV+D—1. The powder spectra at -160°C are shown in Fig. 20&
'vénd b.‘ Table XII lists the.obsefved and calculated fieid positions.
A reasonably -good agreement supports our choicé Of‘thé spin Hamiltoﬁién
paraméters and the aésignment of the powder speétraf The theoretical
field positions are calculated from thé successive iteration and diag-
onalization of the 3 X 3 maﬁrices. Similar answers,bthough'noﬁ
exactly identical, can bé'obtained from the approximate-equaﬁions given.
by Wasserman'et’ai; (1964, Eq. 13).

Of‘spécial interest is the central line with §.Phasevinverted
(IN) st the position of the DQ. This IN line has also been observed
 'for ﬁi2+ in Mg0 (Smifh et al., 1969), cot in Mgo (Orton et.al.,'1966b)
(Rubins and Low,il963) and Ni2+ in_CaO.(Low and |

3
‘ - + o )
Rubins, 1963). In N2t . MgO the IN line was observed at low micro-

+
¥:2* in SrTio0

wave power buﬁ.was obscured by the sfrong DQ line at higher power level.
We raised the power to the maximum level éf our klystron, that is about
250 mW, but saw no DQ line. |
The origin of thg IN line is not clear to us. It may arise;frém 
a superposition of two assémbliés of Lorentzian curves. Smith e£ al.
show that the IN line is not a true EPR absdrption iine but represents
a dip in the intensity of the two absorptions-of MM = 1 lines.  Each
of the absorption bends is an éggregate of spin‘packets created by_v.
random strains in thé crystal. ‘When the local strain is small, they

argue, the effect of the cross relaxation bétweén the two transitionS'



" Table XII. Powder Ni°'; LMN at -160°C.

‘Transition -

H

-**obs ;
(gauss)..

1148.2
19222
| 3 682

4644.9

"Heal - Line -width B |

(gauss)v, : .(g:agss)",‘,""

119200 76

1902.1 74

27731 43

36872

46453

Lok o S
.~ Calculated from
g, = 2.230,

E = 0.0007 cm™!

1

g, = 2230, D = 0.1780 cm’

at v, = 9.1625 GHz .
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pushes intensity away from the center of the'line, where the spin
packets of fhe two transitions overlap. Thevresult is a émall'dip
in thé absqrﬁtion curve and an inverted phase‘iﬁ the derivative curve.
They conclude that the ﬁidth of the IN line is of fhe ordér of the
Width‘of the_individual spin packet.and thét the height dependsvon'
the strength of the mechanismvresﬁonsible for the cross relaxation
between the AM = *1 lines. Note that the argument of Smith et.al.‘v
is aimed,fof.a single crystal. As mentioned earlier, neither IN nofv
DQ line wasvobserVed in the single crystal of N12+: ILMN.

As the témperaﬁure of the powder sample wés‘raised, the liﬁe
widfhs fapidly increased. At -lOO°C'a very weak sextet of equal-
spacing started appédring at g = 2 and gradually increased its inten-
éity as ihe N12+ lineé broadened. We éssigned the sextet to fhe six

hyperfine lines of Mn2+, for which we estimated g = 1.996, D = 0.020 cm-l

~and A = 92.3'x lO‘u em™L,
. The temperature dependence of the.Mn2+ SPéétra can be explained
‘as a phehomenon of two paramagnetic species, one with a very short
spin—lattipe relaxation time, Tl,-and the other with‘a long sbinf
spin relaxation time, Tz'(A & B, p.535)f At room ﬁemperature a

broad resonance due to the N12+ ion was observed becsuse of its short

5 ‘ _ v .
T,, while the Mn + resonance was observed with a line width of &€ ¢

1

which is nearly the same as in a diamagnetic host lattice of hydrated

: ' 2
salts. - The local field at the Mn2+_ion due to the neighboring Ni +

ions persisted only for a time of the order of Ty for Ni2+. This
field was averaged out over ide period longer than or compafable to
4 : : .
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the péridd'cf the microwave frequency. At -16050 the Tl of N12+
became long enough to broaden the.Mn2+ lines. The Tl measurements
for N12+; IMN at liquid helium temperatures were conducted by Chang

of our laboratory and will be‘repofted in his Ph.D. thesis (1971).

2. Typejévlon

We ha&e detected a second type of Ni?+ specﬁrum that was formerly
investigatéd by Culvahouse (1962). Because éfva Iarée D value, only
one transition was seen at X-band. : In the dilute sample the
. second type of spectrum appeared as a sharp singlet} Its intenéity at
' vl.7°K‘was'pf Similar magnitude %o that of the firsﬁ,kind. From 4.2°
to l.3°K the intensity increased only slightly, indicative of a negative
ﬁ.-_ With'H rotated in the (111) plane, the line‘changed its positipn'
only By some'4O G, showing that the E was'sﬁall. The best fif fb the -
XZ plahe data was given by '

,g” =8
D= -2.232 em~

= 2.2} _
1 . .
(29)
-1
~ E = 0.0008 cm
In a concentrated sample this line was about 100 tiﬁeé as ﬁéak‘
as the first kind. When H was oriented perpendicular to the ¢ axis,

there appeared two shoulders on each side of the central'line. At

different orientations only one shoulder was seen either on the left
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or on the right side. The origin of the shoulders vas thought to be
‘& dipole-éipole interactibnvéf neighboring Ni2+ ions -or an exchange.‘
interactidﬁ known to be bresént in theng(E)'site due to its neares£
neighbor at a‘close distance. We did not fullj investigate fhe

magnitude of the nearest neighbor interactions.
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E. Ni?* in 2n(Bro, ), 61,0

1. yndiluted Ni(BrOB)é.6H20

. owen qtudied the undiluted Ni(BfO3)2.6H2O af rébm tempefature
and attained g = 2.29, D =1.93 cm™’ and E = O (unpublished, quoted
in B&wers and Owen, 1955). We inveétigated a large single crystal
with H rotated in the (111) plane. At 4.2°K a strong broad band of -
about 2500 G width appeared near 8 x¢. Theré was also observed a |
weak signal of large anisotropy in the low fiéld.’ Below the lambda-
point of fhe liduid helium (2.17°K)_thé signal became so inténse that
the_microﬁaVe bridge could not'bevkept locked dt resonance; |
We lodked.more carefully at a small Squafe brism, N§ absorptidn
of Nief,COuld be seen at 776K'ofbaﬂd§e.»l At iiquid helium femperatures ’
two brbéd bands, one intense and the dther weak, were‘obéerved. With -
H lying.in the (lOQ) Plane there existed a 90° periodicity. The
highest field position, corresponding to [llO]‘direction, was located
at’7975 G at v, = 9.0927 éHz; Afvh5° from this angle, or [lOd], the
signal becéme weak and reached the lowest field of73OO3 G. The
calculation with g = 2.22 and D = -1.95 cm_l showed a good agfeemenf
neér the highest field but 3007to EOO G iowefbthan‘the observed posi-
fion in the low field fegion. As.the tempefature,was lbwered, fhe
signal inténsity‘incfeased,rihdicatiﬁg fhe negéfive D. The»liné posi-
tion also shifted to a higher field,.the amount of”fhé shift depeﬁding'
on the field orientation. ~ From 4,20 to‘l.T°K; for example, the high-.
est position moved by 700 G and the 3000 G line shifted only by 100 G,

while the DPPH signal remained unmoved. ‘This‘behaviorvis'to be com-
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-'?ared with the temperature dependence of a-NiSOuJ6HéO which is known
to possess a positive D value and to shift to a lower field at lower
'temperatﬁres. The band'ﬁidths, however, narrowed with decreasing

temperature, just as the undiluted a-NiSO,.6H0 did.

2t R PR
2. Ni“" Doped in Zn(BrQ3)2.6H20

‘We'éxamiﬁed the.Ni2+‘§on doped in Zn(BrO3)2:6Héolat the liqﬁid
: hélium.temperéture. We'detecfed four setsldf‘tripiets by orienting
the magnetic field in the (111) and the yz planes of the ion b (see
Fig. 9). . Each triplet Belonged to one of the four Nic' ions in the
unit cell. ' The center line of the triplet was much more infenselﬁhénv
the two side bandé,‘ﬁﬁich ﬁere:separated about 400 G from theicenfral -
line, és‘éhOWn in-Fig. 21.' The ﬁighéstvfieid positiéns of the fqur :b
sets wére\ali equal at 7831 G when v, = 9.613‘GH?¢ |

Iﬁ the (111) plane ion 4 was nearly isotropic with a small
fluctuation of approxlmately 120 G over 100° .rotation of the magnet
If this angular varlation of line 4 arlses strlctly from the rhombic
contributlon, but not from the mlsorlentatlon, then it requires an
E value of about 0.001 cm-l.- The other three llnes were very anlso-
_'tropic ‘and exhibited the 51xty degrees perlodicity (Flg 22) The
N12+ line width at the highest field was about 110 G. As_the line
movéd ‘_toward‘ 'upfiéid, the signal became stronger. The relati‘ve.::‘,.f

intensity of N12+ to DPPH increased with decreasing temperature; hence,



D is negative. The line positions of Ni2+'did not vary significantly
over the temperature change of 77° to 1.7°K, which is quite different

from the pure Ni(BrO3)2.6H20.

The multiplet sfructures were dependent 6n ﬁhevNi2+ concentration.

In é mofe dilute single crystal each set was a narrbﬁ singlet pf'roughly
60 G width, while in a more concentrated sample. th¢ multiplet appeared
as a quintet or more. Therefore;’the origin of the multiplet structure
is 5elieved to be the dipole-dipole or exchange interactions with
neighboring N12+ ions. We have not studied carefully this intefaction.

~Fig. 23 éhows the angular dependehce of the main lines in the yz
plane. "Lines 2 and 3 merged at the [lll} direction or a= 0°. :They
reached thé maximum positions at_a='t22.5°, which is the angle between
the ¢ axis and the xy planes -of ions 2 and 3 projeéted on the yz-plaﬁe.
From this the angle between [lll] and the xy planes of ions 2 and 3 is -

calculated as

tand = +(tan22.5°).(cos30°) = *0.3587
¢ = +19°L4ht = +19.73°

whiéhvagfees well with the theoretical value of ¢ = +19.47°. 'This
suppofts our assumption that each z axis is aligned parallel to the
body-diagonal of a cube. The most anisotropic line wasju, whose
lowest field of 1550 G at 9.73 GHz corresponded to the HJ z; from
which‘g” was calculated in the first'ordér to:beb2.235. Liné l‘waé‘
least angular dependent and yet most susceptible tq'a:crystal misdrién_
tation. Two different experiments resultéd in two widely differeﬁt

positions of line 1 near the [lllJvdireétion. The minimum field of
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line 1 in Fig. 23 was 4558 G, about 100 G higher than the calculated-
field. The fits for lines 2,3 and 4 were generally better than 40 G.

The spin Hamiltonian parameters are

9 - 2.235%0.005, < g = 2.235£0.005

L
-1.7940.01 cm >, E = 0.0010.001 cm™*

D (30)_

¢

]

-19.73° for ions 1,2,3 and.¢ = 0° for ion k.
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F. The Sign-of D _

The sign and magnituae of the zero-field splitting has been a
subjectvofrconsiderable controversy. in the past_decaae. In this-
section we will first review all the EPR work cérried out fof 3d3 and
'3d8 systems in "predominantly‘axial" fields. -Next, we will make some
generaliiations about the spin Hamiltonian parameters. Lastly, we

will give a few arguments why 8 simple cerystal field theory does or

does not predict correct values for g and D.

1. Review-qf Past Work

Tab;é XIII liéts the observed g and D values éf 3d3 and 3d8 ions -
in axial or nearly axial crystél fields. We have 1imited the critefién
of an a#ial field by imposing an arbitrary boundary of»IE/D|<0.03,

'A féw remafks ére in brder. Sinée thé D valﬁes are in genéral
dependent'upon the temperature and concentration of paramagnetic ioh,
undue emphasis should be piaced not upon’their’valués but on their

vmagnitudes aﬁd signs. Secondly, accurate determinétion of g vélues
is oftén difficult owingvto broéd absorption lines, and two séparate
investigators sometimes report widely separated g values. Thirdly,
the signs of D have not been experimentally determined in very many
ééSes, In'spife of the incomplete accumulation of data, Table XIIT
Suggeéts Sevéra; genéral trends: |
1) :Theicr&s£al field symmetry at paramagnetic ions is mbrevlikely
défermined by the local crystal symmetry of the host lattice.

2) The sign of D is generally negative in a trigonal field and -

positive in a tetragonal field.



(1) Predominantly trigonal
(* sign not determined)
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Table XIII. g and D in axial syfn.metfy.

Ion '

V2+

(3a3)

‘Cr3+

(3d%)

. NH

4+
(3d%)
Ni
(3a%

. ZnSiF

A1,0
AL
‘CdC1
.cdcl,

‘ZnSiF,- 6H,O

Host:
Al,04

o 6H,0
CsMgCl

A1203- '

3

Al,O

273
A1C13-»6H20

.M5A1204
- MgAl,0,

S
A1,810;
Y,0,

Al (hfaca);

Co (aca.)3

‘Al (a,ca,)3

Co(en)3C1; 3H,0

4 alum

emerald

AL,0

273
273
273
2

6 2

- NiSiFé' 6HZO

NaNi(aca) 3
MgLaN

' sit_e 1

- gite 2

1.984

g

1.991
1.9661
1.970
1.974
1.982

- 1.977
1.985 1

1.986 1

1.982 1

.98
.9802
.9820
.9900
977
1.973 1
1.974
1.994

[l o N

S T

97

g)

9704
976
976
.979
987

.980

.989
977

97

24957  2.1859

2.28

2.25 2.22

2.25
2.30
2.20

2.235  2.233

2.24

(cm )

1601
.2077
.0804

0.0858"

4912
1908

0.0327"
0.925

0.495
637
24
.70
.600"
592"
.036"
.049
.895
1957
1957
375
410"
35
129
.52
A9

o

T+

o o o o o

-0

.2005
.232

Ref.

|E/D]

014
.016

.028

24,25

25,26
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Table XIII. (Continued)

. ) |

Ion ~ Host g &L (cm™) |E/D| Ref.
ZnLaN - 2.235 0.043° 0o 24
Ni(BrO,)," 6H,0 2.22 -1.95 27
Zn(BrO,), 6H,0  2.235 2235 179 0.001 25
CsMgCl, 2.257  2.241  2.000 0 29

cu®* Ao,  2.0788  2.0772 -0.1884 0 28

W e s e e e e b Ee ME A e MM R e T R m MR M Ee R e e M e e e M Y e G e s M G AR Ml Ee AR G B A S G e e am e e e e AR e e o e e -

Abbreviations used in the above table:

hfaca = hexafluoro-acetylacetonate [(CF3CO)2'CH]—
aca = acetylacetonate [(CH3CO)2CH]—' "

NH4 alum = NH4 Al(SO4)2' 1 ZHZO
- MgLaN = Mg3La2>(NO3)1 2 24H20
ZnLaN = Zn:,’l.aa.2 (NO3)1 2 24H20~

gmerald = beryl, Be3A12516018

R R R i T T el T N R e e e e e e e e

References

1. Lawi'ence and Lambe (1963); 2. Chan et al. (1965); 3. Orton (1959);

4. asquotedin McGarvey (1966); 5. Wong (1960); 6. Atsarkin (1963);
7. Stahl-Brada and Low (1959); 8. Hutton and Troup (1964);

9. Carson et al (1961); 10. Jarret (1957); 11. McGarvey (1964a);
12. McGarvey (1964b); 13, Davis and Strandberg (1957);

14. Walsh (1959b); 15. Geusie et al. (1959); 16. Sierro and Lacroix.

(1959); 17. Geschwind et al. (1962); 18. Marshall et al (1962);

19. Orton (1959); 20. Iri and Kuwabara (1968); 24. Hoskins et al.
(1959a); 22. Walsh (1959a); 23. Peter (1959); 24. Hoskins et al. (1959b);
25. This work; 26. Culvahouse .(1962); 27. Bowers and Owen (1955);
28. Blumberg et al. (1963); 29. McPherson et al. (1970). '
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Table XIII. (Continued)

 (2) Predominantly tetragonal, as suggested by authors

Ion -~ - Host = = gy gL (c'm-i) _ |E/D| Ref.

v . _ o - _

Cr K,Zn(SO,),- 6H,0 1.977 1.979 0.332°  0.030 1

(343 _ s o

NiZt caBr,® 249 218  40.220 0 2
@-NiSO, - 6H,0 2.215 2.250 - +4.741  0.007 3,4
ZhSeO4-6H20 2.219 2.238  +4.20 0 5

Refere'nce's

. Arkhangel‘skayé, et al. (1963),
Katsumata and Yokozawa (1970).
Fisher and Hoi‘ming (1968),
Batchelder (1970),

This work.

(S RV I

a. The tetragonal symmetry is uncertain. See the text.
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3) On the basis of (2) alone the distortion is predicted aé'an
elonéation rather than a édmpression of an>octahedron.
vh) For a:giveﬁ ioh,vg is sensitive to the nature of the bonding buf
not to a distortion in the crystal. D, on the other hénd, is
véry'sensitive to crystal distortions.
These géneralizaﬁions are in aécord with the CFT. The bnly exceptions
34

found so far are: to (2), the positive D's of Cr 1Y 05,
2+

alum, and Ni“ : IMN, all in trigonal distortions, and to (1), a'tetraf'

3+ .
Cr~ : ammonium

' + o v
gonal crystalline field of N12 : CdBr2 with a hexagonal crystallographic

R .
structure.

There is other experimental evidence that support'the predictions
of the CFT. Walsh conducted a study of pressure and temperature effects

+ + , :
3 and Ni2 in several host crystals (1959 a,b).

on D and g values of Cr
The EPR‘spectrabof NiSiF6-6H20 aﬁ room tempefature wifh no hydrostatic
pressure épplied could be explsined by D = —0.52 cm_l and g//,\,gin. 2.30.
Upon exérting pressure along the ¢ axis of the crystal, which was the
z axis of the trigonal-electric field, Walsh obséryed D to become less
negative and eventually change ité sigq at high pfessure. The changé
in g could not be detected beyond the experimental uncértainty. Tﬁe

volume expansion with increasing temperature made D more negative.

With a strain gauge technique he found that as the temperature was

*Katsumata and Yokozawa (1970) found two types of Ni2+ in CdBr,, one

in a cubic site and the other in a tetragonal site. The X-ray analysis
concludes that both NiBré and CdBr, form mixed hexagonal and cubic
close~-packing of the anions. In"view of the fact that Niot: :CdC1,
(isomorph of CdBrg) was found in a trigonal field, the choice of the
tetragonal symmetry for Nid+: CdBr2 is not convincing. :
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1réised, the>crystal expaﬁded along the ¢ axis and contracted'pe?pendicularb
td‘it.' This high.degree of anisotropy supported the large femperature
dependence‘bf the D.valué. .His result suggested fhat the site symméfry-

in NiSiF6-6Héb.was an élongation along the z axis, rééulting inbﬁegative

| D and.negatiye_slopé of 3D/9P.

.Anothervexpéfiment'byZWalsh was'carried out on Cr3+:'ammonium‘alum.
The Cr3+ ion was located anthe [ill].éxis of a cubic alum, where there
was a small trigonal distortion along [111]. He found that D was
- positive and increased with increasing pressufe ;pplied along the trigonal'
axis. Iﬁéféaséd pressure enhaﬁced the compressioh along the z éxié,
bmaking D more positive.

Tabie XIV illustrates the effécts of covalency and crystal structure
on the spin Hamiltonién ﬁgréﬁeterQ.‘ As the métai-ligand bonding'in—
creases:ifs covaleﬁéy character, thé érystal fieid splitting, A = 10 Da,
increases; in fact, it was fbund that about two-thirds of'A‘oriéinates
from the covalency effect, the remaining one-third from the ionic model
(Owen and Thornley, 1966). Consequently, the g factor approaches the
free.spin value, and the hyperfine constant decreases with increasing
covalénéy, this trend seemingly independent of the crystal struéture.
When thé érystal.fieldvsymﬁetry becomes lower, hoﬁever, D and E increase,
irresﬁeétiﬁe of the bonding nature.

Thefeffect of crystal field environments of Ni2+ is seen ih Tablé
XV. D incresases as the crystal lattice contracté at loﬁer temperature.

D also increases with the increasing size of trivalent ion and decreases

N
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Table XIV. Effects of Covalency and Crystal Structure. a

Salt

+
Cr3 :

K alumb
AIZQ

MgO

MgS

K3C_:°(CN)6

3

2+

Tuttonc
MgO

e e e S e S A e m s an En e wn M e e e e N e M M M Am mm e e e e M me e M TR ma Mm e M e e em e Be s o MM oem W e e e e e e e e e

a. C‘ompiled from Low (1960), Table XXIII and XXIV, and from
McGarvey (1966), Table X.

b. Kalum = KAl(SeO,), - 12H
(NH,), Zn(SO,), - 6H,0
K, Fe(CN), - 3H

c. Tutton =
d. KFeCN =

2O

20

Site D_j - ;_1 A
symmetry g (cm ") (cm ) (X100 cm )
trigonal '1.976  0:0900 0 18.5
trigonal  1.980 -0.1912 0 16.8
‘cubic 1.980 0 0 16.0
cubic ©1.987 0 0 15.3
rhombic 1.992 +0.0831  +0.0108 14.7.

" rhombic 1.973  -0.1561 -0.0228 83
cubic 1.980 0 0 74.2
cubic 1.990 0 -0 70.7
rhombic 1.992 -0.0264 -0.0072 55.5
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Table XV. Crystaul fi_elc_l environment of Ni2+.

|D| (cm-l).
Host lattice _17°K | 4.2°K
ZnLaNP 0.043 0.065
MgLaN 0177 0.200
ZnBiN 0.128 0.164
MgBiN - 0.269  0.298

a. Hoskins et al. (1959).

b. Double nitrates of the form
D3’I‘Z(NO3)12- 24HZO’ vgl_:ere.D is a di-
valent ion (Mg~ or Zn ) and T is a tri-

valent ion (Bi3+ or La3+).

a
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with the increasing size of divalent host cation. These seem to
indicate that a compression of the octahedron increases D. The

positive value of N12+: IMN supports this conjecture.

2. Discre?ancy and Discussion

COntroveréy ariSeS'in the case of A1203, in which 3d3 and

3d8 ions all have negative D values. Sturge repérté positive values

of trigonal field splittings for 3d3 in A1203 (1963). The trigonal

field splitting is often denoted by K or v’which are related to -our

Al- 42 in Fig.10a by

ok b v
Al 'A2 = W( Alg) - W( Eg) = ‘3K/2 = V/2

Jon X A -A Reference
dm K Ay efeme
' (em ™) (em ™)
Vand -160 240 Sturge (1963)
| Cr3+ -330 500 Sugano and. Peter (1961)
.V‘IrvlnL"+ -T700° 1050 Geschwind et.al. (1962)
: (tentative) ‘ _ .

The positive Alf‘32 corresponds to a compression which in simple
CFT predicts positive D, contrary to the observed negstive valﬁe,
As seen in Table XIII, the negative D and positiﬁe (g” -8 )

of Ni2+ and Cu3+ in A1203 led@ Blumberg et.al. (1963) to conclude that

the trigonal field splitting was negative, - as opposed to the case.for

130 dons in A1,

O
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The site symmetry of A13 in emerald, Be3A12516018’ is known to

owing'to a small trigonal compression of a regular octahédron.

3+

be D3,

The :EPR of Cr~ in this crystal is explained gva = -0.87 —_—

The calculated trigoﬁal-field splitting is negéti?e, which is contrary
to the pfediction‘of a compression (Lohr and Lipscomb, 1963).  The
obser&ed.négative D value( however, is conéistent with the negative
trigonal field splitting.

Several poétulates have been put forfh tb aécount for these
apparéntly wrong signs of D for 3d3 and 3d8 ions in some of the trig-v
onally distortéd host lattices. These are:

'(a) A small disPlécement of the order of 0.1 A of the paramaghetic

"ioné‘from the Al3+ site can change the sign of the trigonal

‘field (McClure, 1962). |

(b)'A:few percént'of anisotropy in.the spih-orbit éoupling cénstant
can re&érse'£he sign of D with posifive v (Kamimura, 1962).

(c) Cdnfigurational mixing of higher excited states énd/of covalency
effects of ligands can alter the energy levels.of both the ground
state and the excited states, which will modify the magnltude of
D (Lacroix, 19613 Kamimura, 1962). |

Because of lack of experimental ev1dence . the vélidity of postulateé
(a) and (b) cannot be fully supported or repudiated. We will proceed
our dlscussion along the line of (c).

The CFT, which in its simplest form deals with an ion _m a static

electric field, has been criticized for its inadequacy to eXplain

certain experimental observations; viz., .the presence of super-hyper-
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fine struéture of liganﬁ*nuéléi,a reductioh of the metal hypérfine
splitting in complexes, a reduction of thevorbital contribution td the
'gnfactbr,fand a réductibn of.crystal field splittings in'solids.
Lét.ﬁé:go back.tb sectingIV—A-l to find out what tacit approxi-
mations wefe made to derive Eqs.(lé) and (13).' -First we have consid-
ered thy.the-Spin-orbit interaction as the soufce of a zero-field
splittiﬁg and ignored.the dipole-dipole iﬁteracfion of eléctron spins.
Since the latter contributes no more than 5% of the épin-orbit inter-
actioﬁ to the zéfo—field splitting in 3d ions, 6ur assumption wés valid.
_Secondly, we hawve assuméd that only excited states.ofvﬁhe same 1.3
configuration as the ground state would cdntribute‘to the zero-field
splitfihg; | It is'this.assumption that we‘need now to‘reexamine;
’In Fig. 10a the trigonal disforfion spliﬁé Tlg into Aeé.and Eg, ng

into A. and Eg, while the ground state A2g remains unchanged. Now

lg
the configuration interaction mixes A2g of Tig into the ground state

Aog and also E, of T into B of T, . Although these mixing coeff-

lg 2g
icients are small, they are nevertheless very impdrtant, because there

is a direct spin-orbit coupling between the Tlg and ng states in a

trigonal symmetry. There is another ng state of a different L.S
1

configuration, 2G, at about 35,000 cm ~ that has ‘a non-zero matrix

element of the spin-orbit coupling with the grdund state. An exten-
sive MO calculation of Lohr and Lipscomb (1963) shows that for Cr3+ in
trigonal symmetry about three-fourths of the cqntfibution to D and E

.2
comes from a T
2g

term whose energy is slightly higher than lLTeg.
Sugano et.al (1970) show that the lowest-order pefturbations giving
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rise to the'zero-field splitting are the third—qrder ones involving
the spin-orbit interaction twice and the trigonal distortion once.
L

T and

They show at least three separate perturbations from hT2g,‘ le

2T2g’ all of which give comparable contributions to the splitting of
the hAég'térm. Kamimura (1962) also suggests that unde? the trigpnal;
distortion; which-transfbrms like T2 symmetry in ah octahédralvgroup,
the t2 molecular orbitals (xy, yz, xz) are distoffed By covalent
bonding,'makiﬁg the trigonal field spiitting AléAé positive. Therefdre,
the excitéd_states of other cdnfigurations and the covalent effecf
are very iﬁportant in determining the zero—field'splitting of the
ground state in a trigonal diStortion.
Thelg?value,.however, is infiuenced ﬁainly by §T2g whiéh is the
.'sole,contributor to the first-qrder interaction of the ground state
with an éxternél mﬁgnetic fiéld. This fact isvillﬁstrated by the
observation of relétiveiy small anisotropy in the g factor, even ﬁhen

D is large. Since covalent bonding can influence the l*'I‘ _ term,

2g
the g value is very sensitive to the nature of the mglecular orbitals.'
In summary,'although there are several systems whose D values
can be correctly predicted by the CFT, an accurate calculation of fhe
zero-field splitting in a trigonal field réquires consideration.bf
. éll the e#éited states. For the calculation of the g factof the
naturé of éovalent'bonding should be taken into_accoﬁnt.
Tetragonal distortion presents a more encouraging picture.

First_df all there is no excited state that is admixed to the ground

state by configurational intergction. The two excited states, Eg of .
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T2g and E_ of Tlg’ are admixed by configurational interaction, which’

shifts the energy level of lower Eg relative to B, . This effect on

2g
the zero-fiéld splitting will.be sﬁall, however, because the Tlg and
the ng s#ates.are'not connected by the spin-orbit coupling. These
‘states are'relatively‘pure, apart from the small miking arising from
‘the configufational interaction. Therefore, the ground étate Blg is
influenced mainly by ng, as we have assumed in the'simple crystal fiéld
treatment. In spite of a small number of examples,‘the'experimental
results of NiZ' in a tetragonal symmetry is well approximated by the
CFT, provided a small adjustment in the spin-orbit coupling consfant is
made owing to the bqnding éffects. We should point ou£ that the presence
of a rhombic distortion can generate states of the same symmetry as the
ground state, so that the configuration interaction, which was previously
symmetry fdrbidden, is now poésible‘between the excited states and ﬁhe
ground state.

McGarvey (1964b) gives an instructive energy diagram of 3d3 ions

symmetries. His diagram shows which excited states

can be mixed to the ground state by the configurational interaction in
D2h symmetry. In his calculation of the spin Hamiltonian parameters

+ '
for Cr(en)g complexes using the CFT and MO theory, McGarvey shows

~that a small distortion to D, can produce a large change in the

2h
direction of the principal axes of the D tensor and in its magnitude.
He cohcludes that D and E are very sensitive to the lower crystal field
symmetries but not to the nature of molecular orbitals. His crystal

field apprdach gives good results of the calculated D with the free

ion spin-orbitvcoupling constant. waever; in calculating the g factor,
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q_redﬁced value of the spin—orbit‘coupling’constant,must be used,
presumably because the g factor is vefy_sensitive to the bonding

o : ' +
character. We have seen a similar result in Nig :ZnSeOh-6H20.
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V._fcu2+ in ZnSeOu;éﬂao

A. Théofy of Cu2+;(3d9).;

vThe'Qupric'ion has béén'most exteﬁsi;éiy'studied by EPR. It
has_nine 3d électréns; one of whicﬁ is,unpairéd;i' In a free ion the
unpaired>d'elecfron poésesses'fwo uhits of orbital angular momentum,
consiitﬁtiﬁg a 2D Serm. 'for hexahydrétes the highest symmetry that
cf* can have is dctah,e,:dral,in‘w‘hich the five-fold degeneracy is split
into a ioﬁeridoﬁblet’and an excited»triplet;" The Jahn-Tellei theorem;
howeVér,‘requires that the lobal symmetry of Cu?+'must be distofted in
such é way that the orbital dégeheracy'is'rembved} - Because this
distértion into a lower symmetry'can yield a state of lower energy,
Cu2+ is.#nown to prefer large'distdrtiéns. - In the present work we
assume this distortion td'belﬁétragonalvbuh, as discussed in IV-A-1.
The trigonai case 1is discussed iﬁ Appendix III, bécause'it creates a
special problem. |

fhe échematié energy diagram fof éu2+_i$ shown in Fig. ol The,
designationé of the spin-orbit states éré thaine& from the direct
' produéts_of the tetragqnal orbital staﬁeé with fhe.spip étate El/é
(Herzberg,'l966,'Table 56'and.57){ . Because the tetragonal distortion
_is‘fairly'large in Cu2+, and because there is no sbin—orbit coupling |
»within'the‘Eg'state, we éap‘treat the ground sﬁate.of Cu2+ effécfiveLy
-as an Orbitél singlet. ‘The presence of an exterhal magnetic field
-separates the ground stape Kramer's doublet,_befﬁeen which paramagnetiC'-
resonancé is observed. Whethef ﬁhé tetragonal distortion is én elpn—

' ) 2+
gation or a compression becomes apparent in the g values of the Cu ions,



as eipléined.below. - In aelmost all‘Cu2+_complexés,Whidhhave been
studiediby EPR, the tetraéén&l disfortiqn is an eléngation of an octa;.
hedrbn'aiong fhé'z akis relaﬁivé to the Xy plaﬁe. The only exception'>
known isIKQCuFé » Where a compressed ocfahedron was_found‘(Knox)'l959).
: ,Ah elongation'Qf an octahedron along thevx'axis stabilizes
electréns 1n\élg (2?)_prb1tal state but hoies incblg (x2ry2) state.
Cu2+ is conveniéntly.t:eatéd as bne7unpaired;hble,. The g values of
=t can be calculated from Eq. (7)), which is correct to order (X/A).'
The maﬁri#'elements ‘{O] Li‘_n> 2 and Aij for the ground state of
x2-y2 and_i2 afe tabulated in Table XVIa, b, and c¢. - The tensor
cdmpopénts:Aij are éubstituﬁed:in Eq,.(T). e gssume'again an axial

spin Hamiltonian, in which

1

&)= 8 8 (1- XAZZ)

gJ. = 8y = Sy = ge(l- XAxx)
The result is as follows: ,
| v ' ground state .

2 2 . 2
X =y 2

gy &ll-WNa) g (51)

) 8(1-Map) g (1-3Mny)
Noting the-negative value of A for'Cu2+, we see

- > in x°-y° and < in 25

& > & y gy < &L n

. An observation of g >.%L cleariy indicates  that the tetragonal distor-

J

tion is an elongation rather than a compression along'the'z axis.
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The spin Hamiltonian of Cu2 1n the th symmetry is

"Hspihf 5HS +gJ_B(HS +HS)' _
. ”SI +A(SI +SI) (32)

At ..j)(.f-b‘a;.hd the quantization axis is féil;gn' aio"'ng' thc_av direction of the
maghetio:field, for the Zeeman term is much greater than hfs. A
coofdinéte'transformation to & new oet of axés wili diagonalize'the

‘ Zeeman tefm to a.form gﬁHSé. '.Ihe new,prinéipai:axis of the g tensor

has.the direction coéinés of‘([gL/g,'mgL/g, og”/g).ﬁith respeot to

the old_éxes, where the'qﬁahtities (f, m, n) are listed intTable A-2,

The g isttho obsérved ?alue‘and cén Be calculated from

2

2 (l +m ) +v 2n

Since theVnormallzationvof direction cosines réquires [2+m2+n2 =1,

2 2 2.2 2 '
=(g/,‘_- gl_)n +g.L N _ (33)

A plot_of g2 vs. n? will rosult in_a straight-line'with a olope ofv
- (g; - gi) and a y intefcept of gf; This_turns out to be a good method
to check the value of o) and to extrapolate gl and %L' It shoold be
noted that the data. from only one Pplane w1ll not unamblguously determine
" the g and‘hfs constants. A good example of this error will be d;scussed
in the section of Co°*: a-N150), - 6H,0-

| If'the hf tensor has the same principal axes as the g tensor,:
a similar transformation of the nuclear spin components will diaéonalize'
the hf tensor to the form of AS I). 'vHeré'I;'refefs t0 the new principal
axle whose direction cosines with reupéct to (xov.z) e

(Lg A)/eh, mg A /en, ngyAy/eh).



| Tablé XVL Matrix elements. .

\ Xy - yzc Xz

—
'-0'}

'c;'.' ;Noﬁ-ie'.rb matrisx ;"'e_leniéh_ts:@f 'Aij -

x =y

B N SR R R
e /A, 3/aL

o 1/A2 /Ay
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_ Substituting A= -830 cm*l and AiA.A2~;12x103 cmfl,‘wevobtain g~ 2.6

and Qﬁ; 2;15, which are aboﬁf 20%_greatér’thah the_commbnly observed
values of.%Mv 2.4 and gzv 2.1. The discrépancy is attributed to the
covalency effect thatvféduces the orbital‘contribution.' 'For z2 the
calculatédvg.values are g” = 2.00 and %L; é,h. - Mbre accurate formuiae
for g and hyperfiné éohstants are gi#en by .Abragam énd Pryce (1951b)
and by Bleéney et.al;:(1955). »» |

In'Eq.(9),‘for S = 1/é,.fhe D tefm_ﬁére1y shifts all of the
eneréy leﬁels without causing a splitting ahd thé E term is zero.
This is aﬁother way ofksaying tha£ the zero-field spiitting éxists |
only for ioms with § S 1/2. |

If tHe paramagne£1c ion possésses‘a nuciear spin, it can have
additional intefactions. The eleétron-nuclear hyperfine (hfs) inter;
action is given rise to by the magnétic field,. induced by an unpaired
electron;'interacting with the nuclearbspin. vThere are two stable.
copper isotopes:-cu63 (69.09% natural abundance, I = 3/2, w =2.221 n.m. )
and cﬁ6? (30.91%, I = 3/2, p_ = 2.379 n.m. ). Each isotoﬁe will exhibit
21+1 6r four hfs lineé. | If.the nuclear spinvié greater than 1/2, as
inicapﬁery it can interact with the‘quadrupolé eiectric field gradienf
in the nucleus (NQ). Since NQ is usually smaller than hfs (10’3¢1o'“ 

cm-l of NQ vs. 10-%~ 10’4

-1 2 '
em ~ of hfs) in hydrated Cu~', we will ignore
NQ at first and consider it in a more detailed analysis. We will
neglect the nuclear Zeeman and ligand. hyperfine (super hfs) interasctions,

since ﬁhey are usually much smaller and are not observed in the EPR of

. } 2 1
hydpated Cu + salts, except as line broadening effects.



- or in units of gauss,

=9h-

The hypeffine constant A,Vmeesured in units of energy,'is.given by

22 2,2 2 . .
g A= (ghy- glAl)n+giL (34a) ‘

Lo u 2 L2 o S
&t et gy )

hA—(

In the first order approximation the measured separatlon of the central

two hfs lines can be substituted for A in EqQ.(34b). A plot of ghA Vs,

n2 will again yield a straight line, provided that the principal axes’

-of the g and hfs tensors coincide.

’Thé transitions we .observe in the EPR-of Cu2+ are of the type
MM = 1 and o, =-0. - Then, the spin Hamiltonian (32) gives
| | 22, 2.2, 2.2
A8 )< pg,,+ A

5
4598 S g

H= ﬁo "AmI _( [I(I+l) - m ]

g

T 22 22,2 b |
o , : - A%\ ‘
| .. .,.]_. . By e.lg-{- > (_.E//_%i) [n (1- n2) 2] (35)_

.2H0_- "Ag

: where“A”; Al_and»A are all in gauss and H = hJ/gB - The deviation of

H from the actual magnetic field is small enough to be 1gnored In
Eq.(35) the second_term:is responslble for 2I+l equally spaced llnés :

that are centered at H The third and the fourth terms shift each

-_'line to lower field, dlsturb the equal spacings of the lines and glve - -

a prpgre831ve,llnearrchange in the spacing. When the magnetic fleld
is either parallel or perpendicular to the z axis, the fourth term is
Zero éﬁd the third term makes the spacing successively-smaller toward
tbe high—field eﬁd. If A”5>A13 thevsecoed order effect becomes very

impdrtant nesr the perpendicular direction (Rollman and Chan, 1969).

~



B.'Results

A rectangular plate (6. 5x6 5x2 mm3) was cleaved from a large
crystal of Cu2 ZnSeOu.6H20 grown at 5° ¢ in a refrlgerator. The
concentration of Cuse0, - in the mothef-liQudr, from which single
crystals ﬁéfe.grown,_wés about 2 mole %. We havé not attemptéd t0
v analyzé the Cu’ concentration in the éfystal but ﬁe think it to be
less than l%, Judging from the narrow line w1dths of the Cu2 EPE lines.
The sample was mounted horlzontally, or in the ab plane, in an X-band

Acyllndrical cavity and cooled'to liquid nitrogen temperature in the

double De?ar{
2+

Two sets of four lines, characteristic of Cu hfs, were seen at & .

all angies éxéépt-at'ohe oiientation vhere the two sets becémé<eQuivaiéﬁmQ |
The lines were strong, narrdw (peak—tq—peak width'of a deri&atiVe |
spectrum ranging from 8.4 g to 12 G)vaﬁd easiiyvdetectable at this-
temperaﬁure‘wiih the'825.ﬁzvfield modulation. ‘The effect of the two |
Hcopper isotopes were clearly seen in the spllttlngs of* outer lines.

The ratio of the two- hfs constants was 1. : 1.07, in close‘agreement

with the ratio of. their_‘nuclear magnetic moments, 2.22 ; 2.38 = 1“: 1.07.

vNéaf the ab-biséctor, or the-y_axis,vone set ﬁas at the lowest

fiel&, and'the other was at the highest field.  The low field hf lineé.

 were cleafly sepafated, the éenter of which gave g = 2.259 and A = 90.0 G.
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.‘Thevpowde#ed_sample éf Cu?f: ZnSeou.GHéo yas looked'at‘over the‘
temperath.pe ‘range of 20° 'A-.‘to -160°C at X-band }witlva the 100 kHz modulation.
The épectré consisted of two groups:'four‘evenly,spaced, half-derivatiVe
pgrailei;lihes in,fhe»low field and'extensiveiy 6veilapped-perpeﬁdicular

lines:in the-high fieldri. At =160°C:the-powder spectrum resulted in

gy =\2.h291, 8y = 2.098
Ay = 115.9 G, Ap<21G
’NExt,;the:Crystal was_ﬁountedvverticaily wifh the field-in £he

7cfplane,' 7Fig. 258 shows a’t&pical Cu2+ spéctru@, exhibiting four
sets Of;foﬁr hfs iines.'z Fig; 26_dis§lays the angularrdependence_of
the four Cu2+ ions in this plane. The points are the positions of
the lowgét field hf"vcomponents»(mI ='-3/2); SQlid_curvés are:draﬁﬁ'.
to connect these points?ff'The two Seys, 2 ‘and 4, moved closely together
as théfmaghetic field'was_rbtated;: All four sets merged perfectly -
at the c éxis, as shown in Fig. 25b. As the magnétié figld direction
was_moﬁed.away from the ¢ axis, ion 1_weht toward thevlowef field or
higherfg valﬁe, and ion 3 shiftgd to the higher field. A. a = 43.3°
ion 1 reached the lov;est‘field with g = 2.4293 and A = 115.7 G.
Rotating:the magﬁet toba = =42.9° (the gign of thé angle is only
relative), we saw‘another'minimum with the same g and A valuésé, Thus, - -
~the ¢ , thé_angle befweén_thé ¢ and the z.aXes, must Be closé:to ﬁ2°.
At o = 90° ions 1 and 3 mergéd in the low field, while ions ‘2‘_and L

_overlapped in the high field.
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In the follOW1ng analysis we take the average fleld positions
and hf spllttlngs of ions 2 and h assumlng that the splittlngs had
resulted from a. misorlentatlon of the crystal A computer plot_of
” g2 VS. n? is shown in Flg- eT. The data 901nts are'taken from tne
7¢ and ee planes,‘: A straight line is made to flt to the experimental

points by agleast-squares method. ,The ¢ of h3.3.vg1ves minimum

variances-in the slope and the intercept. An extrapolation yields
g, = 2:4289+0.0001 and g, = 2.0963£0.0001. Fig. 27b demonstrates
the accuracy involved in the evaluation of o. A change of ¢ to L0°

places the experimental points (crosses),no longer.in a straight line'
but in anlellipse. A similar plot df.gquvvs.'n? in Flg. 28 shows

an essentially axiel symmetry of the g and'hf tensors. A best fit

is obteined by ¢ = L3. 0°, resulting 1n.A” = 115 4 G and Al. 9.9 G.
With these parameters the angular dependence of g and A values are
calculated\and compared.with»the experimentel values in Fig._29a and n.
The flt is excellent for g.and fairly gebd for A.

However, we havedseen;similar splittings of,lons 2 and 4 in the
ye blane of Co?f.snd ﬁ12+_in ZnSeOu;6H20.. We_heve looked at a few
»Cu2+:.ZnSeOu.6H20 crystals»and.found'thaf the.splirting was real.

Now we need-td modify the direction cosines'of the magnetic axes.
Judging from the good sgreement in Fig. 29a and b, we.ean assume that
" this change will be sﬁall. We havebdetected‘no splitting in the ab
plane, nor at the_e axis. This requires & small rotation of the z
and x axes aboutbthe“second'y axis; i.e.,vthe‘x axis is tilted by a

unn ] rugle poIn the ye plane.
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Thézhew sets of direction cosines are given%in,Table A-2 in
Appendix II..  The angular dépendences of g and A are recalculated
"and shown in Fig. 30 and Fig. 31. - The dotted<curves are drawn by

the computer with

g _ 2.4295,'_ gJ;='2}0965,3 ¢ 43.8°
Ay = 115.6 G, AL'= 9.5 G, _p';'&{1° :

.Usiﬁétnew setsrof direction éosineskwe next caléulate the ab
plane specffa. In this plane only tw@véeté éré séén. Thé maximum
and minimum g valuesido:nof'occurvat thé 7'axe$,.neither do the two
sefs merge at the a.axis.  The ﬁodifiéation bf fhe direction cosines_,”
mereiy shiffs ihé angle by u.35, as illustratedrinvFig. 32.

A real test is in the ac plane. Here_agéin.thé fQur ions ére
not equivalént except at thevc_axis. In Fig. 33 the dotted'curves‘
represeht(the predicﬁed valﬁes ffom the result .of the yc plane. The
observéd.splittings, however, weré not so large as calculated and
varied with differgnt‘runs; We-could not'differeﬁtiate how.much'df
the splitfing was'duevto a ﬁisorieﬁtation-of the cry;téi and how much
was dué to the actual tiltingrﬁf the k:aieé. The:average g values
of ions 1 and 4 and of ions 2 and 3‘ére élétted as open ciréles.in
Fig. 33. |
| In sﬁmmary we list the best set of parameters for.Cu2+: ZnSebug6H20.

= 2.0965+0.0005

g, = 2.4295£0.0005, g,

Ajy=115.6£0.3G,  Aj=9.5:1.0G (36)

¢ = 43.3%0.1° p o= 3%1°
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C. Discussion

| In Table XVIT wé list ‘the results, for Cu' from the. three crystal

plaﬁééiof-ZpSeoh.6H20;iu _W§ feel'fﬁét?ﬁheméssighménté of.the'g valués'
are quitejéertain but ‘that of‘Ai may cbntain‘é lafgé uncertainty. -

v The'Cu?f SPectra can'bétéxplained b&~én»éxial.spin Hamiltonién, if.the
magnetié'x axis is tiited by‘a few degfeés'from:the 7 axis téward the
c axis. The fact fhatbthe Cu?+ spectrum remained axial over the
temperature range of T7°. to 306°K‘éﬁggests that therdistortion of an
ioctahgdiOﬁ is tetragonal rather than trigonal. .'.Judging from the

g vglﬁeg,fﬁe conclude'that the grbund.stéte of Cu2+ is (xe-yQ),

| This fééulf is coﬁsistént ﬁith thé'natuie of the h&drogen bOndings

1n ihé:host cryétal and with the interpretation of the NiZ* spectra

in ZnSe0, .6H,0. L o

From Eq.(31) the CFT predicts

il
1

g, = & = -S\n,  o.ug72 1)

0.0942

€ " B = -2A/A2
. The rétiq,ofuﬁ2/aly= l.l-alsb supports the elongated octahedron model.
Bleaﬁey,'Bowers and Pryce have calculated the effects of order (X/A)2
on the spin Hamiltohian prarameters. The theoretical g values given

for the ground state’(ke—y2) are

g”v“gé(l + bw - 3u?/2‘#_2uw)
| S o (38)

L P
8 ,Se(l +u - 2w )



-"T.a‘..b'leixg\fﬁ_ Observed a.nd Calculated g and A of cu2 ZnSeO 6H o

| -.;,‘_Qgﬁéﬁea .f;.c‘_a_-lc'ulatéd_ |

I TS TS A S ﬁ “"A;'v . ’_'/ Method of -
Axis. - Plane o g‘ (gauss) g . ' (gauss) ' calculahona‘

a . oab. 2, 179 69.3 B
& e o Zam o esle } 2 179 : = 699 .
se o ac .fi_z 278-*’7---»}' ;.:?97 2 1

} -2, 279 9.6;‘1 o 1
vooove 2 098_. <15 209
Sxociab 200950 0 {2 0963 1.6
x. --POWder 2098 2.0965. . - 8.5

2 Powder  2.4291 1159 -2.429_5' 1189 . 3
2 ye . 24292 W57 24289 0 1156 2

A, 1: From Egs. (33) and
'2: .From plot of ;_gf‘(or

. 3: From extrapo _n_ of the plots of Eqs. (33) and (34b)

b. vy, denotes the ab bisector at which the low field spectrurn is observed.

T Ce Yoy denotes the- other ab blsector at wh1ch the h1gh field- spectrum is
observed . v . S _

e S P |

#
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Here Wé distinguish 2.0023 for ge‘from 2.000 and define the quantities

u and w as

(39)

_The use of" successive approximations.in‘Eq.(38)'yiéld the values of

u and w. o
Bq.(37) - Ea.(38)
u  0.0k7L - 0.0533

0.053k 0.0559

The optiéal spectra: of CQ(H20)2+' have been_obser&ed in solution and_.
the cubié:fieidzsplitting is found to be A = 12_6_00.cm’l (Table V).

If we aséume that the average of Al and A2 is close to thisvvalue, we
obtain the‘spin-orbit coupiing constant, |

X = -12600x(0.0546) = -690 em™t

which.is'83% of that of the free Cu2+ ion.  This reduction is commonly
ascribed to bonding effects.

The hfs constants can be treated in a similar_fashion, Bleaney

. et.al (1955) glve the following equatlons

A#/P = 'K(l‘u ) '4/7 +6u/7 + 8W - 3u /7 - bouw/T
| 1 (ko)
Al/P = -x(l-u /2 - 2w2) + 2/7 + 1llu/7 +:9u /lh - 4w2/7
[ ) . | x
where P = gegnBanr D | | (41)
P will be calculated below. The constant is_an empirical'parameter,fv.

often called the core polarization parameter, which represents a measure

of the admixture of excited configurations with unpaired s electrons.
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There are fwo-stable isotopes of copper, hoth with'I = 3/2. Cu63
(69.1% abundance) has a nuclear magnetlc moment u ., of +2.226, while
‘Cu65(30 9% abundance) has p .+2.385,-1n unlts of the nuclear magneton.
We will take the we1ghted average of the two 1soto§es as M = 2.275 n.m.
1 n.m. = 5.050xlO 2k erg. gauss lf: 'Then'

=21

atufy = G by T =(2.0023)(9-273610724) (2.275) (5. 050m10°2% /1.5
l,h22xlo-h3 erga.gauss | ﬂ |

20 -1 -2 2 -2 .2 -
Since gauss = gm.cm ~.sec and erg = gm cm .sec , erg .gauss =

erg.cm3.' .Changingverg_into cm l? We obtain |
segnaen = (5.035x1017) (1. ke2x10743)
= '7.:L60x10‘27 emtiemd o (k2)

The quantity <r 35 15 listed in Table 7 6 of A & B and for a free cu 2+

ion is equal to 8.252 in atomic-unlts, Therefore, for the free Cu2+ionv

D, (7,16ox10'27)(8.252)(o.529x10'8)f3“

0.0399 em™ W)

in clOsehagreementvwith»the 0.036 cm"'l value_of'Abragam and Pryce,

who used'<r-3} = 7.25 a;u. for the,Cu2+'ion,' vBﬁfOre‘we calculate

the theoretiCal_hfs'constants of_Eq;(hO); a word about « is in order.
1The unpaired electron-of‘Cu2+ is in the 3a orblﬁal for’which the

electron density'at the nucleus is zero. HOWever, in practice 1t has

been found necessary to assume a small admixture of s character 1nto

the 4 orbital in order to explaln the observed ‘hf: of the 1ron-group

ions. ‘Since the s electron has a non-zero electron den51ty at the

nucleus, its hf interaction through the so called Fermi contact term
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isvvery.muchAstronger than that of the d eiectfons}r Oﬁly a'émall
admixturé of excited s'qonfigurationé is sufficieﬁt.to’mOdiﬁy the hf
appreciabi&; _ All other properties of the ground stéte, however,
remain_ﬁnaffected 5y this)sm#ll admixture._v‘The sign of x is found

to be positive so tﬁat the'electfonic hf field at thé nucleus is
parallgl fb_the elegtron‘spin S. It is customary'ﬁo introduce.another
quantity, X, which expresses fhe density of uﬁpaired épins at the

nucleus., X is related to « by

X = -3k¢r > /2 | ' | (k)

Substitution of u and w into Eq.(L0) results in

1.003 A /p = -« -0.0971

_ : o (45)
1.008 A /p = -k +0.372
A general‘equation of the form
1 — - . . : . ’ ' \ . X

shows that a plot of A{ V8. fi will result in a;straight line.of

slope p and of intercept with’the abscissa. The sign of the hf
constants is experimentally.indetermihant; but Eq.(hS) and thé plot

of Eq.(%é) usually détefmine'the,sigh. quvexample,fin Cﬁ2+;'ZnSeOh.

| 6}120, _]A“)I'Ai\ , hénce k>0 and A/I< 0. We.plot in Fig. 34 the _resﬁl‘ts
of Cu?f in ZnSe04.6H20 and also in IMN and in Zn(BrO3)2.6H20. ‘7Th¢
last two systems possess'a trigonal symmetry and will be discussed in
 Appendix IIT, - |

_:Ta$le XVIiI lists the parameters calculated for the three syéteﬁs;

The three straight lines of nearly equal slopes in Fig. 3k demonstrate
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Table XVIH Ana.lysw of hf constants of Cu

| ZnSeO 6H2
K
u - 0.0533
w | 10.0559
Al 131.5
b .

Al + 8.3
£, - 0.097
£, 0.372
kK - . 0.339
p° . 330
P/Po o 82.71%
AN -690
)\/xfree 83%
e ' 6.82
& - 3.47
He/s® 289

LMN Zn(BrO ), 6H,0
17K~ 17K 47K 77%(
0.0561 10.0521 o
- 0.0593 0.0575
0.0605 0.0582
-411.5 , -112.0 |
- -26.7 -25.9
+ 16.8 o + 18.7
- .0.060 .- 0.080
S 0232 0.225
0377 0.370 .
- 0.316 £ 0.305
298 291
74.7% 72.9%
730 -700
88% 84%
6.6 . 6.02
o292 - 2,75
244 229

B R T T e R R T I S e

‘a. Calculated for the. motropm spectra of the dynarmc Jahn Teller
interaction discussed in Appendlx m.

b. In units of 10 4

In units of cm”~

d. In atomic units (a.u.)

e. In units of kG.
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the correct signs of the hf constants and the soundness of the predlctlon
ofdshe CPFT. | ‘The calculated value of P for Cu2 t ZnSeOu.6H20_1s 82.7%
of the free ion value. The amount of reduction is quite similar to
“the reduCtion in the spin-orbit coupling,. This indicates that both
reductions are‘due to Eonding effects. {The degree of covalency in

the three systems is expected to be s1m11ar,_51nce all three are
coordlnated with six water molecules in nearly octahedral symmetry.

, Thls expectatlon is»suppOrted by the similar values of‘x/xfreé in the
three systems. However, the smeller values of p/po in Cu2+: IMN and
in 'cu2+$-~'JZn'(_Bro3 )2.61120 are surprising. _' We should probably not take
too literally'tne parameters of‘Table XVIII as a measure of the degrees
- of covalency in the Cu hydrated salts.

-3

We may say, from Eq. (hl), that in a solld.<r > is, reduced to

6.49 a.u. - Then x is’ calculated to be

o X= '-(1 5)(0. 339)(6 49y = -3. 114 a.u.
The value othas been fount to be nearly constant ‘at’ about 3 a.u.
for the iOns of the 1ron-group, It depends on the nature of the llgand
. and decreases a little with increas1ng covalency | |

The hf field due to the core polarlzatlon alone can be computed

from ' | .
= -BXS5 = -83.bX5 kG (47)

He
when X ig in atomic units (A & B, Eq. 7.68). The fact that X remains
: constant for all the 3dn ions predicts the nearly identical core
polarization field of-250va per unit of electron spin, which is in:

very'good agreement with experimental results (see Table T7.21 of A & B,

and the references given there).
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o 'VI}_002+: ZnSeOh;éﬂgq :

,A._Theory,for Co?+~ion (3d7):f

The lowestlnerﬁ}rof'the free oot ion is 'F.. The_effecf o
of a..cnbic'c;ystal.fieid is to eplit:the sevenffold orbital degeneracy
of the uFinerm into two tfiplets end a singlet, as in the case of N12+.
The ofder'of theee eneréy.levels,“nowewe:, is the exact reverse:of
tﬁoée'in the'3d8 sjétemg the,groundketate is tneeorbital tripleﬁ uTlg
withqﬁéé'at'8Dq endféAég:gtnLSDq. Thenoverall separation isrof.the,.
order;of‘E0,000 cmfl.fof'the.weter complex.

We can usevthe-eneréy.lewel'diagfansfofVFig, 105 and b for the
347 syéﬁeﬁ,vprovided that_all'the'energy levele”are.inverted and that
ﬁhe spin degeneracy is'increesed by one. 'We repneSent.the gronnd |
state orbital trlplet by a fictitlous angular momentum l?: 1. . The

relationship between the flctitious angular momentum and the real
orbital angular momentum is defined as |
aof = SR 1'3' . (“8)

where the proportlonality constant a is sometlmes Called the effectlve
orbltal g factor The value of alies between 3/2 for the weak fleld
limit and -1 for the strong field limit. ”

The spln -orbit coupllng w1ll remove the twelve- fold total degen-
eracy (3 x 4), leaving a Kramers donblet (J = 1/2, W = —5ax/2' lowest,
a quartet:( J=3/2,W=-a\) and a sextet (3 - 5/2, W = 3ax/2.) at -
somereevefal nundred Wave numbere higher. Here J is a fictitious total

angular momentum that is obtained by coupling ['and S.
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. The presence of an axial distortion further removes the degen-

eracy of the excited quartet and the seXtet,'so that J is no longer a

~

L,

Z

i

'good quantdm number. Instead:EZ +vSZ mustvbe_used to describe

a number of Kramers doublets with J = £1/2, £3/2 and *5/2.  Then the

simple'relationship betweénhi andfi is modified to the form
L, =o¢l, L =of, L =af  (¥)
The’pertﬁfbing Hamiltonian of Eq. (&) is now modified to
. o ~2 » 7 oo ~
W= AU - 23 nlels, s, < s,
r ple(ne) + faid, + o do+ n Bl (50

Qhere thé first term répresents‘the axial distortiﬁn, the second 1is

the spin;orbit coupliné'and thé last ferm iefers to the Zeeman inter- ,A

action of the total ahgﬁ;ar momentum. Equation  (50) is fourd in A & B

(section 19.4) and also in Griffith (’séctiéns 10-2-3 and 12-4-8).

The magﬁitude of A in mostvhydrated Co2+ salts has been found to be

several humdred cm-l, whiéh:is comparable to the splitting due to the

spin-éfbit“éoupling. ' In Tutton salts the sign of A was found negative,

placihg‘ﬁhe.orbitgl d°ubl¢f'(‘fz = ;1) lower than the singlet (“Zz _ Oj'
 Because the microwave quahta used fof our EPR is much smaller

than -this splitting, we can consider ohlyvthe‘transition betwéen ﬁhe

lowest Kramers doublet ( Sz = +1/2). ~ The spin Hamiltonian for this

ground doublet is identical with Eq. (32),

H

spin = & BHOS, + g pH( LS, + _mysy)_

+ A I)
vy

”SZIZ + AL(SXIX + S
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Cobait1has §ne stabie isotope-Co59 Qiﬁh 100% nafﬁral ébundaﬁce; I :-7/2
-and An=;ﬁ:639 ﬁ.m{‘v Tﬁevaﬁalysis of the g‘and:hf.constants ﬁSed.for‘-
Cu2+ can be épPlied tovtﬁe ground staté doubie£ of 002+,és well. |
The sécona order.effect of the hf intér;ction in EQ.(35)‘can become
very lafge for I.= 7/2. 1In fact,this:sécond order line shift is so‘,

large néar the perpen@icular directiqn that thé ﬁf 1ineS Of-1érge mI
componehts‘cross over in some hydraﬁéd Co2+ ioné (Bleaney and Ingram,
1951). This makes the acégrate determination_of:gi and‘Al rafher
difficult. | |

Because of the presence of the low-1lying e#cited-étates,'whiéh :.
_ aie connecﬁed to the.gfoUnd state45y the spin-orbit coupling, the
-spin—lgtti¢e.relaxatioﬁ time of Co2+ is‘sb shofﬁ that the EPR spectrun‘

of Cog+ is:observable only near liquidvhelium temﬁérétures.

B. Results

.A qolorless-reétangulaf platé was‘readily cleaved from a.large
'siﬁglé_crjétal of.002+:.ZnSeOu.6Héo grown in a réffigerétor. .The:C62+'
concentrafion was about h%rinithe mothérvliquor but no.chemical'analysis }'
of 602+:éqntained in the singlg crystal Qas,made; | |

We obser?ed no EPRvof CQ2+ in this host:latticé at TT7°K or above.
All the expériments were carriéd out at ‘1.7°K. The.lines were Stroﬂg
at this_temperature and slightly.broéder ( 9.Q10:G) than the'Cu2+-lin¢s.

Thé ab plane spectfa showéd'only-two grdups 6f'éight_hf linesu'

that merged near the a axis at g = 4.453 and A = 81.6 G.  In the first
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order theihf sélitting eonetant was tekeanire¢tly‘erm the separation
of the‘ c‘e‘ntrv*a‘l hfv'line»s,_/.' ( 'mI = tl/é). - The _v.eJ’.i.di.fy of‘,t‘his me thod
will be diecﬁssed in.the“nekt section; | The hfvspacings were found to
decreaee'bfogfeséively iowerd fhe.high.field. Near the Y axis one_set
reached tﬁe maximum g of 5.h24 with A % 78.3 G; ah& the other‘set.of
partielly overlapbing eight lines-reachedithe minimum g of about 3.26.
with Ae;lS G.b' Unlike the spectra of Other ofientatiens the perpen-
dicular lines éhowed~pregressively.smailer hf epacings toward
lowerifield. _The iowest’three-hf cempenents were superimposed on top
of one.anether.

ﬁﬁen'the crystai was'mouhted vertical'so that H was rotated in-
the Ve plance, four Sets:of eight lines were'detected. The general
behavior of these four sets resembled closely phet of CuQT:ZnSeOh.
6Héo."‘The splittings of ions,é and 4 were reel_in Coa+: ZnSeOu.6H20.
The four sets merged perfectly at the ¢ axis at.g = 4.315 and A =.79.2G-
_ The-loweet field‘in the ve plane occured at e=:58f from the c axis.
The results are sho&n in Figs.35 and 36. :Asebefore,the experimental
points-ere drawn in ee'opeﬁ cireles, - We asspmevthet the x axes of the
‘_C02+ ions are tilted.from the‘vaxes toward the c axis. This assump-
tion is made_en fhe‘folleWing cbnsideratiens. First, there were only
two typee of Ce2+ ione’detectedfin the'ab Plane.- Secondly, fhe four
ions beeame identical at the>c;axis. Ions 2 and 4 and ions 1 and 3
became:equiVElenﬁ,at_the_?veXis. These observations require both the
X ahd'Z'axee of the four ions to lie in_the'We piahee;-as in cuin

Znge0) . 6H-2_o.



fThe_plots of g2 vs. ne.and ofgghA?IVS. n® showed nearly straight

lines With g” =D 976 = 3. usu A/ = 76.6 G,- = 2.k Gr¥ 5358°

’g.L il
and B =2.5°. We varied the above parameters untll we obtalned the
best fits to the experlmental points,' The'theoretlcal curves are

drawn by ﬁhe;PDP-B/i‘computer.with‘thelfolloWing'set_of parameters.

5.975£0.010, g = 3.4510;1

gy = R R
Ay = 77;0:0;5 G, Al 20+h G : ’i>-(51}
¢-;'58.5:o.5°,1 B = u,sﬂ.o9

The agreemeht isenot yefy_g6od. . The large uncertainties-inyolved in
the perpendiculér comboﬁents ef the .é'a-nd'the hfs eonstants‘ are due
to the difficulty-inidetermining the‘center position of theveight'lines,
which are shlfted as much as thlrty gauss by the second order effect H
This point will be ‘discussed. in the next section. | |

We investlgated the Co2+ ion»impurlty in a mixed solid solution |
of (Ni' » Zn_ ) Seou{6H20 atz;iqeidLhé;iumjtemperature; The eopcentre—
tiOn'ef:-_N12+ was roughly estimeted te‘be aboutelO mole %, While the
Cog+.signal;femained-unchangea frqm'H.2° to l;TqK;;the N12+ sighels |
Vdigsppeerea at the loﬁer‘tempefature, euppértihg the positive D of Nist
in Znsébuléneoi" The 1ine_posifiops and the hf splittings of Co°'
were nearly identieal to.th0se ef Co2+ in the abSence of N12+ ionef_

This'is to be contrasted to the Cu2+ spectra in the peramagnetic host.

lattices, as discussed later in VII-C.



l Analysis of the g Factorf d”the Ax1al Spllttlng

Abragam and Pryce (l951c) discussed the theory of 3d( with a

'.small axial dlstortion of ‘an. octahedral fleld They ehose the;wave-‘:‘”

.-ffunctions of the ground state doublet (J = ¢1/2 vae~the'liﬁeaffcom-e"“

j]blnations of llZ,S )‘71}

l1/2>-'a I 1,3/2>+.b |o,1/2>+ (] \1 -1/2>
| 1/2) al 1,-3/2>+ b lo -1/2>+ c l -, 1/2>

_{w1th a2+b2+c2_ L

"They expressed the g factor and the axial spllttlng in a parametrlc

3:form of X3

a g”_ 24 {»(‘2.@)[“

< (@'/e)

&b »:.‘cl:_'._._'x -1 - z,' .x+2 P (56)

‘and A%f4180_¢m l for the free Cog+zien."e s

ERCIRE
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Itbls noted that the signs of a and a!' here are opp051te -to those
-given in Abragam and Pryce. They also assumed 8¢ 2 00.

The x is a pos1tive number and equals two in a cubic symmetry " As
mentioned before, a is expected to lie between -l and -3/2. First let
us oalculate'the g factor of Co2 "in an octahedral symmetry'to familiar-
ize ourselvee withvthe technique of Ahragam_and Pryce. From A =0

and @ = a' in Eq.(54), we obtain

x=2, a=-@)Y2, b (Y2 oo (6P

g”-=.8L = (10-2a)/3 | o
For o = -3/2 the vesk field Linit, ve get

5//—81-13/3—“333 | | |
which 1suin.good agreement with the.ekperimental g factor of>002+‘in
Mg, CaO ‘and KMgF (quoted by orton, 1968 Table 11.5a).%

An introductlon of a non-zero A will add one more parameter to
be determined. Without an:accurate knowledge of A, we will not be
ablevto determine all the three unknown»parameters,(a, P, X)y from(the-
two experimentally knoyn values (gﬂ, g ). If we assume p =1, or
o = a';:we can eliminate x inqu.(53) and determine a.  More conveniently _
a grapho of g” vs.-g; is.plotted as a function_of o and x, as ehown ;n
Fig 37 A number‘of C02+ salts that have been investigated in the'past
'show g values lying between curves A and B (Orton 1968, Fig. 11—2)

The data = of Co2+ in ZnSeOu.6H20, a—NlSOu.6H20, and NlSeOu.6H20 are
* The-giﬁactor of the ground state doublet is known to be very sensitiye

to distortions in the erystal field. But it has been found that the
average g value, defined as (g < 8y, )/3, is very close to 4.3. 1In

o=t ZnSeOh 6H20 the average g factor is equal to h.27.
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drawn in Fig.37. We find that o must be. close to -1.5 for all
three systems. From’Eqé.(S3) and (54) we find the following parameters
for Co2+ : ZnSeOu.6H20. ' '

A

P=1 o x. g
15 121 - 5.96 3.2 - o cmt
I P 1.23 -~ 5.87 - 3.h4 410
p=0.7 L45s  1.27  5.97 346 380
o Lo 1.245 - 5.97 ~3.k0 380
1.35 3.3k

122 5.97 390

Thus,'wé:coﬁclude that

a

i

1‘L51;5,: pQ;'d.7;1.o, x =_1,gl~1.25, ,
| | | (57)

il

A = 380430 cn™t
These Vaiués.afe compérable.£ovthose fand'for‘CQef-;n.Tutton salts
‘and in zinc_fldbrosilicéte7dis¢ussed in Aﬁragam énd Prycé@_. The positive
A means that the orbital doublet is hiéhér than the singlet in accord
with 5 £§;faéoﬁalwelon3§£ion_qf'anuocfahedron.

so fég we have néglgétgd.£he effect of the éxqited *p £érm, which
" lies at §bout 14000 ¢ﬁ7; avaé”LF;,der;ved frbm £héisamé“3d7'configura;‘
tiép; 'sinée fhe»uP.term trénsforms‘qs thg v
'édmix with‘the'ground étatevuTlg Qf l*'F.v Theiamplitude of this admix-
v tﬁre is of the ordér of 0.2 .and the g.factor is_decreased by about 4%.

in Oh‘symmetry, it can

‘Inclusibn of covalent bOnding'is known to further. reduce g. Our lack
of knowledge of the crystal field-parameters does not warrant any .-
further analysis of the second order effect and ‘covalency effect on the

g factor and the hf constants.
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2. Second Order Hyperfine:Shift

Incthefanalysis of tne experimental_data we hare'coneistently
made twofassumptione. | The first assumption was that the g valne could
be calculated from the.average position of the two central hf lines.
The second one was that the hf splitting was taken as the spa01ng of
theee two center lines. Here we examine the validity of these twov
assumptions; | |

In- Table XIX we compare the observed line p051tions and spacings
with those calculated from Eq. (35) For H along the ¢ axis we find that'
the agreement is better than 0. l% ﬁor the parameters that are consistent
with the values_given in Eq.(Sl), The agreement is much worse for the
perpendicular direction; w'e onght to use the parameters that nave
consideraple:oeparture from those of Eq.(51).. |

A.pointlto‘note ie the difference between Ho and Hcenter' Hy
is the.theoretical line‘center that determined the g value (HO = hn/gB),

while §

is the average field position of the two central hf lines.
center v

'The‘experimental g values:in this work were calculated from.Hcenter’
which Was always smaller than Ho' - The difference between tneseftwo
quantities are about 3 G for H/ ¢ and over 30 G for the perpendicular
;spectrumr These shifts make the observed g values larger by O 2%
v(or Ag = +0.008) for H//c and by 1. 5% (or pg = +O 05) for H//x-

' Hence;'the error involved in the observed g factor becomes appreciable
near tne.perpendicular‘direction And yet the dev1at10n of the g,

- in Eq (51) from the observed 8, is much greater ‘than the uncertainty

1nvolved in the assumption that HO = Hcenter' In fact, the second
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Table XIX Hyperfine field pos1t1ons of Co2 in ZnS.eO4'_6H20. a _.

{in units of ga.uss)

Hllc Hlly

Observed C.':J,lcula,tcledb .Observed- Calculated®
Lines  H = AH H AH H AH H AH.
1 S 13421 13409 - ©2124.5
. 1 86.5 - 87.7 o 7.8
2 1428.6 - 1428.6 . . 2132.3 -
. : 85.0 E 85.0 o 10.6
3 -.4543.6 - - 4513.7 . 1 2142.9 :
Lo 82.2 82.4 - . 13.4
4 1595.8 1596.0 - 2158 : 2156.3
i - 79.2 ©79.7 . 14 S 46,2
5 1675.0 1675.7 _ 2172 2172.5 -
) . 76.9 T4 .19 - 19.0
6 - 1751.9 : 1752.8 S 2191 2191.5
S 5.6 74.4 22 21.8
' 1827.5 _ 1827.2 . ' 2213 2213.3 -
) 73.2 ' 1.7 - 25 _ 24.6
© 1900.4 . 1898.9 2238 - 2237.9
- 1638.7 o : 2196.8
center 1635.4 - 1635.9 2165 2164.4

v o om o e e w e e e s e e mm e e e Em e e e em e SR R e e e e M M e e e e S M e e e e = e e e

measured at 9. 8615 GHz

Calculated from g, -596 g, = 345 A “775G A= 240G,
¢ = 58°, and B = e, | R

C_alcula.ted from gy =
¢ = 588, andp = 2.5°

'5.99, gl’=' 3.1, A‘“ = 717G, A = 16G,
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ordgr hf correction chanées'the g‘féctors in the wrong directiqn.
'_Wejﬁéfé engduntered this'problem in other Coe+fsystems (see section
’ #Ii-A,.B).__ We délho£ anw the feason‘for‘this large discrepancy.

| “In Eq.(35) we find that the first, third and fourth terms make
the!éame contribution to the line pbsition ofv,+mI as to that.of -m_.
The é§parétionvof the 4m_ lines is edual_to 2AmI. Therefore,

A= CH(my) - 1 (om;)] /(2mp) | (57)
. : L ' oy 2+ , .
Since the two central lines of Co  (and of Cu ") always correspond‘to

Mt

= 4#1/2 lines, A = H(1/2) - H(-1/2). Thus, we can safely take the .
separation of the two center lines as the t:uevhf splitting. In Table

XIX we .see that ekperimental observation substantiates the above

statement fairly well.

Hlle tmI.  M ZﬁV(?mI)

(G) (G)
1/2 79.2 - 79.2
3/ 238.3 . 79.4 .
5/2  398.9 79.8
S 7/2 - 558.3 - 79.8

_ In-gonclusion,'ye say_that the f;rst assumpthn of Ho3= Hcenter

m&y'contain a considerable error near the perpendicular direction,

but that the second assumption seems valid for all directions.
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VII. ~PARAMAGNETIC IONS IN NICKEL SULFATE AND NICKEL SELENATE

In the course of his EPR study of x-NiSO,.6H,0, Batchelder found

traces df'002+

s cust and:Mh2+ impurities. The preliminary accounts of -
these i@p@rity-igns have already been given in his Ph.D. thesis
(Batcheider;'l970). We intentionallj increased’thé concentrationé of:
the imburity'ions and studied’theif'EPR spectra at 4.2° and 1.3°K.

We also imvestigated:the EPﬁ'specﬁfa of C02+ andkcu2+ iﬁ NiSeOu.6Héb.

We extended the theory ofvthe nearest neighbor exchange interactions of
Batchelder'to inéludevbOth the possibility'of more thén two neighboring
Ni2+ ions being in theiexcitéd states (M_= +1) and the next-nearest |
neighbor ihteractions. These,modifications énlarged the 3x3 Hamiltonian

“matrix up to a 9x9 hermitian_matrix. _.We used.extensively_the Foftran
IV diagonalization program given in Appendix V,_buf we have not as yef
come to.a.succeSSful calCulatién of the éxchange_effects of Ni2+'on the
neighbd;iné paramagnetic ions;

',Iﬁ this section ﬁé‘#ill'givé only thevexperimental results and
simple QisCuSSions onvthem{' We alsb.wish to deséribe a éecond kind

of transition detected in a-NiSOu{6H20.

A. cott in NiSe0y . 6H,0
‘We studied the EPR spectra of the Coe+ impurity in NiSe04.6H20 k
at the liquid helium temperature. We found ‘the general behavior of the
2 B : : . ,
Co + resonance spectra very similar to-that of Coe+ in ZnSeOu.6H20,

A

except for & few minor points.
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First of all the signals were weak at L. 2° K but very strong at
‘l 3° K. ' This strong_temperaturevdependence_of the 1ntens1ty is contrasted
to:vi;tuallv‘no'temperature effect on 002+: ZnSeOAf6H20.V The spin-lattlce_
relaxation'time,of Co2+ is.shortened by the interaction'with the Niaf
neighbors.‘d Secondly, the’line vidths of individual hf lines were
approximately 17 G at l 3° K, whlch was about tw1ce as broad as those
lines of 002 in ZnSeOu.6H20; Lastly, the magnetlc.x axes of 002 in
NiSeOh.GEQO' are not tiltedffrom the 7y axes, but exactly.parallel to
"~ them. iTherefore,'ve'detected atvmoSt.thfee sets of eight hf lines in:
all the three Planes (ab ac and 7c) of the s1ngle crystal.
| The four 002+ ions became equivalent along the ¢ and a axes.

2+

It seems that 002. can perfectly fit in the Ni site as compared with

ajs‘mall’lattice distortion of co-t doped in the zn°' site of ZnSeO, . 6}120
o In Table XX we list the principal g and A values of 002+ in

NlSeOu 6H20 These values are the average of several dlfferent runs

at l.T;K. We see small shape effects on the g values but not on A.

Over the‘temperature change from 4.2° t0—1.3 K we detected a small but =

:_definite 1ncrease in g8 values. When:H was along the'y axis, the 8

: value of the low field set changed from 5. 836 to 5 849, which was

equlvalent to 3 G shift in theccenter position of the hf lines. - For

'H‘alonglthe ¢ axis the shift was only 1 G. We Can.attribute these |

d #shifts to a change in the local field induced by the magnetlzatlon of

.the nelghboring N12+>ions, if we use.a positlve value for the moleculac

field constant. We do not have all the necessarv magnetization data

to calculate the change in the induced local field as a function of

temperature. If we assume that the molecular field parameter available
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for'the,Nia+-Ni2+“interaotion in the isomorphous a-NiSQ,.6H,0 can be
used in this calonlation, wefﬁaﬁid predict a SO.G'ohange'in the internal
field fron:h.2° to 1.75°K, and a 6 G change from 1.75° to 1.25°K for
H along the y axis. .For H alongithe claxis‘the-change will be only
: ,3‘G'fron.l.756 to l.25°Kf Theee calculated snifts are too large'to
acoountkfor the experimental'yariations,_'.Thns,'it seems that. the
002+-N12+‘interactiontis‘fairly small. |
When we plotted g2 vs. n° for the three crystal planes, we found

an interesting trend In Fig} 38‘we differentiated the pointa from '
the ab plane by triengles, those from the ac ﬁlane by crosses and tnoae
from:tne.7c plane by circles. .The.slope-of the resulting straight line
was greateSt for therab plane data and least for the ac plane. This
differenee was .also obserted in CO2f:IG-NiSOu-6H2O, the shape of which
was spherioal so %hat'there should have been no shape effeet on the g
factori"lwe_took-the angle for ¢ to be 62°, Whioh was tne average of
the ¢ from the yc plane (62.5°) and from the ac plane (61.5°). The
extrapolation of'the straight linerin Fig. 38 yielded g = 6. 25 and'
g 3 Sh These were appreciably dlfferent from the observed values.
| A similar plot of ghA2 vs. n2 was drawn in Fig. 39. The_ch01ce'of-

= 60:.5° gave the least standard deviations for the 7yc and the~ab plane
‘data. = The extranolated hf constants were A = 73.8 G and A = 32.1 G.
if g = 6.25 and g = 3.54. - A
In Fig. 40 we plotted the experimental'g values of the yc olane

alongrwith the calculated curves that were computed from g ='6§3l8,

g = 3.38 and ¢ = 61.5°. Fig. 41 shows a similar plot for the ac plane
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with'a‘different set of ﬁarameters: g” = 6.10, gL = 3.68 and ¢ = 62°,.
. We summarize the results of Coe+_in NiSeOu.6H20 by the following spin

Hamiltonian parameters;

g) - 6.30¢o.'_o§, g = 3.‘45io.1
' A= 72 .8¢0.-‘5 G, A= 254k @ _. ' (59) |
¢ = 6240.5°, g =0°

: The large'ﬁhce:taintieé invK.(59) gfé>dﬁe t0 the independent behavior
of each bf the‘threé-piaﬁeé.‘ 'For é given pléneithe uncertainty is
much smaller. |

| The second order hf terms were qualLy lafge.in Cog+: NiSeOu.éﬂgo
as in ZnSeOh.6H20. Ih the anélysis of‘the g factbfs (see VI-C-1), we
found | |

a= 1.5, p = 015,. X = 1.215, and. A= 430 em™t (60)

The différehce betweeﬁ the Cé?+ in the_paramagnétic'NiSeOu.6H20 and in
the diamégnetic ZnSédu.6H20'ié not large but definite beyond our exper-

imental uncertainties.
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B. &ﬁ+ina-m5q#@%0

Thls system.had already been studled by Batchelder who had used
a spherical sample : We. investigated only rectangular plates and
prisms.‘ No 002+ s1gnal could be detected above 2.5°K. The 51gnals.
Were qulte 1ntense at l 3° K The’ ;ndlvidual hf,llne widths were
about 17 G+ There were-at mostvthree eets'of.eight hfs lines in all
the three'ﬁlanes. The éenefal featare was'almost>identieal with the .
‘>spectra bfVCoe in leeoh 6Hé0
| In Table XXI we list the pr1n01pal g and A values of Co inf
la-leOh 6Hé0 We aee again the small but definite shape effects on _
the_g values. -The temperature effect on g was much sﬁaller than the
ehangejinltﬁe bulk maggetiéétion of a-NiSOh.6H20. . For example, when
the temperature was'lgweied from 2.2° to 1.3°K, therg'value for H alohg
~the a axis:changed'less than 0.003,'which was of the order of our' |
e#perimental accuracy. It_was then concluded that the magnetiaation'
of the paramagnetlc erystal was not the maiﬁ source of the shape effect
Qn'the:é:factor. |

_ For the analvsls_described below velborrawéd the data of Batch-
elder‘en.the sphefical sample of C§2+g a;NiSOA-éHéO- | While we were
'plotting a graph of g2 vs. n2 in the ac’plane;’we accidentally switched
the a and-c axes. Werfound:that ¢ must be 49}56 in order that the
exﬁeriﬁeatal points, with wfong angles, lie on a straight line. Using
this ¢ ahd the extrapolatedvvalues of g” = 6.06 and g = 3.41, wel
found_the calculated g factors agree very well with the experimental

points, as shown in Fig. 42. . This false agreement is a good example
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of why:thé‘g'facﬁor withvén‘axial-symmetry cannot be uﬁambigubuély-b
determined from the déta of_oné plane.alone. 'Correéting the angles
of éhe ac plaﬁe, we réplbtted.g2 vs._h2 in Fig. 43 for the ab plane
(trianglég),dnd-for the ac plane (crOsses) together.' We observe the -
points'takeh from different pianes fall on two,different‘straightvlines;
.Thedslobé for the-ab'plane‘is‘again steeper than that for the ac plaﬁe.
The valué of 60.55 used in this plot‘agréés well with the experimental
¢ of 59.8° and 60.7° in the Yc‘plane of a fectangular plate. Extra-
polatidniyielded gy =‘6.45 and gL ='3.27f‘ .In Fig. LY  the experimental
g valeé 6f'£he-ac pl&ﬁé weré coﬁpared with the'calculafed values with
g %‘6'3F’.5L‘; 3.40 and ¢ = 60°.  Although the agreement in Fig.hk
. appéar#;to:be.fair;& gbod,.the‘uﬁcertaintiésyin gl and gi‘are large.
In all the three 662+isystems described in this work we found that -
eachvplane;réquired a different set of spin Hamiltoniah parameters with
gk largést in the ab plane and sméllest in the ac plane. We list bglow

_the averaged Parameters over the three planes of C§2+: a—NiS04.6H20.

g = é,uuio.lo, g, = 3-25%0.15
A, = 76.3 G,“ A =250 : .. (61)

¢ =60.220.5°
'The_theory of Abragam and Pryce give
L - . . : L

@=1.5, p=0.5 x=1.20, a=kocnt  (62)

*‘Thesevare very similar to the case of Coz+ in NiSeOu.6H20.



. vt in a-NiSOh.6HéQ

We employed both £he X-band and K-band.speétfometers to study
the EPR épeptra of-cu2+‘in diiSOA’GHQQ' Single crystals of rectangular
plate éﬁd prism were examined at the li@uid helium temperature. . We saw
no Cu2+'signals above the lambdafpoint of heiium‘(2.lT°K), As the
vtemperatufé was lowéfed,'the éighals gfadually became stfonger and
sharpef. v The typical liné‘widfh ofvindiﬁidual hfvlines wefe about
20 ¢ at 1.25°K. At.l.l?aK the effect of the two copper'isotopés were
clearlj vigsible invthe eﬁd hf lihes in the:derifative presentation.

At l.3°K'tﬁis isotope effect was already oﬁscpred by the line broadeniﬁg.
The interaétions with the.neighboring Ni2+ ions drastically reduced the.
vspin-léttibe relaxation time of cu=t 1on.

‘The féur'iohs Wére all equivalent.at the a and the c axes. The
tilting.éngle B was zero. . We found it necéssafy to switch off the
electroﬁagnét before we varied the magnetic field direction. Otherwise
vthe crjstals taped on the tefioﬁ mount rotated‘evéry time thelmagnet |
wes rotated. This was due to the strong tendency 6f ahNiSOu.6H20
crystal to»orient itself in.such a way that the 7 axis,. the axis of
the maximum magnetic susceptibility, be parallel to the external mégnetic
field.‘

Wﬁ;le the experimental uncertainty. in the g value measurement of
the c02+‘1ines was bétter than'O.l%‘(about 1 G) at the X-band, the
uncertéin£y_for Cu2+ is even - less than that'for Co2+ by a fabtorAdf,
| 2.5 and s'gat the X-band and K-—baﬁd, respectively. In Table XXII we

- 1ist the observed g and A of Cu2+: a-NiSOu.6H20.for H-along the principal
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© Table XXI. Principal g and A of Cu’': a-NiSO,-6H,0.

 Axes  Plane ' Frequency . g - (gauss) .

a o ab - .. X-band . 2:679 . . 59.1
lac

o
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2,491 - 90,

wno

. 2.850 15!

Al L 2.837 . 73

2,905 i © 93,

e ye : o
PR 2:890 . 93

L ONND

Cx.oab R 248y

BT R TR TR T T T

2,481 -

2.669 - 59.4 -
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,magnefic:ano crYstallOgraphlc aaesﬂi Tnere'we note three distinct
featuresltnat were not present in'Cug_+ in ZnSeOu.6H20r - Pirst, we: see
that‘different.cnystal'orientationsvin'the caVity produce smallwchanges
in the observedvg“values, as was already'seen in the cott spectra in
the previous sections. | We do not know the'reason for this. It could.
not.be due'to'the shape effect; because a similar.variation was observed
in the-sphere of C02+: a-NiSdu.6H20. A possibillty of miSorientation
is also‘ruleo out, since the values'lisfed are,thebaverage-of several
independent experiments. |

The second feafure is a small freauency dependence of the g factor.
We notlce the g values at K-band are smaller than at X~band for all the
three axes-studied. | In other words, the greater the Zeeman interaction
of Cu2+‘is, the smaller the g value deviation from the free electron g
factor. ‘ZThis isvrelated-to the third feature, which is most character—
istic of'Cu2+ in a-NiSOh 6H20, the unusually hlgh g values of Cu2 in
all orientatlons | We also detected the abnormally large g in the
mixed crystals_of (Cu2+, N12+, anf)Seou}6HéO and not in (Cu2+, Zn2+)
SeOu.6H20L, We believe this.anomaly isvdue to the effects of theb
surrounding Ni ions. | |

First thing that comes to our mind 1s the effect of the magnetic
- field induced by the,magnetizatlon of the;nearby N12 ions. Fisher
vand Hornung (1968) and Fisher et.al. (l968b) were successful in explalnlng
. the magneto thermodynamic propertles of a-NlSOh 6H20 by an. 1ntroduct10n

of the molecular field. If we write the effective magnetic field

(Heff) seen by the Cu2+ ion as the sum of the external field (H) plus
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the induced field, ofter called a>mdleéular field, then

Hopp =H+ Hyoy ey

where Hmol is the molecular field arising from the magnetic dipole-
dipole interaction plus the elctrostatic"exchange interaction of the
neighboring Nigf ions. A simple ermula-fdr.the molecular.field'is

given by Fisher and Hornung (1968);

B (64)
where fh_é- 'c_onsfa;nt. y is the _m_'olec'ulali_"' field factor and M is the mag-
netization in the éppliéd_fiéld‘ﬁ.  Fi$he£.et.al. (1968b) give‘the'
values‘of v that are 6.2721f6f théfé axisﬁand 0;266 for the ab Plane4
Using thebmagnetiiétion data of Fisher et.al (1967, 19683,b), we made
the moieéuiar field corrections'fof tﬁe observed é‘factors.v The
bresulﬁs ufe shown in Tablé inIIr  Thé correction appreciably feduced'
the g yalﬁes; And yet_ﬁhe corrected g values are still higher~£han‘
thev"nérﬁal" g faﬁtdf‘of Cﬁ2¥‘by 0.1. | |

| Eefore we quéstion the‘validity Qf thg mblecﬁlar fieid'corréctién,
we wishvto»describe the temperaﬁﬁre depéﬁdeﬁcé of.the Cu2+ line posi=
tions andfline widﬁhs{  Thevresults we)ébtaiﬁediaﬁ : X-baﬁd'and the
K-band_wéfe very.close’énd here WeideéCribé.onlyvfhe K-band resﬁlt.
We measuréd the péak-to-péak line width aﬁd the line cehter Qf the
second hf.line (mI =.-1/2)‘as.a function of teﬁperaturg. At théf'
klystrbd frequency of about 21;13 GHz, which was stéble better ﬁhan
lO-E%H(eQﬁivalent to about 0.5 G shift) over the'témperafure change‘b

of one degree, the field positions of the\mI = -1/2 line were 5639.4 G



T_abl"_e»‘XXILIl Molecular field correctmn to g values of -
PR .m,_aﬁﬁ ,Nﬁo 6Hﬁ0 : o

%7 T Apparent . H ' Corrected

§l317 - 1;25ja_}ff[;ﬁz;68i7~3c~fj Ss21 23720

Powdered sample

v b Used the magnet1zat1en data of the y axis. - The error. mvolved'_" o

may not be greater than 10%, S1nce the angle $is 60° Or more.
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for the a axis and 5280 6 G for the 7 axis at 1. 18° For 1 along
the ¥ axis the line width changed by 5 2 G and the line center shifted
to the higher field by 3.8 G between 1. 17° and 1. 87 K. For H along
the 8 axis the temperature was varied from 1.18¢° to 2.12°K, over whichvb
the line width broadened by 12 G and the line center shifted to the
higher field by 9.5 G.- | | | | |
According to Fisher et.al (l968a,b) the magnetization at H=>5 kG.‘

decreases by l96 G.cm3.-mole'l for Hya, when the‘temperature is changed
from l.lfTQ'to 2.loh5K; The resulting molecnlar field change is a .
decrease of 53.4¢. - In order'tO'see the Cu2+ reeonance the external :
magnetic’field nust be increased by the same amount so that the effective
field seen by Cu2+'remains constant.‘ In actuality'the obeerved line
shift Wae a factor of 4 smaller than the calculated shift.

 For H along the ¥ axis we must differentiate the magnetizations
of the two nonequivalent Nle ions. If we denote'by type 1 the'Ni2+
ion for which the applied field is parallel to its x axis, then the‘
'Cu2+ ion at the type.2 site sees the molecular.field originating from
the nearest nelghbors of type 1 ions. The magnetization of Ni2+ of
type 1 is 120% greater than . the obserred value, which was the averate
of typeal and type 2, at H = 5 kG (Fisher and Hornung, Table'IV).'
‘When thertemperature‘is raised from 1.252° to‘l.806?K, the magnetization

that Cu2+ would see changes by 117 G.cm3

mole™l.  Then the molecular.
field decreases by 31.7 G, This expected Change is .again an order of
magnitude'too large Therefore, the molecular field correction in the

form of Eq.(64) is too simple to account for the anomalous g factor of

cust in;q—NiSOu.6HéO.
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We have attempted to calculste the dipolar field induced by the
neighboring Ni~  ions at the site of Cu ion. This field was only
" one-tenth to one-thirtieth of the local field necessary to account for
the abndrmally large g ﬁalues of Cu2+ in afNiSOu.6H20- The internal
field then arises mainly from the’exchahge_interaction of the neighboring
ions. Bdtcheldér gives a simplée formuls for the nearest neighbor
exchange interaction of paramagnetic impurity ions with the Ni°T ions.
He assumes:that the magnetic z axes of both ions afe aligned parallel.
To the'second order perturbation theory, he derives a g value shift
that is‘proportional to -J/Df He estimates J to be about -0.3 cm-}

. L =1 2+ e+ R .
which is greater than 0.12 cm = of the Ni~ -Ni~  exchange interaction
observedbin the far-infrared spectra of a-NiS04,6H20.

We_méde a similar calculatidn of the nearest neighbor exchange

interaction of Cu?+ and I\Ii2+

with an isotropic exchange constant J.
Our mefhod‘dwd“ not emplby'the perturbation,theoryvbut used the hermitian
diagonéliZation scheme. Whtféﬁhd that J of about -1 cm_l must bé used

in order to decrease the g factbrs to the "hormal”_values of AgE,AS

_ ‘ &
"~ and gifrE{lO. ' We fqund_that in addition to the isotropic exchange
intefactioﬁ a fairly 1argé anisotropic exchange intefaction need to be
included. We‘have not yet solved this probleﬁ. |

e list'the observed line positions, apparent g and A valueé of
the éb plane in Table A;6-of Appendix IV. The plot of g2 vS. n2'reéults
in é” =_2395h and g = 2.496 for ¢ = 61.8°. 'Thesé &alues are much |

greater than the observed g factors. In order to fit the apparent

g values well we must use ¢= T0°, as shown in Fig. 45. However, we



'v}jfeel the experimentally determlned ¢ 1s quite accurate, for both the

ot

fac and the 7c p@anes indicated ¢ 6l 8°'i Wlthout the correct 1nter-'ﬂ‘

'pretatlon of the anomalous g factor, ‘we: do not expect to be able to

'-.account for the angular dependence of the g values of 'C'u?+ in a- Nlbou

6H,0. - f
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p. cu® 1n .Nisééuﬁ._éuéo_ s Mixed Crystals

The study of this system is less complete than Cu2 in.a—NiSOu.
6H20. In the pure NISeOh 6H20 the Cu2+ lines»were weak even at l.3fK.
Along the c ax1s there was only one set of four lines at g = 2.555 and

83 3 G : Comparing w1th Cu2 cin a- leoh 6H20, we find a larger g
and a smaller A for H along the c. aixs of Cu2 : NlSe04;6HéO. Although_
we did not examine the spectra in other planes, we would have expected
abnormally large g values of Cu2 in NiSeOu 6Hé0

We' prepared a series of mixed solutions of nickel and zinc selenate
“wWhose proportion ranged from lO to 30 mole % for N12.. . In order to
minimize the 002 impurity we used the nickel selenate that had been
synthesized_from nickelous carbonate.l To these‘mixed_solutions we
introduced a small'amount‘of the saturated cupric selenate solution.
Slow evaporation at room temperature precipitated large s1ngle crystals
of pale green color with the prismatic form of Flg 3a.

When_a sample containing 10% N12 was mounted in tne'yc plane,
we obserVed at mbst tnree‘sets of four hf lines at TT°K. - There was
no splitting of ions 2 and 4 seen at all angles The line width of

*in this crystal were somewhat broader (13 to 15 G wide) and a
little‘more extensively 0verlapped than the Cu2 lines in ZnSe04.6HéO.
The g and A values of the former were exactly 1dent1cal to those of
the latter at TT°K. The g factors were 2.2788, 2.2595, 2.097, and
2.429k for H along the cs 7 x, and z axes, respectively The ebrre~
sponding A were 97.8,v90r7, 18, and 115.7 G. Thus we conclude that’

10% Ni2+»in ZnSeou.6HéO has no effect on_tne g and A of Cu2+ at T7°K.
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when.theisame sample was cooledvto liquid,heliun'tenperature;tthe

signals'becane very’conpleXth There were SOne twenty lines ofzuneven
intensities ow1ng to extensive overlapping : Near the c'axis'strong;
but poorly superimposed four lines were observed at g;,e 30 "ﬁeaker'p
lines were also,seenyat g,veryjroughly equal‘to 2.5._ We saw near the
7 axis two)weak sets”of:fourilines'atVabout gQ42;63,-one strong single
band at gn,2 13’ and two intermediate sets of four lines 1n between
‘The compllcated structure of overlapping lines prevented us from a.
systematic study of the anisotropic g values. |

| The trans1t10n from the high to the low temperature spectra was
reversible. At low temperature we saw the spectra of Cu2 _surrounded
by onezor”more Niad ions in addltion to the spectra of Cuef surrounded }
TbY Zn2+”ions'alone. #_ The interaction between Cu2 . and Nigi shifts. the
Cu2+ spectra toward lower field and shortens the spin -lattice relaxation

time ofvthe’Cu2 .ion. At high‘temperature thenspectra arising from

the Cu2'+'N'i2+ interactiondwere’broadened beyond our detection. We
saw”only»thefspectra of'Cug .surrounded by the Lng ions.alone.

A second sample contained 25% of Nle. ions. . We'couldhobserve
' no Cuef spectra at 77 K with the 825 Hz field modulatlon At 1. 7 K
the spectra in the 7c plane were con51sted of l6 to 20 1ntense linesv
) with excessiVe overlap, | Even near the ¢ axis the spectra were. too
complen‘to‘permit'a definite assignment, Next we ground this crystal
to a fine powder and observed its EPR at -160°C w1th lOO kHz modulation.
~-Only a s1ngle band of about 100 G line width was ‘detected at g 2.10.

No parallel lines were~observed,at,this temperature,_ We need further

investigate the powdered spectra at'mdquiduheddunuteﬁperamﬁre;L
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E. a-NiS0).6H,0

1. "High-Field" Transition

This'fransition.between‘the'exéitedvstetes”was obserVed.by
Batehelder in.both single crystal.and powdered sampies. | In the present
work we have»ﬁéed ohly_recﬁangular plates or prisms. | |

The EPR SPeotrum was a superposition of at least two lines of
uneven 1ntehsities‘ At the )fax1s the line was strongest and sharpest
As H was orlented away from the 7 ax1s, the 1nten51t1es fell rapldly
50 thatethe transitions could be observed only in ‘the narrow range of
orientations. The linehbecame‘bfoadervand'dodblet structures began
to appear._' Batchelder'reported temferature effects on .the line widths,
line poeitions'and intensities; as the temberafgre waszlowered, the
line widtﬁs narfoﬁed, the line positions shifted to lower fields;.fhe
' doublet sblitiing'reduCed and the intensities diminished.

We plotted the observed line positions of the "high- fleld"
tran51tions as open circles in Fig.46 and 47, taklng the average
positions, whenever the doublets appeared. In the yc plane lines 2
and 4 reached ‘the maximum field of 10280 G at. 8 6887 GHz, when H was
aligned along the vy axis Lines 1 and. 3 appeared always as s;nglets
and‘their intensities»were much weekef. . At i39.85 away from theiy
. axis lines i and 3 reached'fhe maxiﬁum field of'10284-GQ Thesevorieﬁ--

.#ationé“corresponded to the'y axes of ions 1 ahd 3. We then knowr
.vd>; 39.8°, .in close agfeement with Fisher et.el;'(39,0°) and with Stout
‘and'Had;ej'(AO.2°)J The fact that‘the line positione of H‘elong X and.

Yy axes were nearly the same indicated that E must be negligibly small
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intcontrastlto Batchelder‘s E = 0.032 cmfl._ If we force to fit the

ﬁhigh-field"»transitions observed in the ab plane to the isolated N12+
system, we obtain a new set of parameters:
2.22, g, =2.25,  D=+3.75 cm

L g = . g . |
T v : (65)
b ) . ,,‘(7"‘ B .;=' ‘O,.-_. Q) = 39,80

AT s | - -1

In Table XXIV we llst the calculated p051t10ns from the &bove set of
,;fparameters. | The agreement is good to about 100 ¢ for L.7° K. but poorer
ifor L, 2 K and for the data taken in the yc plane We also llst-ln the
same table the line positlons and the doublet spl1tt1ngs to 1llustrate
'thelr orientational and temperature dependence _ Not listed in the
table are thevline widths of the high—field lines. At the'half-maximun
" the half-widths of the_absorptlon spectra of'H”along the y axis were
| 3hoo, ElOO'and 820 G at 77°,-hL2° and 1.7°K, respectively. Thelspectrum
at T7°K was strong and exceedingly complex. - There appeared at least
three llnes overlapping w1th one another, altogether shifted to hlgheri_
fields. |

The new D and E in Eq, (65) greatly dlsagree with the results of
Fisher and Hornung and of Batchelder ~ In one of our experlments, the
results of which are shown in Fig L6, line pos1tlons of H along the x
and y axes differred about 3OQ G, which was equivalent to an E of 0.004
: cm-l, but we never detected such a great difference:between the x and y -
axes &as the E of 0.032 cm'l would requirer If we were_to continue to
apply the isolated Ni2+ model to the EPR spectra of,d—NiSOu.6H20,.ue

would have to use small D and E. We have detected similar anisotropio

i i



137-

trahsitions;in NiSeOu;6HéO, ﬁheSe'line positions‘were.higher than those
of a-NiSOu 6H20 at the same resonance frequenCy, 1nd1uat1ng a smaller |
E or a larger D. We recall that the N12+ i6ns in the diamagnetic
ZnSeOu.6HéQ lattice gave D = thO cm'; ana E = 0. .Thus, it is reasonable
to assume smaller values of D and E for a-NiSOu,6H2Q than the repbrtedh
values of 4.74.ahd 0.032_em;l.e_.AlthohghiFisherband Hornungvfeuhdva
goddvbverali agreement inrtheir,maéheteathermodynamic-experimehts.on

a- Nisoh 6H20, their value of E O 01+0. 06 em™t COntained a large. .
uncertainty ' We have seen in the above d1scuss1on that a small change
in E can cause a large change in D when H is along.x or’y axes. our
EPR results do not al&ow sych a large uncertalnty in E.

We'attempted'to account for the doublet structures hy introducing
the secohd'angle B as se had done in N12+:'ZnSeQu.6HéO. We fouhd B to
be 3bto‘55; D was found to depend strongly on the size of B; an
increase of 2° in'B inereaSed D by O;Q:Cﬁ_l. However, we had to
abandonhahj further ahaljsis'of a—NiSOu.6HEQ as an isolated system,
because the temperature dependencejof‘the'line'positiOns and the doublet
splittings could not be explained by thé: isolated ;N_ief model. We
i'cannof'arghe'with_the-far-infrared resultVObeatehélder, Qho dhserved_
D greater than 4.k cm -1 with H = 0 at 4.2° and 1. 3 K. Suffice 1t to
say that the parameters in Eq. (65) are the most consistent, not
necessarily the closest to the truth, values Wlth the isolated N12+
system=;n the paramagnetie.a;NiSCuLGHQO. We have not yet suceeeded
"~ in solvihg the problem ef the ahisotropic eXchange'interaction betweeh’

the nearest neighbor N12+ ions.,
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2. Coupled-pair Transitioné

In this section we wili discuss,a new-type.of traﬁéitions observed
in the undiluted singlg.qrystals of djNiSOu56H20 by our X-band'spectro_
meter. .lThe transitions were roughly two order of magnitude weaker thaﬁ
the "high-field" iines; Thevaére'detécted at A.2°K and . the signalé

" galned intensities at 1.7°K{“ Theiriéngular’depehdence is illustrated
in Figs.46 and 47, where thé obserQed pqéitions are indicated by crosses.
Wé ﬁoﬁid ;ike to éall this new transifibn'thev"cpuﬁled—pair" tfansition
for the reason that Becdmes obvious below.

| Wé Will cbnsider two nearest neighboring Ni?+ ions. If there is
an'intéfaétion betweenvthém, a fransition occﬁriﬁg at one ion may céusé

a secdna trénéition tovtake place in the opposite direction analbgous ’
to thé'spiﬁ flip-flop mechaﬁism.. When these.two ioﬁs are non-eguivalent
in the magnetic field; the net ene?gy of the two simultaneous transitions
will be different'frbm“zefo; By SWéeping‘fhe”magnetic field ét a
constant frequency we céanary the Zeemaﬁ energy levels of the two spin
triplets'until when the energy differénce of the ﬁwo possible transitions

.become.equal fo the resonance energy. Then‘a.simultanéoué transifion
can take place. | | o

.Diagramatically this is”shownvin.Fig;_MS,‘ On the left side‘aré
the enérgy.levels of ion.l plotted éé a functign'pf‘the magneticifield.

On thésfiéht is a similar plot for ion 2. We use thevnotations_df
M= 1i:and'0 for the spin friplet states fof fhe_sake of simplicity.

When ibgs'l and 2 make the_simultaneoué transitién, as indicated b&v’

 arros, the net energy change will be equal to :

Il
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v W(-1') - W(0') - W(L) + W(0) (66)
where the shaded arrow correspond to7the'resonance energy hv. By
lcalculetlng the energy difference of the two isolated ions*‘l and 2,
- we Obtainithe field positlons'of.the coupled?palr transitions of Eq.(66)
for the 7c plane, as shown in Pig. h9 - The polnts represent the
experlmental p051t10ns which are also tabulated in Table A- =7 of Appendlx
IV. The.solid curves correspond to the posltlonsﬂcalculated from the
paramete;s of Eq.(65)l' The computed positions are elways'higher than
“the observed values by 100 to 1500 G. |
'A.feﬁ’intereSting'features are tonbefnoted¢ ’ Near the ¢ axis the
_ coupledfpeir transition-occurs at en infinite field. This is because
‘the twohions 1 and 2 become_eqnlvalent at.the c axis. In ordef to
Satisfy Eq,(66)'the maénetic.fleld must be very large aSFH approaches
the'c‘akis; ‘The 1-2 pairvend’theh2;3 pair ‘cross etvthe_y exis,.beyondv
which the.positions of’both pairs sharply‘rise. -In our .experiments B
we never detected any of the sharp r1s1ng lines in the reglon of the
broken curves in Fig. L9. We could havaechosen,other comblnatlons»of
Casa, s duvelds S mge (S . C ‘
the eneré& le;;ls ih E; .(66) such:as W(1)-W(0) of ion 1 and w(l')~w(o')
of ion 2. This combination would have placed the calculated positions
some.2’to'3 kG higher,than our previous choice; What we observed wasv
not such higher transitlons but lower fleld llnes some 2 kG ‘below the -

ones shown in Fig. 49. This second tran81t10n is also tabulated in

* Although the nature of the exchange constant J must be specified and,
. included in this calculation, we will’ continue to use the isolated Ni“
‘system on account of the difflculty of the anisotropic exchange calcu-
latlon.
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ﬂTablé A;7.’. Consideriné the crudeness'ofvthe modei, we déem the qua;i-
tatiVe_agreemént to be satisfactofy. L |

:Iﬁithe‘aﬁ plane'the'agreemept ié less satisfactory. While the
obsérvea'coupled;bair'tfansitions crossed at thety axis (see Fig. 47),
our compgféd positions of Eq.(66) feached.fhe minimim field at the y
axis. ”This'is shown in‘Fig. SQ,‘iﬁ'which the éircleévére experimehtal
and the solid curve is theoretical. In order to it the lover field
positionénwe had-to,choose”anothef eﬁergy combinatioh of the form

hv = W(1') - w(0') f.w(-l)_+ w(o) . - 1)

which is éhown.as_the broken curve in Fig. 50.  We may understand the
qualitativelpiéture of thé,coupled-pair fransition_in the: ab plénévby
considerihg the actual curve to be a superpositi@nhof the'solid'ahd'
bréken curves.

As then mentioned éarlier, the exact agreémeht ﬁay have‘to vait
fot a complete»analysis of the anisdtropié exchange interaction of thé

-

nearest neighboring l-e‘pairs;
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| A?PENDix‘I -
| :DETERMNAE“['ION‘ oF o

Fo:.r"S- 1/2 the observed g factor is a simple functlon of the

magnetic field-‘ B |
= hv/ng'.,

where g = [(g” - 31.)“ + g1‘]l/2
if the g tensor is axially symmetric."' |
Differentiating 8 w1th respect to a and setting it to zero, we obtaln »
-an angle at which the g fa.ctor becomes max1mum or minimum. The angle
. a is measured from the ¢ axis ‘for H in the ac or in the 7Yc plane

For the ac’ plane, if gl> 8.L 5. then ¢ 1s,_related to @ ox simply by

tan¢ - (2)1/2ctn( a a¥)~ ) - (1-1)
If gy< gl"; -
b ’ '.tand) _ (2)1/20131'1(900 max) o | |
= (2)1/2tan( a ax)“‘ _ (1-2)

. AlthoughiN12+ hes a spin of 1, the above argument still holds, if
we. define an effective g va.lue as - |

| geff - ny/ gu. ,
For example, in the ‘ac plane of N12 °ZnSeOh_ 6}]20, one pair of the
doublet reached the ma.ximum field at a = 63°. Substituting, a

max max

into (1~ 2), for gl,< g_L s we find R 35 T°

For the 7yc plane the method is more direct locate the angle at

which_ one set oi‘ lines reaches the »lowest magn‘e‘tic field (or highest
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g velﬁe)ﬂ '>Then,tthe difference'beﬁweentthie-angle and the c axls is
equal to ¢, prov1ded that the 2 axis lles 1n the Yc plane and that -
8”>S_L
| A.comparlson of 8o and gy'will tell whether ¢ is greater or less
‘than 45°.  Because the z axis is assumed to lie in the Ye plane,
c> g,yrequires Pl L1.5° provided agam g//>gL rl’he difference .betyeen.
8o and gy_indlcateS'howlhueh‘ “oo o dev1atee from_h5°, as shown in - |
Table A-l. | |
'The'final_cheek is made on ¢'by theianalyticel methods of Egs.

(l9)-(21)]and (33); (34), ahd by the best fit of the’experimental :.
spectfa; All-efthese methede giye a consistent value of ¢ for

systems studied in this work.

Table A-l. Values of ¢

"o Zh5° . obs'd o

Ton o Lattice g, ﬂgy

ot ZnSe0),.6H,0  2.279 2.259 ¢ 43.3°
cu2+:;m_sou.6}120 __ 2.491 - 2.850 | > : 6l.8
C‘:u2+:'NiSeOu.v6'H2O © 2.555 (incomplete )
cotts ZnSe0) .6H,0  4.259 5.423 >, 585
Co™": NiSeq,.6H,0 .31 5.86 > 60.7

- ooft; NiS0,, . 6H,0 4.282 5.953 > ~60.3
Ni2t, 'znseok.6H20 3.63 2.6l < 35.5




’“:tand RT = (2)

"‘g;;;Dxanémle'cosINESfim Znseoh;éﬁéo'f

We deflne ¢ to be the angle between the magnetlc 2z axis and theew

'l*crystallographlc e axis, B to be the angle between the X and ¥ axes,' ?;fﬂf T

fand a to be the dlrectlon of the magnetlc fleld measured from the c_“?f:"i”

axls 1n the ac and 7c planes and from the 7 ax1s 1n the ab plane

17We also abbreviate theufollowing cosineqangislne functlons,as  '
) i-.-;‘a = éindi.;'. K2 = cose, " K3 = sim
.;Ku_

COSG‘,. K5= s'_LnB). K6 = COSB

'".'

.A:.K7: cos(h5 * B), ;:cos(u5°”; B)
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Table A-2. D_iirec'_tioni cosines (f,m,n) f_oi‘ the x axis tilted in the

. ¥c plane.
" a&. H in ab plane
1 . K3%6 ~KL¥K3*K5-Ke*Kh ~K2¥K3¥K5+K1¥KH -
2 L -K3*k6 K'l*Kll-*‘KS—K’E:*K3 K2¥KL*¥K5+K1*K3
Hy = -}iii’ Hy; = iy, (1 ={,m,n)
ﬁ. .H in ¥c plane
1 : KS o -sin@!-@)*K6v. : COS(d—¢)*K6,
2 S -sir_l(tx+[3) cos(d+(3)*Kl e cQs('c(+(5)*K2'
.3 | K5 ~ -sin{e+o )*K6 cos (§t+q>. Y¥K6
. : sin(d—@) | coé(a’-p)*Kl - cos(@-f)¥k2
_ _ ¢. H in ac plane
1 . KU*K5 K1*KL*KO+K2*¥K 3¥RT K2¥KU*K6-K1*¥K3¥RT -
-~ +K3%KO¥RT -KL¥K3*¥KO¥RT - ~K2¥K3*¥KS¥RT
2. KL*KS KL*¥KU*KE-K2*¥K3¥RT K2*KU¥KG+KL¥K 3¥RT

~K3¥KE*RT +K1*K3I*¥KS5¥RT +K2¥K3¥K5%RT

From 1-»3 and 2-»l, replace &by -«.
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Téble A-3-.Directioh'cosinés'(l,m,n)'fof:the x axis tilted in the

ab plane.

a. H in ab plare

Tons - f ENEE o

1 "sincx+ﬂ)_ -cos&x+p)*K2 - céscg+p)*K1
2 cos(euf)  -sinepyR SinGes I
3 -sin(@-p) | cas(d-p)ééxz  —cos(-p)¥Kl
L cos(e-g) - einf-p)*K2 o ~5in(o(-A)*K1

b. H:in Xb,plane 

L K3 -']Kl*ku;xg*x3*x6’ ' K2*¥KU+K1¥K 3¥K6
2 K36 KISKMKRYKINKS  KRNKhSKINKIAES
3. K3¥K5 KLNKIKRRK K - K2¥KL -K1*K 3%K6
b K3%K6 Kl*Kﬁgxz*Kj*K5 KK KL¥K3¥KS

e A8 T R D S e G ) G S e e S D SN W e S e S TS M W M A M e M W e e S e e e e AN R O e e S e W e m e e me =

¢. H in ac plane

1 K3%KT Ki*Ku-K2¥K3*K8- KX+ K1 *K 3¥KS
2 -K3%K8 '_‘,'Ki*K44K2*K3*KT - K2XKIKIXK3*KT
3 -K3*x8 ;Ki*K4+K2*K3*K7 K2*¥Kh -K1¥K3%KT

b - K3¥KT - . Kl*kh+K2*K3*K8 o 'KE*Ku-Kl*K3%K8
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APPENDIX T
‘JAHNfTELLER INTERACTION

Historically, it waé_the celebrated phénomenon of Jahn-Teller (J.T):{T
distortigné that prompted mé to becomé engagéd'in the'single crystal
studiesvof'transition.metal.ions'by EPR.  About the time qf‘completioni
of my Wofk on Cu2+: LMN; almosf idenfical resultsvto ﬁine, granted a
more,detailed analysis, werg'repofted'by Breen, Krupka and Williams
(1969). : The discovery of their paper obliged me to buryvin my labora-
“tory notebéok the;worklon'0u2+: LMN along wifhvothér unfinished work
on J.T ihteractions. Now'I-wouid‘like‘to feview the ?esults again
s0 that other workers in this‘field>may have an access to our data.

The subject of the J.T interaétioﬁ is rather complex and requires
a.thorqugh exposition of the theory.‘ HOwever;I will not review the |
theory, beéause a few goocd papérs and review articies on fhis theory
have already. been published (OfBrién, 1964; Sturge, 1967;.A & B, ch.21).
Sincé the ofiginal group-theoretical treatﬁent by Jahn and Teller
(1937),many'th¢oretiéél ﬁorksvhavg'been published. And yet'theb
understénding of the J.T interaction is far‘from complete. VA few
recenf éxperimental works have proved ‘the compiicated ( and beautiful)‘
naturé of the J.T interaction. The iist of J.T ions studied by EPR )
vis expahdihg. We will summarize the results of 3dl and 3d9 ions = -

studied in our laboratory.

it
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Ao in Dy

1. Low Temperature Spectrum

When the crystal field affectlng a Cu f ion is either trigonal
or octahedral, the ground state is an orbltal doublet ”Since the
.spin-orbit»interaction has no matrix elements within this doublef, the
ground state will be subjeét to a,iaigé[J.T diStortion. . This distortlon»
is of tetragonal form along one of'the'fourfoldraxes of an'octahedron,'
50 that‘the;oroiﬁal aoubletvis'split lntortwo.singlets (x°-y° and z°).
In most instances the tetragonal distortlon is an elongarlon, placing
the x2-y2 orbital below the 22 orbital.

There are three fonrfold-axes in a regular.octahedron,[lOO],[OlO];
and tO@l],;nhich.ere the directionsvof the cube>edges Any one of the
three could be the axis of the distortlon, which we call the z axis.

If, say, [100] is the z axis of a J.T ion, then [010] and [001) will

correspond to the-x and y axes. bThe dlagrameon the left shows a pro-

"jection of these three axes on the

to0)

. (111) plane. In our IMN this (111)
plane cOrresponds to the hexagonal
crystal plane and the [111] axis is

along.the c axis’of the crystal.

Each axis is tilted from the [lll]ax1s

{100} - by an angle of 54° hh'
When the magnetic field was rotated in the (111) plane, we saw,'_.'
at L, 2 K or lower, three sets . of four hts llnes with 60° perlodlclty,._

as shown in Flg. 50. When H was along one -of the hexagonal edges,
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one setjfe§¢hed ‘the maximum qufv2.349:with‘a spacing bf A=87.0G and |
the other iwo seté cfoseea at:é =72.159‘with A ='h6.8_G, . The former
corresponded to n2 =2/3 iﬁ Eq.(33)‘and*£he laﬁfer th to n2 =bl/6,
vefifying that thé sum of the‘three n2 adds up to 1.. A fotation.of

30° brought the twobséts together at g = 2.?86 (n2 %.1/2, A=T9.5¢G)
and one se_t.‘ at the l'owésfc g = 2._09_8;(n2 =..‘O,'_A = 17G). ’

Next, the cryétal ﬁas.ofientgd_vertically s0 that the magﬁetic'
field was_ rotated in the plane that contained the LOOl] , [111) and ;(110]:
directions. We calied this blane the (110).plane§ 'Again.thrée seﬁs
o of'fOur”hfvlines were observed in this

(111

[116] ' plane. All three sets merged completely

~ood - at g =2.226 (n” =1/3, A = 69.5 G), when
o 35°16' . § was along [111).  There was another

shellt - | w

.direction at which all the three sets

111} - ’ merged; this was 109.L° away from [111] .

For H along [110] two sets merged at g = 2.286 (n2 = 1/2, A= T79.5 G)

and one set was at g = 2.098 (nE =0, A~18 ¢). ~ When H was aligned in

the direction of (OOl], we observed one set at the highest g of 2.465
. ,

(n

=1, A = 97.1 G) and a superposition of two sets at g = 2.100.
"The powdered sample of Cuef : IMN at liquid helium temperatures

displayed a typical axial Cu2+ spectra with 8.~ 2,46k, gi = 2.10,
A
[/

f = 97;2 G and Al~l9 G. We then conclude that

* We savw a doubling of this set:; two sets of four lines with unequal
g and -A. The g value given here is the average of 2.103 and 2.092.
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-
] _ L . _

Ay = “97-1 G = -111.8 %107 em™ ) (68)
AJ.= lT G b‘l6;8 X lO-l+ cm-l

These parameters are almost identical tbethe results of Breen et. al.

. T e 31gns o an were determine y e Pplot o A vs.
1969 h f A, a 51 det d by the plot of A!

| f, of Eq.(h6) ih section V-C. ° Our-theoretical calculatlon agreed very

well with the experimental points.f‘

2. High Temperature Spectrum'

When ‘the single crystal of Cu2 "+ IMN, oriented in the. (110) plane,

was warmed;to 63°K (solld nltrogen temperature), one strong set of four

- lines vas seen at g-='2;22?'in addition to COmplieated weak spectrum

on both sides. = The strong middle set was slightly angularly dependent
and at some orientations five lines, instead of four, were observed.

The lowest set of the weak lines was at a g ofraboﬁt 2.45 with 45 ¢

splitting and'the highest set had a compliCated'structure near g of

2.05. As the temperature was further raised to TT°K ( llquld nltrogen

temperature), the weak spectra gradually disappeared and only the -

strong middle set remalned at g = v2;222-with a spa01ng of 26.0 G.

At -40°C the hf lines disappeared‘and a single broad.band of about

'110 G width was observed at g = 2.227, _The.powdered‘spectrum at 90°K

showed four isotropic lines of g = 2.221 and A = 25.7 G. = Thus, we

have observed a'gradual transition of the_lew'temperature spectrum



'”g';‘to the high temperature spectruml.imn the temperature reglon of 60~kai;'

lfﬁ;75°K, The high temperature spectrum is characterlstlc of a dynamlc
ITJ T ion, for which all the anlsotroples 1n the contrlbutlons to the

cg and hf constants from the spln orblt interactlon are averaged out

owing to: lattice vibration ?i The hlgh temperature g and hf constants»f'

-can be calculated from the low temperature values by ‘-ﬁf B
(g)— (g” + 2g1.)/3 ‘2 921 R } ""('6 .), T

rifwhich agree well w1th the observed valueef_ap

& . . g RN S
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B.vCu, in Zn(Bros.)e.é;{go

v'Théf?oom temperéture spéét:umv6f_0g2+;.Zn(ﬁrO3)2.6HéO consisted
of a siﬁéie broad band abéﬁt1160—G,widé étug =.2.21; As the tempefaturé
was lowered, the four'lineihf began to“appéér. At TT°K these weak
iéotropic lines were centéfed at g = 2}217 with a 25 ¢ splittiné.
The singlé cr&stal spectrﬁm at liqﬁid helium_témpératufe was exceedingly
,compléx.‘. Because foﬁr to five.sets of hfs weré badly overlapped, we
'couid not study the angular debendenée of thé line posiﬁigns in either
the (llO)_piane or thé (111) piéne. Instead, we'uéed‘a powdered sample
thaf gave at liquid‘heliumrtemperétﬁre |
g
-9-7_.7’(3 = =111.7 x 107 cm
-1

gy = 2.448, =2.093
-1

A (70)

1

]
Ay

19“G-=’18;6'x 107 em
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C. VClu in various host lattices

Vanédium teﬁraéhioridg, VClu,'is.£etrahédraily coordinated.
| The ground state of VA+'(3dl)‘in this symmeﬁryiié {dentical to Cuo*
(3d9) in thé'octahedral‘symmet:y. Hence we éhoﬁid éxpect a éimilar
J.T distorﬁion in VCluf This problem Was.ekteﬁéively in?éstigated
by Pratt (1967). Here we Qill mgrely list in Table A-4k the tentative
assignments of gléss sﬁectra of VCih in five tht.latfices. |

As described in Pratt's thesis, we oftén found'novEPR éignalﬁ
untid  several hours_had passed foliowing thé liquid heliumvtrénsfer;v
Then,.véfyvslowly the eight—line.hfs_began to shoﬁ:up;_ The Vh+'signals
were réadily saturated. ' After saturation‘ampie'time (5A,3O minutes)
needed éo.élapse, with'the‘magneﬁic field and the microwave power off,

before the second spectra was taken. .

AL
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' Table 'A-6

oSk R

Observed line p051t10ns and 1nten51t1es
L2F : ' -

e
LA

f of N1 LMN, ac plane

‘f\;~«pf

Observed line p'Sitlons, apparent g and A values

'~a}iof cu’ 7G a-NiSOh 6H20 , &b plane, 1. 37 K

| Teble AT

Observed line positions of the pair-w1se tran31tions'f:

'ﬂ5 in the -7c and the ab planes of a.--l\liso)4 6HéO
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Teble A-5. Observed line positions and intensities of Ni°' : LMY,

ac plane.?
 Line 1 ,  ‘  Line2 Line 3
angle H‘ ‘Int.b‘ : | H : Int.b | | H | Int.b.v
(degree)  (G) @ . )
| 0.3 1193.4 6.9 . 1469.7 - 0.3 . - .'u611.5” 8.3
15.3  1139.7 6.8 1610.3 1.?_ . 4388.0 9.4
30.3‘:':_lo82.8j 61 | 1955.3 3.9 3807.1 10.2
§5.3 . io6u.6» 5.2 euué.o ’"'5,u‘ | f;3081;7 12.2
60. 3 1088.3 3.9 3023.0 i 7.3 _.,,f eu3u,5 13.2
5.3 1Lh 2.7 | 3483.3 s 2017.1  12.2
90.0  1188.3 0.0  3680.9 -5r17} o 1852.8 11.8

a. At T7°K and v =.9.08605'GH2}

b. Intensity measured at 1l.7°K and éxpressedain,arbitrary'units;"




S Table A= 6 Observed line positions, apparent g and A values of

(degree) - (@) o o (G) -

no
0o
AN
o
=3
=

85 okpge
e skay
LTt euke
Lo oghs8 e,
65 . oou7e

55 2512 3
s oy
Lokt ests
ERIER T R -1 SR
ot ee
st ases
20 o ez
RS UG ' R
10 s
R O I
o '!:Jffé785#f¢ffﬁk :

O T U ST S I S S SO
\O
3
=3
'..J

e
w
w
\J

& freq“en°y 5. 6766 GHe. K11 other pointe were takenat
= 9. 6777 GHz | ST T T
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Table A47J ‘Obsgrved line positions of,thé pair-wise transitions

in a-Ni80.6H0, 1.7°K.

e planea. = ; _ | ab planeP
(gauss) : _ (gauss)
‘ transition transition C .
angle . 1 2 - angle H
11.7° , 9537 oo =15 5190
116.7 9406 6651 =10~ k700
21.7 7635 512 -5 L0s0
26.7 6618 k2l 0 3630
3.7 5929 896 5 . 3370
36.7 5405 337 10 3180
SO SR 273, 20 2820
46.7 4683 3109 - 2720
517 . b2l o 3043 30 2590
56,7 ool o ' '35 2490
C6L.7 Lo27 Lo 2Lt0
66.7 961 . ks 2460
TL.7 3896 50 2460
76.7 3908 o - 55 2490
81.7 3975 R
86.7. Li7e
S 9LT 399
S 96T 3961
a ve4=:9-6936fGH2. o
Ve = 8.503 GHz.
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APPENDIX V
COMPUTER PROGRAMS

A. Field Positions of N12+ EPR Spectra

This_is a routine cOmbutation of the théﬁrétical field positions

6f'the'mie+-EPR spectré in fhe:three'planeéféf znséou.6H20, , |

Thé program‘is Writteh‘in the'Simﬁle Focal langﬁage, which is devéloped'
for the PDP-8/I computer system.  The pfograﬁ sqives the cubic equation
(16) by'thé NEWtoh-Raphson method. 'The magne£ic field is_suécessi&ely
varied uﬁtil the cdmpﬁted‘energy sepération of fhe‘two exéited states
becdmesxsufficiéhfly close_to thé resonénce enéfgy hv. ‘This field
" position 1s.then plotted on an oséilioscope and/or.dn.a X-Y pldtter.‘

'The éxperimental points are also plotted on the same (or separate)

_graph.

-l o i i e et e



=159~

-C=BK FOCAL €1969

] e D1
dleh2
21.03
[2} Y2}
D127

al.08
21«29

2le19
2111
Vls12
‘B1.22
@le21
81.23
Ol.24
©1.26
@l.27
91.23
2132
21.31
91432
01434
@137
Ble4l
D1 .42
. Ble4l
- BLe 47
0159
- B1e55
2156
?1.60
dle61
21.65
2199
CBle9l
21.92
" 9193
- D195

63413

©¥3.11
93.12
7313
9325
U325
¥3. 30

03.40

350
D363

Q4. 10
D412
D420
D25
. Q4383
"Wlolle
D450
@4+ 60

c COMPUTATION OF FIELD ¢0511103¥: OF N1 Esi SrECind

c 4 IONS IN 3 PLANA: OF £I8C SELENALE

C - FIGENVALURS FuOi CuslC EVUACION OF THF FO L%

C ECX)=SACII#A1T+ACLI*AT124AC 1) #X+A (%)

c SEL THE X=8%XIs LINIVS 1N 1dE x-Y PLUYIEL

ASK "LOV LIMIL"S5G,"  HIGH LIMII"EGs 1" INVEGVAL"™, DU, !
c SE1 THE Y-aA%XIS LIMITS v

A NSEAETY ST MINCUEMENT S INs PENO"s ENDs !

5 IT=5Gu/ (END=STI)3 s w2540/ (ES=5G)
C . .

ASK 172GZ GX?,!

AsSk ?2D7,

A ” “.D"‘

A "PHI"PHI»"BE Q"OHELQJ!

a4 “NU'NUG3 S5 NO= NJ/ DaI7Y350 .1 "WNU"s £6eUsN0s !

T O"MGHICA PLANE?  AB =1, AC =8, $=~C =3 "»1
QSK L : : :
PI=3141593S rnAD=rI/ 143

EQHL=0+466887TE~04

G1=GZ2%B0His S GP=GK*BOHNK

KlsFSINC(PHI*EAD) & A2=FC05CPHT*.aaD)

KS5=F SINC(OXEGA*1AD) 3 S 10=rCOLC0REGN*::1D)

TE=1

ANG=STAART

H0=509¢ .

K3=F3INCANG*:AD) S AU=FUS (ANL* AD)

IF (PL-2). ltbb)l 6:1 65

Do I

GOTO 1.9

DO 4

GO0 1.9

DO S

S A(3)=135 A(2)=-2%D

S A(1)=DxD-DE*DE- (Gl*d/)t)-(Ga*bﬁ)*(dA*ﬂﬁ+d{*ﬂY)
5 A= (GB*G&)*(HR*HK+HY*H{)*D'(h?*b?)*(d(*df)*(HA HAY)YRDE |
S.NP=1 -
GOTO 6.1

(ﬁU.LﬁUlm!ﬁb’-lﬁQ

S K3=FSINCCANG+OMEGAY*HAD)

5 K4=FCOSC(ANG+OMFGA) *i1AD)

S KO=FSINCCANG-OMEGA) *1:AD)

S K6=FCOS5CCANG~0NXEGA) *.1a1))

IF CTP=3) 362553¢25,346

Ib CFP=2) 34323045305

HA=HO*K33 S 4!=°d0*&4*ﬁ#:b Ha=HO*K 4% 15 nETJeN

HX==HO%K45S HY=~HO*K3%£23 5 HL=HO*K3I*A13 iib1unN
HX=~:10%K535 5 HY=HO*XK6%AZ235 Hi==A40*%nt*xals nitiunN
HX=HO*K65 5 HY=HO*KO¥K23 5 HZ=~HORKS*K 15 nEldny

L I )

-5 KS= PCOb((45+OMPGﬂ)*nAD);S K6=FCOS5((45-0MEGA) % nAD)

S Ul=K1*K43 5 U2=K2%K435 U3=K3*%K63 5 04 K3*%H5

I'F (IP=3) 4425544255446 ’

IF (TP~2) 4354e845445 i

$ HX=HO*U3;3 5 HY=HOX(Ul=-UJ4*K2)35 Hi =HO®(UE+HA*L1 )3 GETUINN
& HMX=-H0%U43 5 HY=HO*C(U1=U3%K2)3S H4=HOR(U2+U3*K1)5 0E JiN
S HX==HO*U435 HY=HO*(U1+U3%K2); > H4=5Q$(U?-U3*hl)3nilU;N
S HdAX=HO%U335 HY=nd0#x(U1+U4%KR2)3 5 HZ=H0*(U2*U“*K]);AE{UMN




Ws.l@
95.20.
25425
75430
ISeun
@5 50
05 60

ﬁéolﬂ
@615

26+29
‘0622

630

@6 .40
26445
06450
0670
675
0699

2920
?9.21
99+ 30
@949
9.4}
29«43
09.44
09+ 46
@70
09+8¢
3931
9982
2983
29+85
39.86
09«98
©¥9.91

1210
10420

1830

1110
1130
11640
11+50
11.60
11.70

12+ 10
12.20
12.25
12.30

12+ 32"

12435
12«42
12.50

13«10
13.20
1339

13.40

13.80
. :
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5 Ul=K1*K435 U2=K2*K4:$ U3=K3*Kb:b U4=K3I*K6

IF (TP=3) 5¢25,5.25,546

IF (TP=2) 53254555 . .

§ HX=HO*U3;S HY=HO* (Ul ~U4%K2)3S HZ=HO*(U2+UA*K1)5 «ETURN
S HX==HO*U43S HY=HO*C(UL=U3%K2); 5 HA=HOX*(JZ2+J3%x1);5 LEilhn
S HX=HO*U33 5 HY=HO*(UI+U4*K2): S HL=d0*x(U2-U4*K1)inETUAN -
5 HX=HO*U43 5 HY=HO*(U1=-U3#%K2)35 HZ= HO* (U2+U3%K1 )3 HET

Y(1)=D+G1*HO;GOTO 6.2

Y(1)=D~G1%HO3S NP=2

M= 1 ' '

B1C4)=¢3S ClCar=3

JJ=1,1,43D0 10
YIM+1I=Y(MI-BICYI/CLC1D ) .
IF (FABSC(Y(M#+1)-Y(M))=DeDUD1) 667260735605
S M=M+15IF (M~15) 662256075607 ’ :
IF (NP~2) 6¢7556¢956+9

S Xl=Y(M+1)3GO0TO 6415

S X2=Y(M+l>;GOI0 9.2

e nrn

'S vZ=X1-xXx2

S B=NO-V2 :
IF (FABS(B)=0e081) 94¢859¢8,9.4
IF (HO=-4908) 9.4159¢41,94¢43

S PP=0+73G0TO 9.7

IF CHO-8QU0) 9¢44s9¢44s90+46

S PP=1+360T0 9 7

S PP=1e5

S HO=HO+PP*B/G13GOTO 15

T 1 "AVGLE".AV&;“ HO''HO» " DIFF"sBs!
Do 13.

IF. CANG=END) 9. 83298529485

S ANG=ANG+INCR3GOT0 1.47

IF CTP=4) 9865949599

5 TP=sTP+13GOTO 1.42

DO 11 K

GOTO 1241

S Li=4~JdJ
S Bl(II)=A(II)+Y(M)*B](II+I).b LI(II)-BI(II)#{(ﬂ)*bl(II+l)
HETURN . )

S XX=(EG-5G)/DG

F 1=0,1,XX-1:D0 113

S Y=l*MT*DG~250;F J=@:l:555 A=Q+J35 4=FDISCX» (2300 1348

S Z=FDI5C0>=250)3D0 13.83F 1=-250,1,250;D0 13 835 5 FU:S(J.I),
F I=5T»10,ENDIS X=C1=STI*¥TT+55D0 116"

F I1==250,1,-2455D0 13+83% £=FDIS(Xs1D)

F 1=00,1,5103D0 13.835 Z=FDIS5Cl,=-254)

*

ASK ANG,HO

IF (HO) 125,12¢55123

IF (N~-15) 12.32.12 32.12.4
DO 13 :

S. N=N+13G0TO 12 2

T 138 N=0,Goro 12.2

‘QUIT

5 X=C(ANG=STI*TT+5S

S Y=(HO=SG)I*MT=-250

S Z=FDIS(X»Y)iDO 13.8
RETURN

F JJ=0,15:5 JJ=JJ
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B. Hermitian Matrix Diagonalization

Wé;hayé developed_a Eortran fV‘program that.diagoﬁalizes any.

' hermitian'matrix.to give both éigenﬁélues and eigénveétors. .In a
ususl diagénalization schemé the ordér'of the original hermitian
matrix is»dQUbledvto form a real symmetric matrix which can then be
diagonalized by a librany subfoutiﬁe;:HDIAG; Our pfocedure'does not
require this doubl;ng but instead uses matrix multiplications of two
'unitéry=ﬁatrices which can readily be formed from the original complex
hermitian matrix.* It must be mentioned that the eigenvectors
calculated by this program contain small errors; the sum of the
squares of eigenvéctors deviates slightly from 1.000 for a matrix

containing nearly degenerate eigenvalues.

* See Kbgbetllantz, E. G., Solutlon of Llnear Equatlons by Diagonallzatmon
of Coefficients Matrix, Quart Appl. Math. 13, 123 (1955)
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PROGRAM SHORI( INPUT,CUTPUT)

1000041 . REAL B(9,9),C19, 9).Excchl.vecr(9n
000041 - REAL EGVRL(9.9:.EGV1MA(9.9) :
000041 COMPLEX EVEC(9,9)
© 000041 10 FORMAT(12)
000041 20 FORMAT (2F10.0) :
000041 ‘25 FORMAT (1H 9(FL1.7:2X)) :
- 000041 30 FORMAT (1H1,10X, 25HMATRIX TO BE DIAGONALIZED ) .
000041 31 - FORMAT (4X,9HREAL PART ).
000041 . 32 FORMAT{/+4X,15H IMAGINARY PART -) :
000041 35 FORMAT(//,24HSUM OF SQUARE OF VECTORS )
000041 - 85 CONTINUE
000041 . READ 104N
000046 IF(N)200,200,90
000050 90 CONTINUE
000050 T MVEC =]
C . -
o € CLEAR MATRIX
. 000051 . DD 100 J=1,4N
000053 . DD 100 I=l,N
002261 o BUIed)=0.
000062 100 C(I,J¥=0.
¢
L . C  WATRIX ELEMENTS ARE READ IN ROK BY ROW
000066 - . DO 110 I=1,N
000067 READ ZOvQBCI.J).C(l-J).le.!)

- 0001 06 110" CONTINUE
: C

- € SYMMETRY OF" HERHITIAN MATRIX -
~ 000111 NN=N-1

000112 DO 120 J=1,NN
000114 . J=Jde1
000115 00 120 I=JJ,N
000126 B(J,I)=BU1,d}
000127 . ClIe1I==Cl14J)
000130 - 120 CONTINUE :
000134 " PRINT 30
000137 - PRINT 31
000142 D0 130 1=1,N
000144 1307 PRINT 25, {R{1,405J=1,N}
000162 . PRINT 32
000165 90132 1=1,8
000167 132 PRINT 25,(C{ 1,41y J=1,N}
¢ _ .
000205 CALL HERMIT(B,CyNyMVECEIGV ,EVEC)
C¢ , . -
600211 . PRINYT 300,(EIGV(I),1=1,N) :
000223 - 300 FORMAT(//,12MEIGEN-VALUES o/,1H +9(FL1.7,2X))
c . , - A
000223 DO 320 T=1,N
000225 D3 -320 J=1,N
000236 320 . EGVRLUI,JI=REAL (EVEC(I,J))
000243 : DO 321 I=1,N .
000244 D0 321 J=1,4
000255 . 321 EGVIMALI,J)=AIMAGIEVEC LT, J))
000262 PRINT 305-
.. 000265 1305 FORMAT(//413HE IGEN-VECTORS "
000265 .. PRINT 31
000270 20 350 I=1,N
000272 350 PRINT zs.(eevaL«l.J).Jsl.N)
000310 " _PRINT 32
000313 © - DI 352 fe1,N
000315 352  PRINT 25, (EGv;uA(l.J).J=1.N:
000333 DO 355 I=1,N
— 000334 . .. VECT(1)=0. ,
000335 DN 356 J=1,N :
000337 'vzcrtx)-vscrtl)o(CABS(EVEC«l.J);»ctz
000346 356 .. CONT INUE
000351 355 CONTINUE
000353 PRINT 35 o ,
000356 ... PRINT. 25, (VECT(I)eI=1,4N)
000370 G0 T0 8%
000371 200 CONTINUE

000372 . END



%
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"SUBROUTINE HERMI TLA oD JMUM MVEC,E1GV, EVEC)H

4 ‘FORTRAY 1V DJAGONAL IZATION JF & HERMI TTAN MATRIX BY
PSRRI S UNI TARY nvnu .
: 4 AUGUST 13, 19
[ CALLING SEQUENCE FIR . DIAGONAL IZAT ION
c CALL NERNIV(A-!.NU".WEC;YR.VII
- € © WMERE A AND B ARE THE REAL AND IMAGINARY ARRAYS.
[4 TO BE DI AGONAL [2EO. -
L. NUM 1S THE OADER OF THE MATRIX,A AND B
< IF YOU WANT THE EIGENVECTORS AS WELL ,SET !V(C ly
4 1F NOT, SET MVEC =0
c . TR AND TJ ARE THE REAL AND IMAGINARY "lANS‘DR!ATlDN MATRICES.
001478 REAL A(9,91,B19 90,CL9.91,E16VI0)
001476 REAL TRE9,91,T1(9,9)
—— s COMPLEX STANDU 90 9) ¢PROD(949) EVEC (9,9}
0014786 NNSNUN- |
001471 RODT=SQRT 2.}
. 001502 LON=1.E-08
. pa1so3s L i NN
001504 INDEX =1

100" IF U\VEC 1) 178, 1&5.18
. ET THE YIMSFOQNA'IDN MATRIX TO BE O
001812 . . 16% D0 nu Jel NN

001514 30 170 fe1,NUM
. Q01523 .. 1 STANOUT,1={0.404)
001525 - no CONYINUE
.. SET THE DIAGONAL ELEMENTS OF THE TRANSFORMATION MATRIX = 1
001534 PO 175 fs1,NuM
. 001544 . . STANDCT 4 T3=(14400) !
001548 175 CONTINUE
.. 001553 176 SuM=0,°
001554 30 180 J-x.um
... DD 180 = },NI
001557 SUM=ALL  J)4%2 0 8i1,0)%02
001564 . S(1sJd)e SQRTCSLME
001575 180 CONT e
e e SELECT THE LARGEST OFF-DIAGONAL ELEMENT .,
001601 " 150 XMAX=O,
—1 B LY
001604 Jawtel
. DO18QS 30 200 JelJdyNum
001615 1F (XMAX-C(1,J)) 210,210,200
..001617 . 210 xnn-cu.n
001620-
- l.
001621 200 nnnuus '
201630 1F¢ INDEX-7S) 202,202,205
001633 205 PRINT 208 ,XMAX
001644 . 206 FORMAT{S X, 4HXMAX F12.7} "
001644 .
CONTINUE
001644 TF _tXMAX-CON) 800,800, 220
001647 . 8OO IF {MW-1} 520,520,900
001657 220 2MeQ.SO(AIKKI+ALL L))
001662 Pu0 S AIK,KI-A(Ly L}
001663 . < PMESACK,L}
..... =BLKILY
001665 WaSQRT( PUKen2 ePRaZ)

001672 RuSQRT(PMNSE24Pe02e082)
C DETERMINATION OF COS-AND SIN ‘
AHEN Qu0, ONLY REAL DFF DIAG. ELEMS, ARE NON-IERD

c ‘WHEN W=0, REAL DIAG. ELEMS. ARF £QUAL, AND OFF-DIAG. ELEMS=0
001703 230 'IF (W-1,06-0B) 270,270,232

001706 232 IF (2BS(MK)-CONI 200, 200, 235
dEL=P /M \
001714 GAMMA=N/ R - ’
00LTL6 T=PMK
001717 X=T/7ABS{T)
T TR 1F {ABS (ABS (DEL)~1.3-1.E-08) 236,236,237
001726 236 IF (DELY 218,238,239
~Lle0a
001731 Sl-l
. 001733 0. 247
001733 239 Caele
001735 _ S1e0.
001736 GO 0 24
——001738 237 Cl=- SORTID 891 L. WELIY
001 744 St XeSQRT(O.$8(1.0-DELI)
.001755 . 247.1F (ABS(Q)-1.E-08) 290,290,250
001761 250 Te-0
o .00L763 L. X=T/ABS(T)

= SQRY{0.5%¢ l.QGlNNAI 1]
_.mn—ZﬁJZIXOSﬂRY 10.5%11.0-GANNA))
T0 300

50

270 Cl=1.
5120,
£2=0. $4ROOT
T=-Q
=1/ABS{T). .
S2=0. 5900 Ve X
AMKeKIx  PM- . QX
ALyl = L O'X
el 30 TO 310
ze0 If tABS (P 1-1 E-08} 270,270, 201

1F.LABSI0)=1.0E-08} 700,700.252 e em e
282 llPlABS(’)

..... 002050. . __.. 51=0.5%(]1,0-X)
002053 B C1e0.5%(1.04X}
.~ 002054 . X=Q/AB5{Q)
oRos5T ) T=ABS{PH/R -
- L¥=-11 285,285,286 - R
002064 - 286 (2=1.
.. 002086 . S2e0.
002067 60 TO 300
.002067. . 285 C2eSIRT(0.8¢(1.4T))
002075 : $2m-X$SQRY(0.58(1 ,0-T )}
—50 T0. ST -
290 S2-0,
. £2=1.,0
50 Y0 300

K-TH ROW AND L=TH COLUMK ELEMENTS AFTER A ROTATION
360 A1K,K} =pMeR
(LaLmPHR. e S e e
310 ALK, L1w0,
e e ML KD 20,
BlKyLI®Q,
BiLeKi=g,
"'330 b0 400 1Co1 N
1£ 116-%) 240,400,340
340 [F {1C-L) 1350,400,3%0
. 350 ALFA=CLeALIC K)eSLOALIC L)
AL MMDeCLOBI[C K 1eS1MITCL]
BETASCIOA(IC /LI-S1oALIC,X)
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Q02202.. ... 40
¢ -

002213 410
<

002231 500
002234
002237

002250 . 510
002253 20

002301 550

002335 . . 560
002342 $70
002346 600

©

002362 61

c
002372 700
002374

002374
002404 905
C

002406
002413

002425 1200
002436 .
002445 . 1109
002445 1110
002445
002500 1111
002507 1112
002510 1118
002537 -
002346 1113

002546 N
002547 1116
c

002576

002627 940
..002632 950
002645 980

‘002651

. 002853 .
002655
002661 ... 960
002671 .

002701 930
002106 .
002707
.. 002120
002721 “1210

002765 1140

003017 1130

YT Y S
003055 .

003056 1135
003105 - 910

003113

~16l-

BMU=CISB(IC,L1-S1884IC, K}
A{TC,KIwALFACC2-BMYSS2
AR ICI=ALIC, K} '
AUIC,L)wBETASC2-ALANDO S2
AL ICI=ALTIC, L)
BUIC,K) wALAMDSC2+BETA®S2
BEK, ICIa=BY IC,K D "
BLIC,LIsBRUSC24ALFASS2
BUL IChemBOIC,LY
CONTINUE

DO YOU WISH TO HAVE AN EIGENVECTOR
IF {MVEC-1) 700,500,500

TRANS FORMAT 1ON MATRIX AFTER ROTATIIN
STANDEK oK) nCMPLK (C16€2, -S10$2)
STANDLL ¢LI=STANI (KX}
STANDCKy L)wCMPLN (-S19C€2,-C10$2)
- STANDEL yK) =CMPLX (S16C2,C1#$2)
IF (Md=11 $20,520, 550 .
00 530 Jsl,NUN
00 530 I=1,NUM
EVECII 4 S1=STANDL T, )
CONTINUE
WMl
60 T0 70O
DO 570 J=1 JNUM
30 ST0 I=1,NUM
PRODIT,J 121040040

"D0 560 JACK=1NUN
Pﬂ)Nth-FRODH 'JHSTMIHI .JACKl‘EVEC(JACKle

CINT INVE
CONTINUE
20 610 J=1,NUM

DO 613 I=1,NUN
EVEC(] .J)-Pﬁm(l'J)
S ONTINUE

NOW.TEST TO SEE 1F YNERE ARE ANY MORE OFF-OIAGDNAL
ELEMENTS LAAGE ENDUGH TO REQUIRE FURTHER ROTATIONS

INDEX= INDEX+1
60 10 100
CONTINUE
D3 905 I=1,NUM
EIGVITInALT; 1)

DO 1200 [=1,Nym

00 1200 J=1,NUM
TRET4JISREALIEVECIT,J) )
TICI o) oA IMAGLEVEC (Y, 00D
PRINT 1109 -~

FORMATA //, L2HE IGEN-VAL UES)
FORMAT (1H y9{F1l.6,2X)) :
PRINT L110:tETGVILD, [o] JNUM )
PRINT 1111 v
FURNAI’lll.l!NElGEN-VEC'ORSl
PRINT 1112

FORMAT( AMREAL) -

D0 1115 1s1,NUM

PRINT 1110+(TR(1 43} pdal ,NUM)
PRINT 1113
FURNATII.ONIMGINARVD

D0 1116 1=1,NUM

PRINT 1110,(T (I, badl,NM)

bo 910 l'loNN
Jdm N~
00 910 J=lydJ

- 3F (EIGVELI-EICVIJL+L)) 920,910,910

TENPO=EIGV IS+
EIGVIJI*L)=EIGVI N
EIGV(J ISTEMPO

1C=4

JCedyel
.00 930 K=1,NUM

DO 930 Ll ,NuM
IF{X-1C) 940,950,940
TF{L-JC} 930,960,930
IF(L-JC} 970,980,970
EVEC(K,L 1=EVEC LK)
~EVECILsKI=EYECIK4L)
EVECIK, KI=EVEC L 4L}
EVECIL L J=EVECIK K}
GO T0 930 -
EVEC(K:U‘EVEC(I.IC'

EVEC‘K.LI-EVECIJC.!.)
CONY .

DO 1210 T=1y NUM

00:1210 J=1,NUM

"y l.JI-REAL(EVEC(loJH
TICE, J)=AIMAGIEVECIT,40)

- PRINK. 1140,41C. X
sonuul//.lz.su AND  4T2,27H ARE INTERCHANGEN )

PRINT 110

PRINT lllO'IElGV(llol-l WNUM)

PRINT 1111

PRINT 1112 °

.00. 1130 l-l.NUN

PRINT 111004 T2(1,00,301,NtM)

PRINT 1113

D0 1135 I=1,NUM

PRINT lllO'lYl(l.JhJ-hNI’H

CONTIN
IBH.._,...,

END
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FIGURE LIST

1. Schematic diagram of an X-band waveguide'and cavity unit with a .. o =

variable coupler arrangement,

A

L:

A silver circular plate with a 5/16 in. coupling window;

6 mm diameter quartz rod; B: Wilson seal;
Brasst-band rectangular waveguide, broad face shown here;

Styroform pieces inserted in seveéral séctions of the waveguide

'to prevent vibrations of the quartz rocd;

: Stainless X-band rectangular ﬁavegﬁide;_

3-1/2 in. long transition from a rectanguiar to circular .

wavegulde ;

- Circular teflonsdisk (L in. dia. and 0.4 in. high) with a

30 gauge copper wire helix;

-Brass X-band cylindrical cavity, silver plated inside,'gcrewed

to the waveguide. Frequency is 9.5'GHZ when teflon is filled;

Teflon cap suppdrting a silver plate K;

: Silver plate that forms the bottom 6f a cavity, electrically

insulated from the cavity by mylar sheet;

30 gauge copper wire helix imbedded in a teflon disk.

2. The three most freduently used crystal mounters for X-band ékperimehts

at low temperatures. - o - o

3. Two forms of ZnSeOu.6H20 crystal habits grOWn in thiS’wak.’,

a) grown at room temperature b) grown at 5°C often half of
2.

AN

~this crystal is grown.
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11.
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. Photograph of crystal model of a-NiSO#.6H20 showing only Nie+ and

SOi-'ions. The four unit cells are viewed with»the'c axis'vertical.

. Projection of one-half of a unit cell of aFNiSOu.6H20 on the (001)

plane. Two layers of Ni(HéO)2+ and'soi— groups are depicted here

with the felative positions of Ni, S and O atoms.

. o
Projection of the magnetic axes of the four Ni * ions in a unit cell

on the‘&c planes. A and B refer to the corners of ﬁhe square base

shown in Fig. 5.

. The relatlve pos1t10ns of the two types of Mg ions iﬁ;CeMgN._'

The dlstances are in nanometers, as determlned by zalkin et.al. (1963).
Projection of Zn(BrO3)2.6H20 on the (001) plane.  The numbers within
the circles are the coordinates of the Qtoms in units of Co aloﬁg

the ¢ axis, as determined by Yu and Beevers (1935).

. Projection of the magnetic axes on the (111) plane of! zn( BrO 6H20

and its side view.

Schematic energy diagrams of 3d3 and 3déj ions in an octahedral plus
axial crystal field. (a) trigonal and (b) tetregbnalvsymmetry.
When Bé and Bﬂ are positive, the axial distortion is a compression,

while negative Bg and Bﬁ correspond to an elongation.‘ The nuﬁbers

in perentheses.represent the orbital degeneracies.

o 2 '
The_Zeeman energy levels of the Ni + spin triplets with a positive

D. (a) H along the z axis, (b) H along the x axis. We assume
D/hv~2/3. The'arTOWS represent three transitions and their
- relative intensities. .The broken arrows indicate the forbidden

transitions.
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13.

1h.

15.

16.

1T.

18.

—l?h—

The line posiﬁiohs of the N12+ EPR,sﬁectrum in the yc plane‘éf
ZnSéOh.SHéQ. ‘The circles are the experimeﬁta;Fpositions, the
crosses are the.averagé positions of idnS‘E and k4, and the solid
curvés are the theoretical‘yalues.»i_ |

Plot of the line positions ve. sec of Eq.(19) for NiZt, ZnSe0, . 6H,0-
The.circles repfesent the observed fiéld pési%ions:and the solid

curves are calculated.

ObserVed and calculated field pdsitions of N12+¢ ZnSeoh.6H20 in thé

ac plane.

Plot of the observed and calculated field positions of Ni2+ in’

ZnSeOu;6H20 in the ab plane. - The circles are as usual expefimental'
and the dotted curves are computer drawn with the parametersvgiven'
in the text.

Three transitions of the Nic' ion at the site 1 of IMN. The circles

are the observed positions wifh H,in‘the XZ plane and the solid

curves are theoretical. The angle a is measured from the [111)
direction.
The Zeeman energy levels of N12+ in IMN, when H is oriented at an

angle of 52.9° from the [111] axis.in the xz plane and at the

fréquency of 9.2 GHz. The transitions 2 and 3 occﬁr at the_same~

field. A transition of two energy:quanta (DQ line) may take place
at the same field as 2 and 3. o -
The assymmetric line shape of transitiqn 2 of the N12+ ion, type 1,
in IMN, when H is along the z axis. ;Both presentations, (a) absor-
ptioh spectrum and (b) first derivative spectrum, show a sharp cut.

off in the lower field side.
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20.

21.

22.

23.

2h.

25.
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Compuﬁed powder spectrum of a spin'triplet in an axial crystal field.

(a) absorptlon and (b) flrst derlvatlve spectra. The notations

Xl’ x2
I{I}g 22 and z3-stand for the positlons of the two tran31t10ns for

and x3 mean the llne p051t10ns of the three transitions for

Iiﬂz, and DQ corresponds 'to the double quantum transition.

Observed powder spectrum of- N12' LMN»at -160°C. (a) absorption
(b) derlvative.. From left to rlght we see xl,'x3, IN,. X5 and z3.
The derivative spectrum of Nig : Zn(BrO3)2.6H20 at ;.Y.K, showing
fonr N12+ ions of e»uniﬁ cell. The side bende of each ion result
from‘the electron dinole-dipole interactien or from the exchange
interaction of_aajecent.N12+ ionsij The maénetiC»field is oriented
atlan angle of é2°;from the [lll]'airection in_the yz plane.

The angular dependence of the N12 abSorption lines in the (111)

plane of Zn(Bro )2 6HéO Ion b is nearly isotropic in this plane,

while ions 1, 2, and 3 show 60° per10d1c1ty . The circies are the
experimental points and the dotted‘curves are'ealculated from-

g = éL =2.235, D = -1.79 cm'l_and E = o.Q01_cm._'l

The.angular dependenee of ‘the Nief ione in Zn(BrO3)2.6H20 in the

yz plane.

‘The schematic energy diagram_of,3d9 ion in a tetragbnal telongation.

of.an bctahedral cr&stal field.. The numbers in,parentheses mean

the’orbitel degeneracies.- o |
The‘derivetiVe spect?e‘of s Znseou.6H20. (a) Hat a = 20° in
the e plane, (b) H aloné'the ¢ axis, four sets of four hf linesvv

totally superimposed.
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27.

28.
29,

30.

31.

32.

33.
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2+

The observed positions of mi = -3/2alines‘in the y¢ plane of Cu”
Znse0), . 6H,0. -
(a) Plot of ge vs. n2 for the 7c plane ( ) and for the ac plane (x)

of Cu2 ZnSeOu 6H20 at ¢a 43. 3 A stralght line is drawn
. from the least-squares analysis.' |

(b) Seme as (a)'eXCeptvat'¢= Lo°. A demonstration of the accuracy

involved in the plot of g2 vs. n2.

k2 o2 : : T

Plot of g A~ vs. n for the yc and ac planes of Cu ZnSeOh.6H20.
The angular depehdence of (a) g and of (b) A values in the ic plane
of Cu?+: ZnSeOu.6H20. . The average values of ions 2 and'h_are taken.

The same as Fig. 29¢4). New direction cosines are used to calculate

the g values of ions 2 and b4.

_The same as F1g 29(b) " The splittings of ions 2 and 4 are taken

into account. The- dotted ‘curves are calculated from‘

g” = 2. u295, gi - 2. 0965, A” = 115 6 G, A =9 5 G, o = 43. 2% and |
B =h.1o.

The theoretical € values of- Cu2 ZnSeOu 6H20 in the ab plane,i
calculated from the parameters of Fig. 31 v The‘c1rcles and the
numerical balues represent the-observedvg values.

The pfedieted and-the'bbsefﬁed é valués of-the'Cu2+: ZnSeou.6Héo
in the ac plane. ‘The averaged g values'ef_ions 1 and 4 and of
ions 2 and 3 are drawn in as circles. .‘
Plot'ef Ai vs. fi‘for.the three_du2+ systems in‘ZnSeou;6H20, IMN,
ahd;Zn(BrO3)2.6H20.- For explanation see the text.‘ |
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36.

37.

38.
39.
40.
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La.

43,
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The angular dependence of the g factors of 002 ZnSeOu;6H20 in

the 70 plane
The angular dependence_of the hf;ccnstants of 002+: ZnSeou.6H20 in
the e plane. - The parameters used in3the calculation are
l_5975’gl—3)+5’ I—TTOG’A_[—EOG:(D 585 and B = L.se.
Plot of gj vs. gl as a functlon of o and Pp.
A B C D , E
1.5 1.0 -1.k5  -1.5
1.0 0.7 - 0.7 0.5

a -1.0
~p 1.0

The experimental points of'thevthree 002+ systems are found to lie

in the region of thefweak-field limit, a = -1.5.
Plot of g2 V8. n2 for the three planes of C02 :.NiSeOﬁ 6H20 The
points -of dlfferent planes fall on different stralght lines. |
Plot of g-L’A2 V8. n2 of Co2 NiSeOu 6H20 for the Yc and ab planes
The angular dependence of the-g values of 002 in the yc plane of -
NiSeOu.6HéO. The'ddtted curves_are calculated fnom gk = 6.318,
gl,— 3.38 and ¢ = 61.5°.

o

The angular dependence of the g values of Co 1in the ac plane of .

NiSeOh.6H20. The calculated curves are drawn from a set of para-

meters different from these of Fig. LO.

An'illustfation of & false assignment of axialig.factors.from.the

data of only one plane. The angle o is measured from the a axis,
whereas the direction cosines use the a measured from the c axis,‘
The ac plane data of sspherical co?t s a-NiS0) .6H,0 are used.

Plot of g? vs.in2 for the ab and ac planes of Coe+: a-NiSOu.6HéO.
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46,

L7,

L48.

Lg.

- 50.

_178;..

Observed and calculated g values of. Cozv.'a-NiSOh-GHQO in the ac -
plane. The parameters used are g# 6 3k, %L = 3.40, and ¢ = 60°.

The angular‘dependence of the apparent g values in the ab plane of

Cu2 : a-NiSOh°6H2O. The crosses are the observed values and the

dotted curves are calculated from gy = 2,905, g = 2.486 and ¢ = T0°.

The observed lihe'pesitions[qf the‘Ni2+‘spectra in the yc plane of
a—NiSbnf6H20; The-circles'are-thosebtfansitienslbetween the ex-
cited states, "high—field" transition; ahd the crosses are thev
"coupled¥palr" £ransitiqn;

The same as Fig. 46 in the ab plane. The dots are the second'kind

~ of “the "coupled-pair"vtransition.

A model of the "coupledfpsir" trénsitidnw _Two_non-equivélent iens
take psrt in the simultaneous transitidﬁs,'the net'energysof_which
ispedual to_the.resbnaﬁce energy. Here the magnetic field is.p
ofiented'along the x axis of lbn 2. Ion 1 undergoes a downward
tfensipion from W(-l) to W(O),"while ion 2 updergqes.an upward’
trapsition from W(0') fo‘W(dl'). Iﬁe'shaded arpow representsvtheb
difference in the-two transition-energies. ‘
Observved (dots) a.nd calculated (solld and broken curves) field
positions of the coupled-palr transitions of Eq. (66) in the Yoo
plane of a-NiSOh-6H20. The 1-2 pair and phe 2—3'pair'cfoss;at the
Y axis.

The fleld pos1t10ns of the coupled-palr tran51tlons in the ap plane

of a-leOh 6H O The circles are the experlmental p051tlons, while

the solid curve is calculated from Eq. (66) and the broken curve‘is

from Eq. (67). Qualitatively the coupled-pair transitions in the ab

¥
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. broken cur\fes,'.__ - |
51. The anguler dependerice of the g factors of Cu°' in the (111) plane
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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