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THE EIECTRON PARAMAGNETIC RESONANCE SPECTRA OF O-- leoh 6H o
AT LIQUID HELIUM TEMPERATURE

William Thomas Batchelder
Inorganlc Materials Research D1v1s1on, Lawrence Radiation Laboratory
and Department of Chemistry
University of California, Berkeley, Callfornla
ABSTRACT | |
vThe.éiectron paramagnetic resonance:(EPR) spectrum of a'NiSOh-6H20
h;_as' been smdiea at tenip.ératures ranging from 1.2 to’h.2°K. The EPR
sﬁédtfﬁﬁ'of.thé powdéf is dominated.by.an intense absorptién néar_lOkG
at 9 GHz; Forvsiﬁgle-crystal measuremehté this is shbwh té be‘ah ailowed
transifidn.betWeen the Ni2+ spin states Whén>tﬁe'magnetic field is ?ér?
pendicuiaf.to the uniQue axis 6f the Spiﬁ Hamiltonian. Ananlysis gives
E = 0;055i0;005 cm'i;.if we assume that D ='M.7h‘cm-l as found by Fisher
et al.jfrom'thermodynaMic measurements;' o |
'AThe'far infrared_éﬁéctrum from 5“cm—l to 25'cmfllhas been observed
with rﬂég;n.e;ﬁic fields up to 50 kG along the"'c-gxié'both at 1.3 and 4.2°K.
The zéfé f?eld spectrum at 1.3°K is diseussed in'térms of é nearest
néighbgffexchange interaction model. The value of J = 0.12 em ™~ is
' obtainéﬁ-fOr the Ni2+ exéhange interactioﬁ between unlike neighbors.‘ The
exchaﬂgé interactién bétwéen like Ni2+ is discuésed in terms of excitons
and the D valuevof Fischer et al.
The'EPR spectra at X-band énd K band of impurity ions 002+,
_Mn2+, aﬁd Cu2+ have been obsefvéd. The spin Héﬁiltoﬁiénvparameters
nécessary tovdeécribe the angular dependence'bf the CoQ+ spectra are
g = 65ﬁ&h? gl = 3.162, aﬁd AH.: jOXlO_ucm'l; The magnetic z axis of
the Go™ ions forms the angle ®:: 60.7%'with respect to the ¢ axis of

the crystal latticéQ These'pafaﬁeters ao not yield an exact description

y
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of the experimental data. The exchange interaction between the Co2 and

Ni2¥ ions is discussed. The g values for CuZ are g = 2.890, g| = 2.481.
For Cu. the angle is found to be 61.8°. The effect of exchange on the
o+ s o+ | X
Cu . g-values is discussed. The Mn spectrum was found to be exceedingly
complex and could not be described by the'usuélispin_Hamiltonian parameters.
This had-béen attributed to the strong exchange interaction.

The magnetic properties of NiSou-6HOO,have_also been discussed with
regard to the more. detailed description of the'spin Hamiltonian parameters
v o4 : R - ' A
of the Ni ions and the size of the exchange interaction made possible -
by spectrpscopic techniques.' The crystal.étructure of a-NiSOu-6H20.is

- described in detail.

<.\"
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I. INTRODUCTION

A great deal of electron paramagnetic resonance (EPR) work has been
dedicated to the study of paramagnetic impurities in diamagnetic lattices.
These studies have yiélded a large amount of infcrmation‘about the magnetic

parameters cf the transition metal ions. By grow1ng single crystals w1th

suff1c1ently small amounts of paramagnetlc 1mpur1t1es, any perturbatlon

of the paramagnetlc splns by nearby paramagnetlc ions 1is av01ded If

the percentage of paramagnetlc.lons is less than 0.5%, the magnetlc
paremeterSAere in generel confrclled‘by’the symmetry‘of the crystal‘field
at thejSite.in which the‘paramagnefic ion is located. In'suqh cases;

the parameters can be_eXplained using the‘"spin_Hamiltonian“vapprcach.
Mcre'reéently, considerabie effo':r"tl_5 has.been dedicaﬁed‘to the study of-
sémples;in”ﬁhich the concentration of paramagnetic ions is'increased to
about: 5%, In these studies, in addition tO’thebusﬁal epeCtra, new acsore—
tions are‘visible which can be explained as arisingvfroﬁ the exchange .
interacﬁions when two paramangetic ions occupy nearﬁy’sites.

The study of pure paramagnetic salts via EPR at low temperatures

has ceen very limited.since.the exchange effect in such salts is_usually,
suff1c1ently large to lead to a ferromagnetlc or antlferromagnetlc etate
at low temperatures. Thus, the problem becomes one of studylng a system
with long range order 1in Whlch the. exchange effect is domlnant From

7,15,16

the work of Giauque et al. Ni SOA 6H O seemed to represent the some-
what.unusual'case:of a paramagnetic salt which became neither ferromagnetic
Ho amﬁ; re.ri-‘<;:mamam@_, even at . very low temperatures. It seemed like an

ideal material in which to study the intermediate case of the paramagnetic
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ions with significant but not:domin3nt exchange interactions. In addition
_ the'fact that the ground state was-non—degeneratevrepresented an interest-
ing éaserof pure'second—order paramagnetic materidl. Thus, NiSOh-6HQQ

seemed to present a particularly interesting system for study with EPR.

L




II.. SURVEY OF PREVIOUShWORK'

The hydrated salts of Ni (3d s B = 1) have received considerable

attentlon in the past 8- 10, 19,20 -

Mach of the work on NS0y -6H,0 was re-
'examlned by Stout and Hadley ll_ The results of their wark on.the.heat
capa01ty of leoh 6H 0 powder indicated that the ground state was split-
into three separate levels in Wthh the upper two levels are 4.48£0.07 cm -1
and 5.05~0.07 cmvl above the ground state. If the above splittings are
written?in'the usual spin Hamiltonian notation,‘viz. | |

| o ¥ o= e H5+ D'SQ + E‘<s9‘ - si),
they gi:;re:D “E=L4.48 cn ™t and D +E = 5.05cm . In addition td
theee-values,;however,'it is alSO‘necessary'to determine the é yaluee'and
the.anéle=J ¢,-which is the angle that- the magnetic.z axis of a glven site
makes,nith the crystallographic ¢ axis; and theISize of the exchange and
dipole-dinole interactions hetween the'Ni2+ atoms (if they are sufficientlyv
larg'e).bl':" Sitout and Hadley-,found g, = 2.216, g, = 2.212, g, = 2.181, ¢ = Lo.2
best repreeented their data. ‘Howeter, theserparameters do not deséribe :
_ thelr:data terfectly._>In,order to fit thevmagnetic susceptabillty, it

was neoeSSary to include an exchange term in the'epin Hamiltonian of thet

form,:HlJ = 2 EJZS (S ), where J is the exchange 1nteract10n constant A
o ity : . :

z is the number .cf nearest nelghbors,'and (S) is the expectatlon value of
the spln angular momentum operator, thermally averaged over the states. -
Using the.susceptiblllty data alone, it was found that 2J = -0. th cm -1
-gave the-necessary'correctlon'to the theoretical value_of the suscepti-
bility at liquld helium temperature. Analysis of earlier data taken by

Watanabe” at low temperature in a similar manner gave 2J = 40.156 em ™t
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Hoﬁever,fétéuf aﬁd Hadléy found that unless sz,JtHé.temperature aependence
cf the sus¢éptibility‘ovef.a wider teﬁperature region indicétes thaﬁ o)

is not'cdnstant.  Thé angle ¢ should remain consfaﬁt_since there are no
phase tréﬁ$itioﬁs in thisftemperature range;15 Alsb; the diéole-dipole
ihtéracfibh béfween Nie+ may make a small but_siénifiéant contribution

to fhé éﬁséeptibili£y.' We can conclude that ﬁhé”Véiue.bf J is still un-
cerfain. | : _ | | |

Mofé*recently Giauque et. a.}7’15—16 have done extensive magneto-
thermodyhdmic'work. Using these results, Fiéhéf énd Horﬁung have arrived
at a consiétent set of spin Hamiltonian parameteTs‘which describe'the
magﬂetization and the heat capacity.data of.a'single crystal'of'Nisbu¢6H20
from 0 to 96 kG. :They found excellent agreeméﬁt when b =-4f7hli0.00l em
E = O;Qlib;06 cm-l,*and ¢ = 29.0.  They also foﬁnd that to fit the data
exactly? an internal,fieldﬂcorrectioﬁ.of the form y-M was necessafy, Whére
Y is a molecular field constant and includes both exchange and dipole-
dipolé'coﬁtributions. VThis'consﬁaht, Y was‘foahd to be slightly aniso-
tfopié"éﬁd equal to 0.266 moles/cm5 aipng both the a-b biseétor and the
a axéé’ahd equal to 0.272 moles/cm5 along the c axis.

:The'results of GiauQue et al. are in the greatest disagreemenﬁ with
those Of‘Stout and Hadley mainly as to tﬁe value of E. There is no doubt
at ail butlﬁhat the heat.éaﬁacity-of the single crystal of G&aqque is of -
much greater accuracy than is the powder work of Stout and Hédley; For
this féason, one must conclﬁde that the large B value found by Stout
and;Haqley is incérrect and that it bnly indicates the difficulty of
obtaining energy levels from:heat capacity measurements on polycrystalline

samples. -

1



Iffthe‘moiecniaf'fieid enproach.is'justified, then it’is.possible
to use.Meriyatsl7‘calculation to:find the maximum J Vaiue possible such
that no>trensitien to'e ferre or entiferremegnetic state‘is cbserved even
- at ObK; :(in all work to date, no such transiticn has been Qbserved down
to O.MAK.)i_Ifaone assumes that the.x'axistis the easy axis of magnetiza_
tion, Momiye finds, using a molecular field model;*that 2J must be less
~than D-E/z, or using Glauque et al.'s parameters, iess'than 1.2 em™L,

While thls calculatlon is crude, it can be expected to: glve a rough approx1—
met ion of the maximum possible J that might be expected. |

Bloembergen and'HOul8 have  examined the effects cf an-electric field
on the peiemeters D and E atbliquid helium temperature. _Their’expefi—
mentsiare;consistent with'the.work Cf-Stout.and Hadley._xThey-examined
the EPR?spectrum of NiSOu'6HéO-at'K band at liquid nitrogen tempefatufev
and repcrt an absorption at 6500400 G when H was placed along the ¢ ax1s
Attempts to reproduce this 51gnal in the: apparatus used in thls thes1s :
were unsucessful. Bloembergen and Hou also measnred the magnetlc suscent-
‘abilit& eiong‘the a and c axes. They estimated that 2J = +0.104 cm—l. It

should be noted that Bloembergen and Hou do not describe the shape of thelr _
sample and were prlmarlly concerned with the paramangeto electrlc effect o
in NlSOu 6H 0.

Of all the work carried out on NiSOh'6H20, that of:Giauque et al. is
the mestncamprehensive and detailed. chever,brelativebto'spectrosccnic
techniques, the sensitivity of the heat capacity measurements end the |
susceptibility should he»mnch lower. since it is necessery to obtain energy

level data indirectly. In many respects,. this is a distinct advamtage
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as the'compiexity of the unit cell and interatomic interactions in the NiSO, -

6H20 system hes'repeatedly ma.de ensljsisvof'e wide variety of spectra
Vexoeedihgly diffichlti' Hsrtmsnn ahd.Mullurgu haveiexaminea_the opticali
spectrumﬂof NiSOu'6H'O. The fittihg of their speetra'hss been discussed
by A Bose and R. Chattergee, but beyond a general adaustment of the
parameters, these workers had no success in assigning one -or another of
the magor_ebsorption bands (depending on how the various crystal field
parameters are‘assigned); It'is~possible'that'the*unusﬁel absorption
bands are due to colleotive effects such as excitons. | v_

ln;this thesis the EPRuspectrum of Co?+,’Mn2+,-end Cb?+ in NiSO&-6HéO‘
are.meaSured in the hope of furtherielucidating the3hature‘of the ‘spin-
spin 1nteractions in NiSO, -6H, 0. While it wouldiappear.that'EPR should
be ideally suited for the determination of such interdctions,. especially__
in‘theicase of Mn2+, the acthal spectra are exceedingly complex,- The" EPR

. . ,’. . 2+ . . . . N . )
absorption for Ni ions between the upper two energy levels was also

observed:in the hope‘of'accurately determining E. The most obvious

method‘of'determining D and E is the direct observation of the far infrared

. L . -1 ' o :
absorption near 5 em ", This also was carried out with.interesting results.

‘Several other types of experiments are possible. While most of them are’
theoretically appealing, ‘'some present formidable technical problems. The
first is suggested by the work of Becquerral van den Handel, and Kramers22
and Levy and van den Handel, 23 (these workers found that w1thin the experie
mental error, J=0 and D=2.T74 cm -1 on the change of the rotation,of'the
~plane of polarization of light with change.of.magnetic field (Faraday

effect)). While the Leiden workers used opticdl wave lengths, a similar




eﬁperi@ent ceuld be carried out in the miCreweve regien using the absorp-
tion Qbsered iﬁ the EPR:eXperiments. Theée data’could be'felated to the
suseepﬁibility and the eﬁchange interaction. A second pOSSible experiment
would be’fhe direct_observation:of the NMR of a suitable diamagnetic im-
purity_‘_(é:g.lll ca®" ana M2ca®t) in the miT' sites. This could, if
detecteble; offer a direct measure'of thevmolecular field. The work of
Giauque et al. has indicated that the spin—lafpiee relaxation of the
proton is sufficiently short that the proton NMR should be eas1ly de-
tectable. However, s1nce there,are 48 1nequ1valent probons 1n.a_gn1t ceil,
these spectra’might be exceedingly cqnplicated. Tﬁirdly, there is the
possibility of'foilowingbthe.temperature derendence.of either.the infrared
or the EPR absorptiop spectra since the Boltzmapn populatioh varies con-
siderably between 1.3 K and 4.2 K (Table I). Both of_these'ﬁefe etﬁempted.
in the ease of EPR, as discussed later, the intensity . changes had appre-
ciable effect on coupling and cavity Q. However, if each variable in

the apparatus were carefully callbrated it should be p0381b1e to obtaln

more sensitive results fran this approach

TABLE ‘T

. : ' Exicted State Population
with D = M 7& and E=0 ’

Ten@erature Ky Fraction in Excited States
1.2 , - 0.007
2.0 - . 0.062
3.0 o 0.7
4.0 ' o 0.28

. : . ’ . P
& Q.07
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III. EXPERIMENTAL TECHNIQUES

A. X-Band Experiments

Thé'EPR épecffa were, in most cases; takeniénla Varian.VMSOQ
speCtrometer operéting dt X:band.~ Ail Spéctra were»takeh at 4.2°K or
lower (down to 1.2°K)vusing apparatus;COnstructea_by b; W. ﬁrétt. The
additioh of a pump'wiﬁh éreéter pumping speed allowed somewhat‘lOWer
temperétufes to be obtained (1.2°K with the Weléh'Duo-seal.lBOY versus
1}5°K'Qi£h the pfevious'arrdhgement). A'nine_inéh Vafian'magnét wifh:
"Fieldiéiﬂ unit (V-FR2503) was used in all but the_éx@eriméﬁts done at
the high'ehd of the Xfﬁand fredué1cy_region when a_Pacifi¢ Eleétric>ﬁétbr .
12 inch magnet was used to attéin a somewhat highér fiéld.  Sin¢e in_all_
experiménts with thé»Ni?+ ions we vere nét noise limited;'a'véfiety'of
microwave power sources were ﬁsed in conjunction with simple EPR absorption
speétfbmeters,_ A‘folaroid variaBle frequéncy'oséiilaﬁor,.Model 1207 whose
frequénéy:range was sufficiéntly high so as to ;lléw‘some,eiperiments at
frequéhdiés just above the X-band wave guide"éut off was used in such
configurétions.. Aléo,'a Hewlett Packard sweep oscillator, Model 8690A
Was-gsed in some experimenﬁs,-asvnoted in Figs. 1 and 2. 1In géneral,
-howe#ér, the sepctrometer useé:was identiéal to thatvdesbribea in detail
by D;:W; Pratt in his iow-temperatufe experiments.

lThé'measurement of the fieid and microwaﬁe frequency was accomplished -
by an eﬁternal NMR and Hewlett Péckard freqﬁency counter. The NMR
"oscillator was a HarveyaWells FC-50° with a febuilt power supply and a
proton probe. The high fiela measurements %ere very difficult due to én

increased absolute inhomogeneity in the field and due to the low signal ©



.to'heise'retiovof fhe Hervé& Weilsviﬁstrumeﬁt aflhigh field. ‘It was

found neeessery,'upoﬁ sweeping through resoﬁanee,.te move the megnet

sucﬁ thaf fhe NMR probe could be placed_in the exeet center efthe field
‘in.order:toxget a detectable signal,,‘While this would necessarily lead
.to some.additional uncertainty with respeCt to reproducibility, since the'
hlgh fleld ng absorptlons were very w1de, the uncertalnty was small with
reSpect to the matural errors in finding the center of the llne.  ItV
might be added in this connectlon that the reproduc1b111ty of the
"’Fleldlal" on the Varlan Magnet at fields greater than 9000 G' was detec—v '
table uncertaln in fleld presumably due to heatlng of the w1nd1ngs and

the pGWer supply It was found necessary to-repeatva glveﬁ_measurement
many tlmes_before the exsct"eenfervof the line could bebidentified wifh

real confidence.

' B. Resonant Cavities

Tﬁe'cylindrical'microwave.resenaﬁt cavities (Fig. 3) were construeted
SO as'fe have two’cenvenient resonant frequeneies (9.2 and 9.5 GHQ whehn:
‘tefleﬁrfilied) and the necessery dimensions to fit inside.the liduid helium
dewar ﬁith a mode such thet the magnetic vector of the microwave field was
Qrieﬁted in a plane perpendicular tohthe plane defined by the laboratory:
magnetic field in all orientations (TE o11). ‘Some difficﬁlty was en- |
couﬁtered in suppressing.the excitation of thevTM 01l mode which is degene -
rate Wifh the TE Oll‘mode; .Sincevthe ™ 011 mode.has currents running |
from t0p to bottom of the cavity and the TE Oll mode does not, the insula-
tion of the. bottom of the cav1ty from the walls via. a thln teflon wafer
waulﬂu\\ee AN E W puppresging the unﬂn:iued wode . A,51m~]qx attempt

to achieve the same end by palntirg the silver coupllng w1ndows wa's
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unsucceséful>due‘togthe severe temperatﬁre'éhangeé causing,peeling of the
bpaint,='1£fehould also be.noted that while a 7/i6f'coupling window was
ade@uaﬁe'ih many eXperiments; the ﬁafiable coupliﬁg apparatus'desighed

by A. J.inldlo'26 ‘weds in‘gevner‘é.l a great improvémenf. The resoﬁant frequency
of thezeeﬁitiesvcould be cenviéntly lowered by-the_addition of quaftz

disc (.J% : 2 for quartz eé_eompared to‘Je‘=,l.hh for teflon) or raised

by the remé#al of teflon. | | | '

In}this wa& the frequency of the cavity cdﬁld be-varied_over the

full iangenbf klystron inzeuécessive>eXperimehts quite.eaéiiy.; Se#eral
low'f?eqﬁency (S;band)_experimeﬁts‘were attempted.in the X—bahd epperatus'<
by use Qf:a coaxial eavity."A coexial'ee&ity with an unloaded Q of'abeut
twWo thoueand was constructued, but upon eddition'ef.éamplé;ithe Q'ﬁas_
suffieientiy reduCed S0 es to make'deteétion of eveﬁvthe sﬁfbng Ni2+ signal
uncertain With the crudevspectrdmeter We had set.uﬁ.v A seeond drawback |
in fhis'eaee ie that theemagneticcomponent ef]fhe micfowave standing wave
is in'thepblahe ef_the laﬁbratory magnetic fieldgbthus making the direction
of Hl with respeet to H;’uncertain; A mere useful approach, but one
Whieh-WOuld require more delicate engineering and impedance matching,

is the_traveling wave»heli#;

' C. Sample. Mounting

'I?itiai'studies.were_carried out on flat plates of NiSOh'6HéO
singie crystals provided by Semi-Elements Corporation. The cry stals
cleave:conveniently into piates with the c-axis perpendicuiar to ﬁhe.
.plane'ef_the plate. Experiments in the a-b @lane were therefore
easily-aceomplishedf _Experiments'in the ase plane required thevconstruc-

tion of a crystal rotator. A small hole was drilled in the center of
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the crystal plate and it was mounted'on_é quartz rod which in turh'was

imbunfedithréugh a small'hole in the cavity wall. The quartz rod was

conhecfed'to a short lever arm which in turn was connected toa lever
arm of idéﬁtiéal length outside the liquid heliﬁm_dewaf. In this manner

the erystal could be oriented in the desired plane_by using the krnown faéts

about the crystallographic structure and the Co resonances (assuming

2+, f ' + o : ‘
that the Co  ions were located in N12 sites). The crystal rotator
appears in Fig. 5.
A simple order of magnitude calculation indiCates_that shape effects

in cohéentrated paramagnetic samples can be significant_in the same way

as in ferromagnetic resonance. Therefore, the g values obtained in the

plates will be incorrect'by a small but significant amount.. In view of

this a single crystal sphere 7 mm in diameter was machined and a small

“hole wdsfdrilléd in it to'a depth of 1/16". Thé sphere was mounted as in

Fig:.H'With'a glass rod glugd in fhe‘holef The'épystal.was then oriented
by Prpfeséor'K. Rajmond with an X ray ﬁfecéssion camera using the glass
rod aé é'handle for adjusfmehts. The accuracy of the mount was found

to be +1° or less for alljorientations.

D. Temperature Measurements

Témperature measurément was'accomplished Via A carbon reéistance
thermomefer and fhe vapor pressure of the liquid helium. The vapor
pressuré of the liquid helium was found to be sufficiently accurate 
for allvé#pefimenfs below 4.2°K. No aﬁtempt was madé'to controi the
température éxcept_by chénging the pumping speed with a valvé. At leasﬁl

10 minutes elapsed before data were taken; after a small temperature

change,;ih order that equilibrinm could be established.  If a much more
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'elabdrate‘fémperature control'apparatus were available, more detailed

‘in:format--ion could h_avé been obtained froam such expéf:'me_nts.

E. X-band Expgriments
f"'Sevéral K-band experiments were atﬁempted‘uSing a bridge conssructed
by J. Tevébaﬁgh28 and the same simple spectroﬁeter design as in Fig. 1.
The freéuenby was varied from 19 GHz to 27 GHz. A véry large‘dispefsion
signairwég'detected but no peak in absorptién appeared dvervfhé.field
;ggiqn.é.té 11 kG. at any f;gg@ency. .It is-presumed:thét-this éignal
wﬁs dﬁe.tQ buLk effect such as creation of phongns in thé sbiid'and_not

_ PR L ot 2+ . o
due tontransitions at individual Ni or Co sites. They were there-

fore not examined in greater detail. /

o



IV. . CRYSTAL STRUCTURE

The crystal structure of a—NiSOh‘6H20 was. first determined by Beevers
. : - ‘ : 4
and Lipson53 and subsequently discussed by Beevers and Schwartz.3 The
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hydrqgen bonds were assigned in a paper by O'Conner and Dale on NiSOu._

6Dé0 (yia neutron diffraction analysis). All papefs suﬁsequent to the
initial éépef by Beevers‘end Lipéon.seem'to foiiow Staut acd Hadle;j'sll
descrlptlon of the lattlce which is w1th respect to the signs. of ¢. How-
ever,. the errors do not affect the analy31s of the heat capa01ty and B
magnetlzatlon data S1nce the angle o) Whlch alternates between + 0}
and -9 w1th respect to the c axis asione proceeds from one ngf 1oﬁe£o
the nekf along the c axis, entere their deta as Sin2‘¢ end‘nc'change-:
resulfe_frcm the error in the eign of b. |

Figure 6 shows the projectioc in the a-b plane of four nations in
'ene uhit cell without sulfates of water; ,The afreﬁs indicatebthe direc-
tion (bfcjected in the'a;b plane) of'the magnetic 2 axis for each Ni2
site. 'HEachbof the feur'ﬁigf ions in the unlt cell is located at O, l/h
1/2, 5/4 respectlvely of the length of the c axis, 18.305A. In the a-b.
plane the Nl " ions located at O and 1/2 are magnetically equiﬁalent.
Those located at 1/% and j/u are ‘also megﬁetically equivelent in the a-b
piane.  The above is aleo true for the a-c plane. In the a-b‘bisector,
c—plaﬁe,'fhe w2t ions et_O;and 1/2 are-equivalent'buﬁ_theseiat 1/h_anc N
j/h'are’not. | |

The nearest neighbors form a tetrahedron_ebout a given site. Oﬁe e
possibie theoretical model is,vtherefoe; the four nearest neighbafs

forming a "quasi-unit cell" within which there is signficant exchange
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_interaction between the'nearest neighbors.and the central ion but not with

those ions$OUtside the unit. However, if the ekchange interaction between
o+ ’ ' ' '

NiZ" ions ié:sufficienﬁly large then it is'nepessary_to include more than
nearest1néighb§r'exéhénge effects. Exémination‘of the cryétai stfucture

' indicatéé thatvthefe is a helix bf rniearest néigﬁboré about the c axis andv.
a set aiéhg'the-a and b axié arranged in such a manner that one alternates
ﬁetweenrthe_o Ni++ ion position'ahd'thé 1/k bééitioﬁ in adjaceht unit
cells. ufhese twovchains of nearest heighbors sﬁoﬁld make the largest
contributioﬁ to any long range exchange'interactioﬁ,

| _ Thejfoﬁr nearest neighbors are 5.7 A ffom;a giVen'Nig+_idn. The four
neﬁt héarést.neighbors are along the avand_b axes and are‘6.79_A from ai.
given Nigf'ion."A élearér pigture of thé deﬁailé of the:lattiée can be .

obtained by examination of = model such as Fig. 7.’vaportant'1aftice '

parametefs éré given in Téble II.BBfiﬁ
TABLE ‘II
= 18.3g5A L |
a=b = 6.7T9A x/a. , y/b z/c
S .,2+ ) i o : »
0 . Ni (1) 0.7126 L 0.7126 0.000
T, - . e .
1/A'Ni-+- (2) . 0.7710 . - 0.2080 - : 4.576
1ﬁ?N£+~(5)f, . o101 o 0.2101 9.152

5/4LN12+ (%) . 0.2080 | 0.7710 _ 13.728
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V. Ni°' MAGNETIC RESONANCE

" A. Results and Discpssion 2
Tﬁe ﬁest‘intense'feature'of'the EFR Spectrum is Qbserved in an-X—band
speetrometer close to 10 kG. 'This ebsorption is observed‘in.single'crystal
‘ when H 1é.hear the'a—b'bisecter. It can also.be'ebserved.in finely
powdered samples of - NlSOh 6H 0. The pos1tlon of the max1mum in this
absorption is very nearly the same in both the powder and in well oriented
31ngle crystals. |
Thls absorptlon has a half width of about l kG at L.2° K in the powder.

A typlcal Spectrum is glven in. F1g 8. When the temperature is decreased
to 1. 3 K the width of the absorptlon decreeses and there ig a small shift
in the’max1mum field position to lower‘fleld. ThlS fleld shift is in

the eameddirection as?the'chenge'in bulk ﬁaghetization of the'semplelb‘
with.temperature. This absorption wes observed using frequencies ranging
from 7;§5Hto'io;8. GHz;ivThese results are eummarized in Fig. 9.

.In?éingle.Crystale;"when Ho is'oriented eweye-fron the a-b‘bisecter

the abeerption'decreases in intensity and’shifts toward lower field.

A splitting in’this absorption can also be observed, but this effect
_will.be‘disedssedlin a laterwseetien. Another majer eheracteristic
in'the'stifted absorptiep ie a striking temperature-dependeﬁce. About_
10° away from‘the:a-p bisector, lowering the‘tedperature'fremrn.E to

1.3°K causes a down-field shift of about 1 kG. This effect will also

be diecdssed later.

Sdpce-the thermedynaﬁic measurenents of Giaﬁque et al. can be accuretely.

' _ L +
interpreted by assuming little or no interaction. between the Ni2 , 1t seems
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reasonabie.that'thisrintense absorption ean‘also‘beVinterpreted'with the .
same aseumption.' The Zeeman effect level spacings"for isolated Ni2+ are
Shown'in fiée; lOa;b,and_c. ‘The parameters in thesedfigures are close -
to thoee-eyaluated.by Fischer and Hornung.7 With a quantum of 0.3 cm_
and fieldspof'lo kG or less,vit is quite apparent that no EPR‘transitions
can be.observedﬂfrom the ground to'either excited state. Transitions
betueenxthe{eXcited-states eouldi however, give EPh absorptions in thiqip
range ofvfields. A clear experlmental proof that this indeed Was the
case was shown by the temperature dependence of the spectrum ' One would
eXpect the 1nten31ty to vary directly with the relative Boltzman popula- .
tion'of the two eX01tedxstates. It was found to uary as predicted w1thin
eXperimentai error, i.e. the'inten51ty dropped markedly ae:the temperature
wae louered.by stages‘from ﬁ;ébK'to 1.3°K. This'experiment.eonfirmed
the D parameter of Giauque et al. to within i.O 5 em~l;

The temperature dependenee ‘of the intesnity of the N12+'absorption
is a method by which the E and D value can also be determinedrwith much
greater?aceuracy_than.the 10.5'cm;l'indicated ABOQe. HoweVer;_muoh‘atten—
tion must be given to other variables in this experiment if there is to be
any.confidence in the reSulte.b Those things whioh could lead to false
changee_in‘intensity are: .Variations in power reachingfthe-detector,
variation in cavit& coupling with temperature, variation in cavity Q
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factor. Feher discusses the’change in spectrometer sensitivity (using
- cyrstal.diode detectors) as a function of cavity coupling;'vHe shows,
and we have confirmed, that coupling between 50-80% of the microwave power

into the cavity has only a slight effect on sensitivity, Since it is

possible to adjust coupling to within tl%, this should'not be a limiting
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soufce’of error. _Thé same resetability is possible with power reaching
the diode, if one uses sensitive attenuators and a micro-ammeter connected
to the detector. The only assumption necessary, thefefore, is that Q is

essentially_constant»over:the,tenperature range of the experiment. The

electrical properties of the cavity are indeed nearly constant, but fhose
of the sémple-are not. -In fact, since we are dealing with a concentrated
sample’of.pa?amagneticvions, whose properties afe changing fapidly with
temperature, the sample itself can bhange Q by mofe than»a‘ﬁmall'amouht
Cif it is a large sample. Héwever, if a small sample is,used,vmucﬁ more

reliable values of D ahd.E.cén be obtained by‘this‘method.

B. Iéoiated ion‘Theéry ‘ 
In.éfdér to quanfitativély assign tﬁé obser&éd:fransitions, it'isv
vnecessarymfé firét.develbp the spin.Hémilfonianbformalism és appiied fo:
Ni+2 in a distorted octahedron. It has been shown29 that a transition -
metal ion.with S=1 in a site With rhdmbéhedral Syﬁmetry can be described
by a'épin Haﬁiltonian of tﬁé'followiﬁg form: |
o XY 2,

: 2 +
H = (8 >i g; H; ;) * 08,7+ 1/2E (87 + s

_2)

For Sélnwe can immgqiately.write’doﬁh the matriﬁ'rgéulting'frdn this
_Hamilfonian_which is appropriate,to tﬁe case that D > gBf H:
Cwo) W-1 e+
| Blet -dig HI  BlgH +igH]

Vo o e

| ﬁ"‘w(‘O) ’_ 0

B[gXHx,+ i ngy]
J2 |
Blg H -igH 1

Jo

Y(-1)

D-pgl - E

P(+1) E | D+6gH
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where 0, -1, +1 correspond to the quantitization of S along'z.' If one

appiiesVa'two by two-rétation of the above matrix via the unitary trans--

fofmatibh, T, one can obtain the E elements on the diagonal where T has

the following form:

0 )

1
T = bos_ef_,—sin e
0 sin & +cos 6
And thus,
1 o 0
T—; = 10 cos 6. - sin 6
| 0 - -sin 6 cos 6
where tan 20 = E/B g, %he.Hamiltbnian matrix becomes:
(o) S S SR
v . llﬁngX(cose -sinB) 1 B gXHX(cos6+sih8)
 W0) 0 | V2 2o
H 6+ : 9 . B _ . 9
.15 g, y(COS  sin@) lﬁ.gy y(cosG sind)
J2 J2
B g H (cosf-sing) : v _
: XX D-B g H cos 26
- W- . . _ 0
' | 1B g H (cosb+sind o
| " -E sin 20
Vo
B g H (cosB+sind) :
A DR g H cos 20
\/—2’ . Zz 2z
s , 0
iB g H (cosB-sinb) : o :
L + E sin 26
Je
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Where _  ) Y o ¢(-l) cos O - ¢(+i)‘sin 2]
¢+ _=. 'l/{(-l) sin 6 + ’lp(+l) co‘é .6 |

For experiments with H 'in'theva-b-plane,_Hl.is,directed alohg the c

0
axis in our cylindrical cavities. We wish to‘caiculate the transitions
bétWeénzthe fwo excited states, ¥'and @, The intensity of such a tran-
sition i;bpropdr£ional to cos® ¢:[ (¢+ ]SZI w_>[2 since‘Sévis the only
‘component of S connecting"wf and ¥ . Thus, |

I ,“.;i<W(-l) cos 9_“W(+1) sin © lsél Y(+1) cos 6+ w(—l)wsin9>lg

I‘;'(E sin 6 cos 9)2 COS%"¢ - sing 00 0032 "

. S - 5 : ‘Sin2 29 .

but since ‘tan 20 = —————_75___

' ; 1- sin” 26

E2 - : . :
: +

(g8 H)™ +E

T «

In the a-b plane Hx = H cos & and Hy = U sin @ where O is measured from
the y axis which corresponds to the a-b bisectOr.5

Thenr

H, - H - H cosa . H - H = -HO sin
‘yE yu o . yl .‘ yS
H = -H = -H sinQcosp H: = H. = Ho-cos o cos.P
X2 xh 0] - Xl X3 .
"H = -H = -H sinosingd H = H = H cosasin¢

o ‘ L ‘ . O
where.1l; 2, 3, 4 designated the four magnetically non-equivalent Ni sites.
- It is obvious that for @ = O there will be an absorptioh with a relative

intensity ‘ 5
o B . 2
I « 5 — cot” ¢
(g, B H)

for site 1 and 3, andvI'a:cos2¢ for sites 2 and k4, if g B >> E. . Since
in the a-b piane site 1 and 3 are related to 2 and 4 by a 90° rotation

in the a-b plane, it is expected_that asone rotates through 90° the
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-allowed absdrption from sites 1l and 3 Will"steadilyvdiminiéh invintenéity
‘a8 d_appréaches 90°, while those dué to;sites 2 and k will steadily increase
in intensity as abdppfoaches 90°. This willbgiVe.ébspeétrum‘in the a-b )
jplane with én apparent péfiodiéityfof 90°. |
HaVingbéstablished that fhé excited'state transition is indeed.allowed;

it remains.to,show its ékplicit angular depehdeﬁce as Hovig.rotéted in .

the a—b'piane. In or&er~to do thié approximateiy we apply pefturbation

théorj tbvseCChd Qrdeonn the geheral'matrix (1)4v§ndbweffindAthe energy

differeﬁce between the two excited levels:

2 B g, H cos 29 +2 E sin 26

(é g l)%H + H )(5 g, cos 29 + E sin ee)

2

]Aé =

D

. o
+  : (5% )(HZQ - _Hye) -8in ?»9

D

.where we have assumed D >> E and g, = g =g l

Substltutlng for cos 20 and sin 26, and 31mp11fy1ng we obtaln

| | ) 2
Ae = — L : ‘[2 (g” B HZ) + oE°. (be]) D x )E?}

VEZ +(gy B H )2

%)

Not j_ét'(_Hy2 - B ) = Hf, (a,¢) -and HZE = Hfy (a,¢), where & is the angle
'between.the a-b bisecfor and the HO direction, and ¢ is the angle between
the Site-z axis and the c axis. vMaking thevabove substitutions and : -

solv1ng for H, we obtain the fOllOWlng

R

KRS + A (gﬂa)’2 (o ¢)° -AefAee(g”B)“ £, (o ¢) +m<E2(K E(qls)g )£ (0y ¢>E
| oK

2(gy)° £, (0,0)2 D + (g)8)° fgga,m? :

D
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Inserting fbf’the_aéb plane, the relations

ey Y - - S~
fe(a’¢) sin” o - cos” @ sin (0}
fl(a,¢) = cos O cos ¢
It is immediately notiCed’that for most angles, many térms are small
and can be dropped and the angular dépendence in‘thé a-b plane can be

easily evaluated;

TABIE TTI
| H(gauss)/sitesfé'gnd L
o = 0o° o250 v = B.90 Giz
o = 300 280 D= hhemt
a = L5° " 3160 E = 0.03 cn ™" |
o - 6t oo g - 2.0k
a = T75° _ 6530 , v
o = 90° - 10120

The'sitﬁation is not so simple iﬁ the (a-b biséctor) - ¢ plane, but since:

H '  = H = H ' H = H cos ¢ - HZ gin ¢
"H.. = H = H sin¢ ‘ H = H = 0
R T - R
H = H = H ¢os ¢ H = H sing¢ - H "cosv¢
 Zl Z5 X), 4 y »
= ; + i
HZ HZ cos.¢ Hy sin ¢ |
HZL‘- = HZ CO.S ¢ - Hy Sln ¢
where ©

7z = c axis

Sy = a-b bisector
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~and a is the angle between H-and the c axis : S e
and . ¢ is the angle between the site z axis and the c axis
TABLE IV -

H(gauss)/sites 2 and 4 in (ab bisector) c-plane

-}

a = 0 1832 v = 9.01GHz

a = 30° 2115»:' '  D = h.7h cmf%: 
-..a; ;' 45" f. ._ ..2590 _. | . E = 0.03 em ™

g = -605f‘..' 157351 | f g = 'g.ehv

a = 755 o 6ézd o

o - o° - 10200

‘in a ﬁannef.siMilar to fhaf uSéd‘fof the a—b:plane,.the'feiativé
 inteﬁéity Qf the‘absérption spectra of ions in the (a-b bisector) - c
pléneEéén.be calculafed usiﬁg thé>abové combbnents of H - It is seen
that for the 2 and U siﬁésgéf the-uﬁit cell théfé'is O'ihfensity'foz-all
o] andvggﬁih a sihglé transition should be ébservedwat very low.inﬁensity
aﬁ thé_c axis and.risiné tova maximum infensity ét the a-b bisector
(Table.ii);- | | |

A brief examination of the data taken in the a-b plane and the
(a<b biséctor) - ¢ plane, indicates that qualitatively and semi—quantita—
tively, thé_isolated ion approximation giVes a satlsfactory explanation '  ‘:
of the data (Figs. 11 and'lE)?7 The quanﬁitative agreement is not as
good aéﬂthat obtained from data in ﬁhiCh_the'isolated ion approximation
isimoré,easily justified;.e.é; paramagnetié.ions in diamagnetic lattices.

. if one.uées'the relative intensity eQuation to calculate the value of E,



-23-

one ébtains (Figs. 13 and 14) from the a-b plaﬁg data the value E = 0.080.02
em™t ahd»ffom the (a-bvbisector) - ¢ plane the Qalue E = Q.O6i0.02 ém;l.
" These Qalués'do not give é particﬁlarly ekact fit fo the experimental
breSQIts.i'in féét these vaiuéé repfesenf‘anbovér—eétimate df the size of
E'sihce>the éavity Q and the ééupling ére.reduced COnsiderébly-when the
absérption becomes'very strong. 'The result of_thié effect is fo reduce
the meaéufed intensity near the a-b bisector axié:v Thé ﬁaiués'éf E |
obtained by this method shoﬁld be‘regarded as‘an upper limit‘tovthe_$ize
of E, rather than accurate measurementé. | |

" If E is very small one would éxpecﬁ the absorption intensity.ﬁg»fall
off very quickiy as one rbtatesba few degfees'away”from'the.é—b'ﬁisector 
axié‘ih'éhy direction. This gives a plauSiblé explahatibﬁvfor.the
ﬁarrowness of the pOWder'speCtré, namely'ﬁhatuE is much smallervtﬁaﬁ “
ngHz;ét'mbst orientafidﬁs; Thus, if one éésﬁmes in thé iéolated’iop
épprokimétion, that all ébéorption'ihtensify comes from the a—b_bisector
orientatioh, thén it is a simplé mattef'to‘calculaté the predicted fre-
quenc§'Vefsus field depeﬁdenéé of the abébrptioh‘spegtré for varioﬁs E

50 Using the data obtained from

values. 'Thié was done By Jane Schell,
NiSOu-éHQO powder and these calculations, one obtains an E value of
+o.o5:cm"l as the best fit qf‘the data -(Fig. 9). This, however, should
represent a lower limit to the E value since the apparént peak will be
dfawn‘to a somewhat lowér field by the ébsorptiénS'arising frém orienta-
tions §fvthe particles in'tﬁé_powder at angles near but not_ekactiy:aldgg
the a—b bisector aXis. - When tﬁe Single crystal daté takenvwittho oriented
along the a—b bigector axis,_the_value_of E'necessary to obtain a best -
fit was found to 56_0.035 cm’;.1: qu.cbmparison, the value E = 0.07 em ™t

yielded a value for Ho which was 20%.smaller than the observed field
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of lO.ﬁ‘kG.-_While tﬁevangularvdependence'ofvfhe1spectn§ in the a-bv

or the a-b.bisector ¢ planes cah not be'perfectly'fit.with*the inclusion
of'the}éxéhange'interaction, the best possible'fit-ﬁas oﬁtained in the
isolated ion approximation with E = 0.055£0.005. cm .

B Anié%périment was'élso carriedléutvto éeé:if tﬁé’meaéuréd E value was
températﬁre_dependent.' The spectrum was'measuréd‘ét,h.2°K.and'at.i.5°K
at variqﬁs'angles in the a-b plane and'the relative inteﬁsities were
compared{;; It was found that the E value waé téﬁperéﬁufe’indeéendent
over this range within experimental error. -' |

| _If_one;replaces aii neaf neighbors of a given N12+aby_p§int.dipolés
and célcﬁlatés fhe net field résulting'acéording to-B/r?hﬁaking”into
.accounf'thé rélative sign of each ¢ontribution; one:finds.ﬁhat thé‘ |
_ correction is much too small to explain thevdifférénce 5é£ﬁeen.the
isOlatedﬂibn model calculations and therdata; The majéf source of fhesé_

' ' § L et
differences must lie in the exchange coupling between the Ni  ions.
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VI. MAGNETIC RESONANCE, TRANSITION METAL ION IMPURITIES

>+
A, C02

The ESﬁ spectrum of Cogf impufity in NiSOh‘6H20 was first observéd
as a natur;l impufity in single c¢rystal samples.grownzby Semi;Elements
Corpofaﬁidn for Giauque et al. Tt ﬁas quicly aésignéd td Co2+ via its
chafacﬁérisiically anisotropic:g values énd eight liné hyperfine splitting
59C_o'I ;17/2.' The g anisotropy resulté from fhe admi#ture'bf sane excited
state tifansforming as ,l;ng to the ground MTlg state. T‘he:e effect. of the |
admixtﬁre on the g valueswas studied by Abragam and Pryée;BB and.@ore
' regentiy By Thornley et 51.59 Since tﬂere arerno data'available on
the excited states of Co2+ in NiSOu-6H20, noné of‘thevnecessafy parameters
(such_és 10 Dg) are known with sufficient accuracy to justify é cryétal |
field calcuiation éf_the anisotfopy. 'The usual:Spiﬁ Hamiltonian approach,
for effective'spin 1/2, was appiied. The Hamiltonian in such a case is:

X, Y52

}{ = > "g, BH. - S.
5 1 1 1

Since t‘hef C02+ spectra showed the symmetry of the lattice (e.g. 511 sbi*o_es
equivaléﬁﬁ.aiong the a axis énd the ¢ axis);iit Qas concluded that Co
ions Were‘in Ni2+ sites. Also; spectra in the‘a;b and a—c.planes indi-
qated fhgﬁ.the Cogf.sitesshad axial symﬁetry and therefore the épectra
éould.bé fitted by two g values, g” ané %Li Initial spéctra whefe taken
in flat plates of NiS0), -6H,0 since the singie crystals Vconvvev'r.livently
clea?e ihto such plates with the ¢ axis perpendicular to the plane_of'.
the'ﬁléﬁé. A good fit of fhe*dafa could nét bevatained;with the parémeters
availabl'e.‘v A simple caculation shows that one reason for this isa
shape:effect due-to'the féct:that_the 062+ iqhs:ére in-a paramagnetic
latfiée Which has a considerable bulk maénétizéfion}
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Yager andﬁBozorthuQ showed thaﬁ nhen H is perhendlcular to a thin
plate:hv': g B (HO - L) where'v”' resonant frequency, B = Bohr magneton,
g'=_spec£rOSCopio splitting factor and M is the magnetlzatlon of the
sample at the glven orlentatlon and temperature of the experlment |

If one uses Glauque et al. s publlshed values of M‘ one obtalns‘a
correctlon of about 35 G in fleld due to the'shape of the sample when H
is along'fhe'ca axis vFor H in the plane of a thls plate; hv = gB X

1/2 it is found that the correctlon for H along the g

[H (H + unM)]
a axis is of the oppos1te s1gn to the correctlon for H along the c axis
and alsovfor about 55 G.- Thls correction was too small to s1gn1flcantly‘
improve the description’of the eXperimental'dafa:with adjnstahle earameters.
However, since there is no shape effect in spherlcal samples, a spherlcal
ball of leou 6H 0 was shaped and mounted as described above. AIt was
'found:that.when the shape'effect was calculated for the flat plate with
Hovalong3a and»Ho along c; the resnlts were only correct to aboutsEO%.

The errorS'are due to the'faef that the above equations assume an idealized
thin olate.whereas.the.actual samples were sufficiently small in dlameter |

as to be slgnlflcantly thick with regard to thelr dength and breadth.

The two sets of g values are:

Plate - ' " Sphere _'
g, = hTH - g, = 4.688
8, = -V IT O g, = 4,301

In order'to obtain a fit of the angular dependence of the g values

in the a-b and the a-c planes, the following procedure was used. Since

g(@) = %{g”g cose 6 -'ng_sinQG
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or

o 2 2 '
. g(e) = y(g” - g-L ) 0082 6 + g'Lg
where 6 is the angle between H and the site =z ax1s, we can show from the

lattlce geometry that

} gab(a) Z y(gHE _ gJ_E) Sirlee'cosg_ (u5+05)+ g‘LE
where rn‘the a—b‘plane,ka_is the angle between HO and theiaiaxis end 0)
is the angle‘betWeen the site z axis. The sites l‘end B'are related to
the sites 2 and 4 by a 90 rotation in the a-b plane. Therefore, if

a glves g for Sites 1 and 3 then o + 90 gives g for sites 2 and L oat

a glven_orlentatlon of Ho’

For the a-c plane

“"-.__t%_a'c(@ =‘#.g”2 - g_LQ)--(cos @ cos ¢ £2/2 sin & sing)2 + gf_
where a'is.the anglebbetween HO and_the e agis and ¢ is the same as. in.. -
the a-b plane. The (+)‘sign corresponde to the l-and 5 sites and the (-)
sign eqrresponds to the 2 end b sites_for a giyeh orientation of Ho’

If one,tekes’the derivative Of’gac with respect,to @ and sets the result
eqﬁal’to'zero, one finds tmt a maximum in g occurs in the a-c plane

tan 0 = Jé/Q tan ¢.

From the data taken in the a-c plane, ,a maximum in g occurs when HO is at .

an angle of 51. 5 Wlth respect to the ¢ axis. This yields an angle Qf 0] L
Ot 2 N

for Co . opms pf 60.7°. The angle ¢ for Ni~ is, according to Giaugue

et al;; 39°. This difference is quite conSiderable,'and it is somewhat

surprising since one might expect Co  to fit rather well into a N12

site and to give a similar orientation of the magnetic axes. However,
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ag will be shcwn below,llarge exchange effects are 1nvolved in the descrlp—
tion of the angular dependence of the Co ' g values, and they are probably
the explanation of the large difference for ¢. = d

A spectrum taken in'a poWderedfsample.of co?+ doped NiSOh-6H20'M
gavexaiset.of elght weah but clearly defined.linesbcentered_at g = 6.hhk,
At gis'f}fh— 3.0 thereYWere seVeral much stronger butrunassignable

bsorptlons. It was concluded that g = 6. AN corresponded to g“ and that
%ihcorresponded to the region of the una331gned absorptlon V Slnce g” and ¢
were then known, the %L value was quckly obtalned us1ng the measured g
value of L. 688 in the spherlcal sample when H_ was along the a axis.
The result for gL was‘5.162. The a-c plane and a-b plane fleld'depen—
‘dence-as abfunction'of H ordentation was then_calculated The low field
absorptlon agreed reasonablj'well with the calculated g value as shown

in Flgs. 15 and 16. However,'ln the v1c1n1ty of the mlnlmumcg value, in
both‘planes the flt is poor. An'exanination of the lattice shous that
this'wasdto be expected,fsince at the maximum field in both the a-c and
a-b planes; the g.ualue should corresnond to gL.v The two maxlma are
different by about 300G so that clearly the Hamlltonian used to describe
the spectra is too simple.

The effect Wthh we have thus far neglected 1s that caused by the
nagnetization of the individual Ni2+ ions in the crystal If we assume
that the effect of the magnetization is 1sotrop1c, we .can use as a first
approx1mat10n the "molecular field e model ln‘which thevresonance field,
H, is considered to be the sum of the'laboratory ma gnetic field; Ho’
and a field arislng from the‘magnetization, HE. .HE is defined‘as

.HE = YM, where ¥ is a constant'independent of temperature and M is



the magnetization per unit'vplume. However, a:brief'examination bf the .
databihdicates thétvif 6ne'adjusts-the dafa by thisvﬁeéns in the a-c
plane, i£ requires fhatvy bevaSifive, whezeés in the a—b’plahé it must
be négatiQé; While it is poésible to ééntinue to.use this model with_'
morerfﬁan @ne‘v.Value, it is more uéeful‘to copsiaef-the exchahge effects
wifhva‘mOre:specific modei. |
If'it~is assumed that_each Cde+,is surroundéd'by a tétrahedron‘of Ni
ionsy then a calculation similar,to the ohé éarried out previously for the
far infraréd spectrum of Ni2+ should yield the most reasonablé lSt order
correction to the isbiated'ion calcuiation of the g Qaluéé. 'Since the:‘
Zeemahkéfféct mﬁst be.inclﬁdéd; thié éalcﬁlation was judged-to be beyondv
~the séope Qflﬁhis theéis. bThereforé,~thé simpier case of aﬁ exchange
cbupled'éog+ ot pair has been carried out in'A§§ehdix i in order to 
explaiﬁ; at least quaiitativeiy; the éffeét of’exéhange on the gvvalue.
The rééuitsbindicate tﬂat'the exchaﬂgé ihteraéfion causes é sﬁift in the
g valués which is of the:order of magnitude. EJéNi/YD+E’ If an orientation
qf Ho differeﬁt from that used in the appendi§ éééumedvthe correction
is.smallef. This would imply that for a'correétién to g of about IO.EI [ 7]
must be5of the order of O.2‘cm-l. While_thisfis ﬁot an unrealiStic vaiue
if dpeé nqﬁ offef any explanation fof the change in sign of J;necessary_
to e#piain the a;c and a-b plane data‘ Only a muchvmore sophisticated
model which considers 1-1, 2-3 and 1-2 type interactions_(éee'Chapm. ViI
for ekpiahation of nomenclature) Will fully eXplain the exchangé éffects;
Tﬁe'angular dependance of the hyperfine interaction isbdescribed by
the t"gms A” IZSZ and Al (IXSX +»:IySy-) in'thé spin Hamiltonian. The

selection for the hyperfine transitions are MM, = 0, AM, = *1. To the
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1st order this leads to 2T + 1 equally spaced absorptions.' The angularly
dependent'energy separetion‘between absorptions‘is given by KMI

' where . 5
. A'l-gn C°$29+A£2-gi25in2_,9

.g” . 6 + %L 8inZ @ -

Since.theinncleus is'surrounded.by avnearly‘spherlcelly symmetric electron
cloud itlshould be expected that J Would have a con51derably smaller '
effect on ”and AL than on g" and %L At flrst glance 1t mlght appear
that the anguLar dependence of K would then prov1de a useful method to -
determlne the correctness ‘of values. However, quadrupole ;nteractlon
and seccnd—order'hyperfine terms sufficiently‘complicate the.hyperfine
angular dependence that small'errcre in g cennot pe isolated..‘lf'A”
is ass'ignéd the value 2'52‘><1o'.LL et and Al - 29, 5><10 l‘ m the angulay
dependence of the hyperflne spllttlng between the levels correspondlng
to MI-; .l/2 (in which case the second order effecte are minimized) is
satisfactorily explained to an accurecy oﬁ about _3%. This is  illustrated
in Flg 17 | o

The magnltude, 31gn and symmetry of the Co fl-INi2+zerchange inter;
actlon.ls‘a preblem of con51derable 1nterest. _HoWever? the highly
anisctropic'g valuesg‘the highly anisotropiciA‘values, qUadrupolelinter-
actlcn,‘etc make confident assignment of the spin Hamiltonian.parametersb
to. a hlghly degree of accuracy. very dlffcult Thie‘fact makes J correspond-
rngly_more uncertain. The value J 1s¥not negligible;‘however; and, as.

’ : 2+ + - ‘ -
in the case of Ni - N_i2 interaction, |J] . 0.2 cm 1

2+
B. Mn

In addition to the 002'_impurity in the NiSOu-6H20 lattice in the

‘sample provided by Semi-Element Coroporation, a very complicated spectrum
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wes ebserVed in the vicinity of g’=>2. Wheh Ho‘uas'placed_aleng the a-b
bisector,‘the spectrum‘aébearedvin its simplest ferm. ‘At this orientation
there'were fivehclearly identifiable sets.of six,equally.spaced and equally
intense,lihes. The number of lines and.their-setaration.suggested that
the iﬁpurrty was Mn2+. A new single crystal uas grown with a small ameunt
of’Mh?+ jon as an intentional impurity. The resulting spectra confirmed
the assignment of the previously obteined spectra'to Mn2+.r if the usual
spin Hamiltonian for Mn2+ is used- (with the assumptlon that a is small
with regard to D), then it may be written in the follow1ng way
VZH = g B-HfS’+ 'D (MS - 55/12)+*A MI-MS
A1l aﬁtémpts to fit the spectra with this Hamiltonien:failed; At angles
aweyhfrom the:a—b biseetor;fthe spectra beeame even more‘couplicated by
_additiohel spiitting. At the a;b bisector, one.should_expect from the
abové'Hamiltonian; five sets of ten lines arising from each of the two
nagnetically inequivaleht N12+ sites."Only half this mmber was observed.
'If H 1s placed along the a ax1s where all sites are magnetlcally equi-
valent, then the g value obtalned freﬁ the.center of the sphere is
“about 2.3. This_lerge shift from 2.0 for Mne suggests that J is large,
since D should symmetrically sblit thenMn2+ about a center at g =2, If
it 1s presumed that the prlnc1pal effect of exchange 1nteractlon is to
change g and that the prlmary source of the w1dth of the spectrum is due
to D (wlth minor additional splittings due to_J), then the spectral w1dth'
indidatestthet D must be O;lkcmfl. |
if'fhe most- intense ahd,least ahisotropic set of six lines is assigned

to MS= *1/2, this leads to a value of D = 0.15 en™ . However if D is the

dominant term, then the set of five ahsorptiens (ignoring hyperfine splittings)
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shoulddbe_symmetricallyAarranged about ‘the most intense set of lines.
This was not found to be thevcase; the most_intense,set occurred at the
lov field end of the spectra. N

In order to show that the D<g B H and that the llnes arlse from
‘A&%'= +l trans1tlons, the frequency dependence of the absorptlons was
' neasured.‘ It was found that at the a-b blsectcr, the-slope of'the line
Vresultlng from a plot of v vs. H for each of the llnes corresponded
roughly to that expected for'AM = +l trans1tlons It can thus be said
that D 1f the usual sp1n Hamlltonlan parameters are appllcable , 1is less

-1
than O 3. cm .

. ot
C. Cu

Insthe course of K—band'erperiments on M52+, additionalvfour—lineh
spectra were observed in the ‘a-b plane.. It Wasvassignedvto Cu2+ impurities
in the Ni er sites. Wlth the addltlon of a-b blsector -c plane angular
dependence, it was found by A. Jindo that the g values which best fit
the sp.ectra are g - 2.890 ‘and gl = 2.481. The agreernent between the
predlcted and the actual angular dependence for Cu2+,.like C02+, was not
perfect. In addition, it is: clear that the g values are‘Shifted by
‘about O. 5.from their usual values in dlamagnetlc lattices of g“..2 h and
%L 2.1.. This 1nd1cated that [JI, in. the case of Cu2+, is on the order

-1
of 0.3 . cm ~ and it is most probably negatlve in value,v



VII. FAR INFRARED:MEASUREMENTS

The 1nfrared spectrum of a sample of ﬁlSOu 6H.O was examined from
' BVom to 25 cm Lot 4.2 K with a spectraneter de31gned_by Professor

P L Rlchards36 and oﬁereted b&_George Brackett; ‘A iO mii mylar beamt
isplltter was used in conjunotion-witke*polyethylene grating filter whoee
art offvoccurred at 27 cm?l; A series of experimente were.also_carried
cut betweeh 1.31 K and 1.35 K by pumping on the 1iquid‘helium‘(é5o data
points were taken over a 25 cmhl range). A magnetlc field of up . to 50 kG'
was attalned via a superconducting solen01d The f;eld Wa.s or;ented

such that it was parallel to the.-c axis of the orystal. TWo differeﬁt
flat plate single crystal‘eampleéhwere.ueed. At L4.2°K three absorpt ions
were seen ‘when the magnetlc fleld wa.s applled The.fﬁret absorptionv

was ass1gned to the tran51tlon from- the ground state to the lower excited
state; the second to the transition from the ground state to the upper
‘exoited state, and the third to a trahsition betﬁeen the two eXCited states.
Due to the fact that the intensity of the IR llght source was very low
below h cn l, the transition between the ex01ted states was visible only
when’Hb.wes.greater than 25 kG, At 1;5 K the two excited states were
suffioiehtly depopulated that the traosition between the two excited
states'waswno longer detectable at eny'field'strength

At "ZErOo fleld.a broad asymmetrlcal absorptlon was observea at both

4.2°K and 1. 3K (Flgs, 18 and 19) At 1.3 K the absorptlm was much |
more sharply peaked, but the line_w1dth rema;ned nearly constant.' There
18 sane evidence of struqtﬁre‘at 1.3 K, but it_isbnot_clearly_defined.

The absorption at zero field oorresponds to the transition from the



M = 0 ground state to the M_ —x1 excitedvleveis; The pesk of the absorp-
tion correspond‘ to the spin HamiltonianvD value only if J and E are almost -
equal to O " The peak OCcurred at h.63 em , k. 56 em , and h.65 cm = in
,the three experiments at 4.2 K At the 1. 5 K the peak occurred at 4, 51 cm -1
in two separate experiments. The weighted mean center was constant at
b0 Cm-l.i 62 cm—l'at both temperatures
| The most 1nteresting feature of the spectra was the large w1dth
which 1s 1ndependent of temperature. In addition, the peak 1s conSiderably
different from the value of D predicted by Giauque et al for an isolated
ion. Both of these facts 1nd1cate that J is not negligible and must be;
sevezal»tenths of a wave number.

| The-effect‘of thevexchange”interaction on the‘spectroscopically p.
measuredvD Value'can be seenlif itfis assumeatthat the.exchange interaction
is sufficiently large for atons:aiong the a or‘btaxis'to justify:an
exciton model for the description of this ’exchange interaction In this
apprOXimation for a chain of 1dentical atoms separated by the distance a,
the energy levels in the zero field are e(K) DiE + Je cos (Ka) (Where
X is defined as the wave vector of the exciton asvit moves through the |
<rystal); The usual selection rule for a transition from the groundvstate
to an eXciton state in such a system is K = 0. With.this restriction,
the only allowed absorption is Ae = D * E + J. If E is small, then
the_spectroscopically observed absorption corresponds to D and Je and
not the.true D value determined by Giauque et al. The heat capacity
.data of Giauque et al indicated‘a'D value based on a hypothetical single
excited.state at‘the center'of the exciton band. As long as Je is reason-

ably small with respect to D, then this represents a good approximation.
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TABLE V. Splittings measured by infrared spectroscopy

Table Va. Ae = Separation bétwéen-ground stafe'and5lower excited
state in cn~Ll (averaged) '

q o s |  vAév
0 : L — :

0 (kG) E 70

5 S ks

10 | 3.95(2)

15 BT
0. | | ()
30 i 3.8(2) L.o(?)
1o ‘ ko5

o .. . . hge

Table Vb. Ae =",Sepafatioh:Betwéeﬁﬂgrdund'staﬁe_aﬁd upper ‘excited
: " state in em-1 - — . 3

H ' : '  Ae
0 : :

° (xa) . :‘;7.0
0 . 5.5k
15 | S 6.18
20 . - 6.82
0 8.4
o .. 10015

Table Ve. -Ae = Separation between two excited states. in em™t

H - - Ae
o . R .

-ZO' (). | v2f7u
ho | .00
50 o L ' . 7.20
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Thg.field dependencénof the absorbtidns are presented iﬂ Tabie’Va,

Vb ana Vé;‘ It éan be seen that agreement with Giauqﬁe et ai.'is reéson—»

a bly good, as shown in Fig.,EO;‘ At low fieldéi however, the agfeement
is'not'ekééllent’in“the-c&Selof the gréund to lower exciﬁed state trans-
ition. While it is possible that the low Speéfromete?'sensitiviﬁy‘in
the'regioﬁ of 3;5 cmfl to L5 cm_;vis tHe:éause,‘it isﬁmore Iikely that
this iéﬁdﬁe to exchangé infefaétion of.sufficienﬁ size aé'to'Bé éignifi—
cant with;respect to thé_Zeeﬁan:énergy'af loﬁ fieids;, Severéi-differént
médélréaiculatiéns‘ha&éuﬁeéﬁ cérried_éut in érdér to explain fhése deVia— '
tions. On the baéis of these models, qualitativé‘explanétioﬁé’éf the

cb served deviatiohs'ffon the results exéected fram ﬁhe iSélaféd‘ion'_"
modei,'één be obtained. Two limiting ééses are seen. Oﬁe>is:ﬁhé'case

of tﬁé s£fong exchaﬁge coupiing, leadiné to an_éxcitoh-iike.conceptidn

of the electron in the excited state of a particular Nic'. Tt is unlikely
that such a model repfésenﬁé thé prinary Ni2+,i6ﬁ interaction sihce it
usﬁaliy'implies arlarge ekéﬁaﬁge interacﬁion (Jé >:lO ém—l), aﬁdb§ﬂe‘woﬁld
éxpééf to see a splitting’iﬁ"the infrared.abSorptibn_at.éero field. The
-ob;efﬁafibn of a fefroﬁégnetic or_antifefroﬁagnetic state at very low
tempéréturé“would also be expected if the inferaction is very large.
However, for J_ of intermediate size (~o.5icm‘¥), this model migh£ still -
offer a useful description of sdme observed éffects. In addition, for -
Je less than about 1 cm_l, no splitting or'léng range ordering of spins
at Low temperature would bé e%pected.,”The most successful model fér a
first approximation was deemed>to.be weak e#changp coupling 5etween near-
est neighbors. The near—tetfahedral’"coordinafionf of ‘nearest neighbor
Ni2+ ioﬁé‘about a.given centrél.Ni2+ in ﬁhe'lattice'suggesfs itééif és

the basis for such é calcﬁlation.
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iThé.crystal structure consiSts of sheets of identical Nict Wiﬁh these
sheeﬁé pa£alléi té theva-b plane. Each Ni2+,ih'these sheets ﬂas its z
akis fofated'dbwn from'thé C'axis_by the angle +$. The rotation ih each
piéhe_is éloﬁg the'yfakié of each sheet. Thefé,are fbur.such sheefs and
the y.agis éfveach‘sheet corresponds to the éfb'bisécfbrs. The sheéts
are‘afréﬁged so thatvﬁhe y.axes form é spirai_aloﬁg‘the c axis.

"Tﬁe ¥ wi%" interactions within each sheet aré between idehfically
oriented ¥i°" and will be called 1-1 ﬁlnteracﬁi:ons. The i-l intéfact‘ions_
are between next nearest néighboré and‘may be f@iily'lafge sinCe:they
are bétweén identicalkN12+ ions. As ndted‘pfevioﬁsiy; thééé ibﬁs effect
all eXcifed states in tﬂe saﬁéZWay‘dnd théirvspectroscbpicaily méaSuféa
effécﬁnis'indﬁstingﬁishablevfrom'D.: They will beﬂneglectéd‘inithe
"tefrahedrél"‘model calculation. TInteractions between the Sheéts will
be of the type 1-2, 1-3, and i—ﬁ. ‘While the 1-3 and l;hiare éureiy ﬁon—
Zero,xﬁhey can be neglected in this‘model.sinée they should be very
small.7vAll of the nearest neighbors yield exchénge interaétidns of.the
type 1:2. |

In.the far infrared, these 1-2 interactioﬁé form the basis for
.'Davydo& éplittings in the spectrum. Sinéé its Zéeman.gffect of the 1
sités_and 2 sites are differeﬁt,(excepf along a, 5'Qr c), the 1-2 inter-
actign should be observed in the EPR. ‘ | |

| In order to perform,the calculatibn we éet.gp the following coordi— :
nate system: the.laboratOry Z axis corresponds to the'c axis, the labora-
tory Y énd X axes corréspond; to the twé=pérpendiCulaf_a—b bisector. |

Disregarding translation from the Z axis the 1-2 sites appear as fqllowsi
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Then “the éomponents of S in the laboratory coordinate system are related

fo the cbmponents of S ih the site coordinate system in the fdlloWing way:

S, =8 cos - S sin @l '8, =8 cos® -S sin¢
Sy = S cos d + S . sin ¢ SX = 8 -
10 X 21 2 Y2 ,
Sy = 8 S, =-85_"cos® -8 sind
k) Y1 Y2 2 %o
S, .= S cos® -8 _ sin¢ S = 8 cos¢ -3  sin¢
S ='-8 cosd -8 sin S = -8
3 3 3 X b
SY. = - 8 ‘ ' . SY‘ = SX cos @ + 8 sin ¢
3 I3 R v Ty "

The basic Hamiltonian used to describe this system is of ﬁhe following

.form:,': o :
: + > H . +35 H (0
‘io oLTid . i
1% ] 1

H - 5 M,

e . 4 os 2t . | .
Where'Hio is the isolated Ni~ ion Hamiltonian, Hi(H) describes the

Zeeman interaction and Hij is the exchange term. - The index i denctes

c ' . . . . o+
the site, from 1 to h,_ln the unit cell corresponding to a given Ni

ion. ‘H'j has the following form for 1-2 interactions in which the exchange
s _
is iébtfopic: X } )
| 12 =7 55

~ In the site coordinate system, we obtain
5, 8. = S 8 coég1¢-{s S- +8 S ) sin ¢ cos @
L2 Z . Zo o Xy Zy0 v 4
+ a - - +
Sl Sy - Sl 82

B CcOoSs (b

+ 28§ ) si + g
(s, s sy_:sz ) sing .+ i
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If we consider the very low temperature case where the exc ited state
is almost depopulated"then upon absorptien of ah infrared quantum by
one -of . the ions only one 1on w1ll be in the M = il levelc ~In this case

all of the terms in Si . 82 are zero except the last two. This is the-

simpleet possible case and will be called the "1 st order appfOXimation"
since it neglects terms of the magnitude of J/D
The ground state wave functlon is simply:

¥(o) = 9, (0) ¥, (0) - wl,(o) ¥5(0) WBP(O)

where we have labeled the central ion 2, the nearest_nelghbor below the
central ibn, 1 and 17, andhthe'nearest neighbor’aboVe the centfai ion:v
3 and 3'. Since the 3 and 3' are exactly equivalent, then first order

wave functions are

¥5(0) ¥, (fl) * ¢5(il)4¢3.(0?
BN -
and similarly fof.l and 1'

T (x1l) = - ;
Yl ( )~ . : Jé

.these;ean be canbined with wé'(il) to give

¥ (£1) = 9, (1) fl(o) ¥:(0) 95(0) ¥;,(0)
¥y (£1) = 9,(0) ¥~ (£1) ¢3(0). Vs (0)
¥ 5 (51) = 9,(0) 9500 () T (+1)

'the matrix elements are then (in the 15t order approximation)
+ : L . :
(a (£1) |H | 87 (2)) = [<01’ ol', t 1 D:l |__ol,3 £ 1., 0,)
o | :
+ <Ol’ Oll’ * 12 '3} I - l’ olt, O )] /"/_2

= ¥ 2iJcos® + Jsin “ 6
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and ¥ 2igJd cos',ifqb + J sihe o) |
(o (s1) M| 5 (1)) = o

(e B Y e - o

(e () Bl e )y - T

(a(21) ¥ | (7)) - Lo 2
1] . S/_Q

(o (21) [ ] 7" (2D ) =

since_": 51-85 are neglected -

(B (1) [¥,,| v (1)) = o |
and éiementsv'of the type (’y (il) [:ﬂo' v (31)) are all equél E and similarly
thoseOf the: fype "(y‘(ﬁl) 'Mol y(il)) = D. Thus the Ham_il‘_t.onia‘n matrix

for the (+) levels is:

B(+1) - (+1)  o(+1)  a(-1) (-1 A(-1)
p(+1) ~ p 0 - at b o E
7(+1) o0 »  awm v ® 0
oz(fl).:  atb - -catb _ D v B - b b
of-1) b O . a+b a+b
y(-1) 0 B b ath D 0

B(-1)’ E 0 b - -atb . 0 D

where 4 = 21 J éo_s ¢ ‘

"b _d sin® Q i
' Je

If one applies a suitable tz'ansfomation_the false d‘egeneracy of the_
diagonal terms can be lifted and the Hamiltonian matrix takes the

following forme



a1
()

5-1) o

-B(+1)
| d(-lj.
-o(+1)

¥(-1)
~y(+1)

B(-1)+B(+1)
=y(-1)=¥(+1) .

B(-1)+p(+1)

¥(-1)+y(+1)
= =1)-o(+1)

B(-1)+p(+1)

Arvatns

o

- -8,

 Jb

V2

a(-1)
o +1)

D-E

-3

e -a

¥~ 1)
-v(+l)

D-E

=,

‘.yé  ’.

'»Jé_ril

B(- l)+B(.+l)

DHE

B(-1)+B(+1)

-Y(-1)+y(+1)  y(-1)+¥(+1)
=g -1) o +1)

.+a'

g

Jo

DHE-2N2B

B(-1)+p(+1)

Y(=1)+y(+1)
o -1)+o(+1)

Jé

-a

NP

D+E+2N2D

If it is assumed thét“the infrared:rédiation'stfikes the surface of

the,érjstal such that the magnetic component of the radiation_is pe rpendi

cular to the c axis, then the intensities of magnetic dipole transition

from the ground state to ethanged'coupled excited levels can .be estimated.

Thaere i

axis but it should be less than‘lo% and will be neglected as a first

_approximation:

uoamall mﬂgnetié component: of the infrared radiation along the ¢

The intensities of the transitions will be proportional
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,to"{'<YOl s xcited staté ) lgkand l(YOI'SY [excited state )Ie. The

X |e
tranéitiéﬁ to statés;Which are camposed of linear éombifations of the wave
functioQ-belonging only to site 1 and/or site 3 iqns will be neglected
v Since.thé central ion energy le%els and their perturbations by the 1 and
3 i;ms arevv the purpose of‘the caléulation"; Ir the"magnetic compéneﬁt of
the infrafed radiation is directed aiong the x axis.gf the ¢entral ion,
thep?(l/ejl (0 !Syl ‘1> f {O Is&l+1>lg.=:l and transitioﬁs ﬁbithé two
remainihQIStateé Contaihing'componéhts of sitevawave functions éfe not
allowed; Jif, however, the mégnefic_cbmponent of the radiation is directed
along ﬁhé'Y axis,vthenvtfansitibn tqvthe states _ o
of-Nra(+) g BUBnWNCL)
NEEE SR D o

is allowed with intensity prqportional to cos ¢. In this ca'se, the

fransition to the

_a(+1)-a(1)

J2

state'gives zZero iﬁtensity. Since the magnetic ébmponent of the réﬁiation

is randbﬁly oriented in the X-Y plane, the intensity of transition tovthe
three eXcited states arisingvfrom site 2 is found to.be 1 for the staté_
with enefgy D-E (to lSt order) above the ground statevand 0032 ¢ for the.
lstatesfat energies D¥E2J sin2 ¢.ab§velﬁhe'ground state. |
The theoreﬁical "lSt order apprqximation".is valid only in the case

in which one atom is excited in the tetrahedron'of Ni2+ aﬁdms; :This is_
‘best approximated experimentally by the infrared spectrum at i.B K(Fig. 17>;
Thé spectrum-at_h.QK is similar in appearance but is broadened (Fig. 18)

at the peak of the absorption. If the highvfield absorption is used (in



T

which cése fhe exchange interéction is only a smallvpertﬁrbation on the
Zeeman eneréy) as a model for the mostvintense.liné, then an explanétion

df thé_aéyﬁhetry of thé infrared absorption at l}BNK‘can be obtained.

If the angie ¢ is assuméd to be 396 frdn the data'of_Giauqué et al.,

and the_iine widths of £he‘less intense absdrptioﬁs’are aésumed to be

the samé‘as the ﬁore;intensé ébsofptions, thén the line shapé and intensity-
of the‘less:inténse absorption can be apprdximated; Usingbthésevthree
abSorpfibnsfthe ébsérved éingle absorptioﬁ'can be obtainéd.r It is‘found
that the best apprbximatidh té the spectrum‘occﬁrs when the thrée ébsorp_
tions are Tocated at 4.50 emL (intensity 1), §.55 'c‘:ml_l(‘»(vi'ntensity.c:oée ¢),
and h.87 ém_l'Cintensity'cosé¢b). If E is aséuméd f§ Bev5{655 cm'-l from
the magnetic reéénance data, onévobtaiﬁs fmevthe differencé.in‘energy
.of'the_fwo'less intense lines (to 2" order) the value of J = +0.12 gm_l}
Whenntﬁié value of J is used iﬁvcoﬁjunétion with E = 6;055 cm_l aﬁd

D= h;?h:cﬁ_l, iﬁ'isvseen that"thé_pfedicted abéorptioné all oceur at
about 0.2 cm © above the aétuaily obéérvédvébsorpfion.' This can be'.
attributed to the exchange‘intéraction‘betweeh the.central ion and fhose
which lie in the same plane but lie in different crystallographic unit
gells;.‘These ions include thevnext neafest neighbors and are coplanar
with a_given Ni2+. 'Siﬁce:all of the coplanar ions are oriented in thé
same way as the ion at the center of the tetrahedron, it would not be
surpriéing if such exchange intefactionvislof roughiy'the same size as
that»forvthe nearest neighbor exchange interabtion;A AiSo, since the
COplahér ions are éll Qrientéd in‘the same way, the effect of the exchange
interaction'is e%actly diagoﬁal-in.Hamiltﬁnian mafrix and thus indistin-

guishable from D. .Therefore the "D" in the tetrahedral model calculation
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Iis.ndt the game as thét 6f'Giaﬁque et alQ, Since it.dbes:ﬁéticontain the
exchaﬁge‘intefactipn due td.the COplaﬁar’ién. It is fhus poss ible to
obtain the falﬁe_Je = +0.20 ém;l as the contribution to £he spectroscopi_
cal;y meésuréd D due td'the‘exchange interaction between equivalent Ni
ions. | |

The.effect of J‘upon the field dépendence of thé spectra should be
notiéeablé but the calculation iﬁ'this casevis‘iﬁmensely more difficult
evén‘if fhe'exchange between iny’twO'Nie+ is:caléulatéd rathef,than
| ‘the.fujj_tetrahédron. of five Nig+ atoms. HoWever, such a Calﬁulation
might explain qualitatively the smll difference between the isolated

ion Zeeman effect and experiment.
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-VIII. THE EFFECT OF EXCHANGE ON THE EPR SPECTRUM OF Ni2

Theifar infrared Spectrum, in the ‘absence of a strong magnetic field,
.sis senstive to exchange 1nteractions between the N12+-1n non-equivalent
sites. In the presence of anstrong magnetic field these'same exchange
1nteractions become second order and the cnly remaining first.crder
erchange effects are between Ni2+ in equivalent'sites.._W1th the selection
rule AK_= (o) for EPR transitions betﬁeen.the-exciton.states ne.are left
with oniyfsecond-order contributions from ekéhange interactions-between'
nonequiyalent sites. ‘It is notntoo difficult to do.an,exchange conpled
pair caldulation in the presence of a magnetic Field. The best 'w'a"y"?co h
approach the calculation is to start with the Zeeman effect calculation
for an 1So1ateva12+. This is; in general a 5X5 matrix and it can be
diagonaiized to any degree of accuracy, If one now uses,these eigenvectors
as a basis set it is then possible to add the.exchange Hemiltonian and
to”determine both first and'second order termsbdue to exchange."As a
practicaivmatter, we have only been able:to doithis for a linited numberl
of field-orientations for a pair of___Ni2+ ions and for a limited accuracy
for the 3X3 Zeeman Hamiltonian. | |
Tﬁo;effects were observed, in theicourse of attempts to determine the
value of'EQ which could not.be‘deSCribedvby an isolated ion model. When
theifield was rotated away fron the a-b bisector axis in either the a-b
plane or the a-b bisector -c plane, the single absorptions, descrited
prev1ously in the s1ngle 1on calcuLation, split into two components of
unequal intensity. Initially it was assumed to be due toa slight mis-

orientation of the crystal; however, careful mounting of the sample showed
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this ﬁbfftb be the case. When the angular dependépée bf the.absdrption
wasfmeagufed in:the a-b plane at 4;2LK and at 1.3 K,'the field dependence
of‘the absofption-as a:functién of'angle_was diffefent for the two tempéna—
tures'aﬁfall angies excépt’the a~-b bisector axié.
1Upon examination of the ions in fhe unit cell,.it'ié nbted that the 1

and 3 iéns are relétéd by:d'r§tation bf 180° in'thé afb.plaﬂe.and by a
change'in ¢ from +¢ to —¢; It'might then be'expected:thaf_a»S?litting
might arise from the cohcomitant changes in sign fgf.natrix éléments between
the 2-3 :ién,s, ‘and the 1-2 ions. A detailed calculation shows that this is
ihdeed'%ﬁe-case for at least‘oné of thé first-order mdtfix\élements.
Héwevéi d trulyvquan£itative explanation of .this splitting éWaitS a

mére Aetaiied calculationbwith avﬁore éxact.diagoﬁalizatioh.aﬁd'wiﬁh the
incluéiohlbf second order téfms.' The temperature.dependéhcéiofvthis
.éplifting‘is not too difficult to e%plain. When the field is oriénted
along the a-b bisector;vthere are'essenfially:hd terms ﬁhich give a field
induced exchange interaction. This 1s confirmed by the EPR spectrum for
there is 7o tempefature depéndencé that can be detected for this Zeeman
splittingg The -y paramgter used by Giauque et al. would indicate that

the field should shift by several hundred gauss from 1.5 K to MfE K

and no.éuch shift isvobsérved; .When the fieid.is rotated away fran the
a-b biéécfor, this is nov longer true and we find large matrix elements
whichvéorrespond.to a field induced exchange intera¢tiqn;  Fram 1;3 K

to 4.2 K we find By expériment that the field can shift by 1000 G.. This _”
.8 hift_is_now larger than'thé:pafaméfer.of Giauqué:et al. w5uld indicéte.
Our calculatibns;are sufficiently crﬁde, héwevér, that we can not extract

a value for J fram the,observed shift.,
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"In éddiﬁion fo the direct effect qfvexchahge gpoh the Nie+ EER
absorption,'it ﬁas.notedvthat.there éppeared aﬁAlow field (HO was in
ﬁhe a-b Eiééctor -C plane)va# least one additiohlabsorption . This
absorption'Was of'mﬁch:lowgr intensity than the hiéh field absorpﬁion.
If'ﬁhefékéhénge_coupliﬁg of N12+'i§ns is not negligaﬁlé‘aé shown‘above,
it is_nbt difficult to see fhat each excited stafe.will be split ﬁnto
vseveral,énergy levéls.- Since EPR experiménts obey the seléctién.ru1e-

A M %.il, most transitions among_thesg levels will be nearly fpfbidden.
Tt is highly probable that these nearly forbidden transitiohs'are'ﬁhe
explanation_for fhis Weak absorption. TA_JindoAB hasvfoﬁndpthe locétion :
_ of this.weék absérptibn to.be;highly'depéndent on the bfientation |
Of,Hb,’gs éhpuld be expécﬁed for such transitions;‘ Sincerthis aﬁsoiptioﬁ
ariseé diréétly frdm exchange splittings, it shoﬁi@vprOVidé a véry

sensiti#e method for determining the value'of J'directly.
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APPENDIX T .
THE THEORY OF FIELD INDUCED EXCHANGE

While'a realistic calculation using the'tetfaheral model is exceed
R . ; o+ ek | .
ingly tedious, the nature of the Co - Ni interaction canvbe‘shcwn using

o L . ko
a simple pairwise exchange. interaction between a Co and a Ni w1th-HO
along the a-b bisector. We use sites 1 and 2 with the following coordi-

nate syétém: - yﬁ W 13 “yz
(H . Y - |
o - Zi' NH .§2

- JKE PR 7

_ o R . o+ |
. This assumes that the axis of quantization for the Co - 1is determined by HO

(Paschéthéch.Effect) and Ni°' remains determined by the crystal field.
For cénvenience it will be assumed that the two coordinate sYétfmm’are not
tilted:with respect to,one.another.: The exchanggvHamiltoniaﬁ can then be
immediately'writtgn as: | |

Zﬂ’: . = 'v- V+
12 J12 .Sl 82 SZ S S. 3 S. S

J./2"-A[szl(s2;+ +’ég”j - (§l+ f gl‘) s, ]

:. o+ S + -
_;/u (s, - 8,7) (32 -8,7)
The-wa#e,functions can be written as simple product Wave;functjpns'of the

following form: _ ‘
(21 gz + (-1)
¥,(£1/2) 9,(0); 9, (£1/2) 9, (+1), ¥,(£1/2) y,(-1)
o ot | | | |
However, since the Ni excited state wave functions are nearly degenerate

(assume B is small) the proper linear combinations must be written for them
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as follows: +

¥

Thus the correct product states are wl(+l/2) w (O) ¥y (£1/2) ¢

’d/l( 1/2) wg .

easily'obtained.

From the above matrlx, second order perturbatlon theory gives the

N/

Jo

' The matrlx elements of each of these states can then be

In addltlon,'there exist non-zero elements arising

from the: Zeeman interaction and the D and E'termsfef the Ni°' iomns. The
epin Hamiltonian has the form |
3i.spin = g B H %S *tg, BH S, +D SZQ + E(ng_s'g)

"Then » ‘H_ | L | L ) : '

(-1/2,0)  (91/2,0) (/297 (/2,97 (12, 90 (1172, 9D
(;1/2,0) - BH/2 0. 0 +3/2 g BH  -7/2 0
(+l/?;©5 - o - glaﬁ/e'“ R o -g BH +J/2
(Tl/e,w*) 0 | ”-J/é ' D-E }gleH/e ;J/e 'o 0
-(41/g,¢f)f' /2.0 -3/ DE g BH2 32 0
.(-1/2;¢+)' g.BH -Jf2 0 0 J/2. DHE -gleH/e 0
(+1/ 2,11{1%-) 0 g,BH +J/2 0 0 o | D+E+g \BH/2

ot
follow1ng energles for the exchange perturbed Co - states:
- g,BH S
1 .
7 §(+1/e,o) = 5 " W0E g P
~and ‘ _ : g BH o
€("1/2 O) = ___l____ i J
| " T2 (D E+g,BH)
or :

v_Ae.” ‘ e(1/2,0) - G(—l/Q;O)

27 g, BH

g, PH - DHE

and

(g BH + 3/2)°
DR

DtE

B g, BH
2(D-E)<




or

Ac -

where

gpPH
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2J gg'

&1 7 DHE
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' FIGURE LIST
Bloék'diagram of EPR spectrometer for 4-8 GHz..

Block diagram.of EPR spectrbmeter for 8-12 GHz‘ﬁith frequenée source

-lockéd:td cavity.

‘ Cyliﬁdrical Teflon—fiiledVX-band'resénant cavity;

Small cylingrical Teflon mount to hold spherical ball samples. The

ndtéhéS'allow slight éxpansion around the ball for a snug fit. The

" ball is attached to a 1/16" rod which fits into the hole along the

axis pffTef1oh'cylinder. The cylinder fits into the cavity shown in

. Fig. 3 and its akis is horizgntal.'

Method used to rotate cfystél piatés at 1iquid helium temperatures.

_Préjeétion'of four unit cells of a-NiSOh-6H20‘on the ab plane. The

. : i S e 2+ . .
arrouws show relative directions of z axis of Ni~ spin Hamiltonian.

oo T o R o+
‘Photograph of crystal model of a—NiSOu°6HéO showing only Nig_.and

SO -iions."The four unit. cells are viewédﬂWith‘the_c axis vertical.
Abéorption spectrum at 4.2°K and 8.7185 GHz With.magnetic field along
the ab bisector. The spectrum of a powderSample.is almost identical
to this one. | |

o o v 2+ _
Reésonance frequency vs. field position of Ni absorption with magnetic

- field along'the ab bisector. The dots are experimental values at

both 4.2 and 1.3°K and the curves are drawn for (a) E = 0.03 cm-l;

the molecular field parameter Y = 0 and (b) E'% O,b Y o= 0.266 given

by Fisher and Hornung. Here we see that the introduction of E rather

than y gives a better fit.
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Zeeman energy levels of an iéolafed.Ni(HéO)2+ tfiplet.

(a)  magnetic field pointed albng 7 axis ofiihe-spin

(b),xHO?along x'éxis

(E)Iin along y axis.

Angulaf dependence of Ni2+ absorption in the (ab biéector)‘s c plane.

and ¢ axis. The dots are the field posi—'

o is the angle between H,

tions'observed with a spherical sample at“l.5°K and the Squares-atl

M;QQK; The curve is calculated hsing the approximate equationg given
i . L2+ o ' -1
in the text for an isolated Ni  ion in 2, b sites with D = L, 7h cm ™

and E = 0.03 cm™

. " L2+ . . . ' - »
Angular dependence of Ni absorption in-the ab plane. Points corre-.

spbnd'to the calculatéd field positions for an isolated nict ion.
ihténsity vs.voriéntatioh iﬁ the ab plane; The ahglé o is from the
abvbiéectbr in the ab plaﬁe;v Black cirélesfahd sbhéreé are experi-
menﬁal values at U.éoK ahd l.5°K respéctiﬁely. The curves aré'drawﬂ>
ftém calculated values of E = 0.08 em™ and E = 0.06 cm™t at b.2°K.
Inteﬁsity vs. orientation in (ab bisector).%_c plane. The dots |
feprésent the experimental points and the solid curve is dfawn for

the best it to the Qbserved'vaiues. The dotted curves are the

calculated values with (a) E =.0.055.cm_l (b) E = 0.06 em ™+ (c)

o ~1
E=0.08cmn .

L : 2+ : _ .
-Field position vs. angle for Co - spherical sample in the ab plane.

Thegcenter of hypeffine lines is plotted against the magnetic»field
orientation in this plane. Points are experimental, while the curve

is'calculated.
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16. Cogf-ac plane spectra. The angle O is betwéen.the magnetic field
aﬁd the ¢ axis.
17. Angular dependence of Co . hyperfine splitting in the ab plane. The

caltulated curve is obtained. from

g" o 6,.1#)4,‘ v | gl = 3,162
B - 23010 em™L, Al f_~=_'3o><1o'_LL em™T
$ = 60.7° o

,18;"Infrared absorption spectrum of aQNiSdu'6HQQ at 4.29K'and zero
| magnetic field. F.anduH'stands_for the’Dz§élﬁé feporfed by Fishér
aﬁdebrnungf7 The“horizontal afrow-indiCated-thé resolﬁtion of the
’iﬁf%éred instrument. | |
19. Iﬁfréred absorption spectfum:of a-NiSOu-6H20 at ;f5°K.
20. Q§mbérisonvof infrared‘énd thermodynamic resulté for Zeehan splitting

: ’ + -
.of “the two excited states of Ni2',
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any pesson acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completene'ss,' or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this réport may not in-
fringe privately owned rights; or '

. B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’
- includes any employee or contractor of the Commission, ér employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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