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ELECTRON EXCHANGE FOR HYDRATED IONS IN THE a-leob 6H 0 LATTICE--

ELECTRON PARAMAGNETIC RESONANCE STUDY OF TRANSITION-METAL IONS
IN ZNSeOh 6H 0

Aklra Jlndo and Rollle J. Myers
Inorganlc Materials Research D1v1s1on Lawrence Berkeley Laboratory

and Department .of Chemistry; University of California,
Berkeley, California 94720

Abstract

The magnetothermodyhamic nmeasurements of Giaugque et el.;showed that
the M%" in «-NiSO,*6H_,0 could be fit very well by an axial spin Hemiltonian.

We have studied the EPR of M**, co®

and Cu”* in both this lattice and in
the isostructural lattices of NiSe0,<6H,0 and ZnSe0,-6H,0. In both of the
nickel lattices exchange effects are ver& important; but the diamagnetic
zinc lattice can be used as e reference,‘end this}paper reports- the EFR of
these ions in ZnSeO, -6H 0.

The ax1al spin Hamiltohlan is a result of ‘the hydrogen bondlng of the
M(H20)6 complex. Two axial H-0 groups have three hydrogen bonds vs. only
two for the other four waters. This results’ in a tetragonal crystal field
with decreased negative charge along the fouf-fold Exis, and we find that |
the spin Hamiltonien a#is is very nearly along the axis formed by the unique
waters. | | | | |

For Nl(Hzo)s we obtain g| = 2.219, g, = 2:238 with D = +4.20 em™".

15.975, g, = 3:45, Ay = T7.0 G,

115.6 G; A= 9.5 G, respectively.

For Co(H20)5 and Cu(HgO)62+ we obtain g”

A= eo_ G and g| = 2.4295, g = 2.0965, A
Some variations in the orientation of the principalvaxes were also determined
. for the three ions. A short discussion is also given for the effects of

electron exchange on these ions in a-NiSQ,- 6H20
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I. Introduction

As part of an investigation of‘the.magnetic propertieé-of'
@-NiSO4+6Hz0 and NiSeOs+6Hs0, we have determined the spin Hamiltonian

a+

¥ 52" and cu

pérametersffor Co® ', Ni in ZnSe0s+6H-0. This diamagnetic
lattice is:ioostructural'with the two nickel hydrates; and the
stiucture of a-NiS04+6H=0 has been determined>by ooth x-rayl:and neutron
‘diffractiOn.e |
| vIn‘a_Niso4-6H20 the NiZ¥ is present'as avNi(H20)62+ complex whioh‘
is hydrogen bonded to both the 5042~ and the.woters of other Ni(H=20) 2.
_There is ooly‘one kin& of Ni(H20)62+vbut the unif cell contains four
N2t ions in a'tetragonal structure. All four ions are equivalent when
a magnetic‘fieldAis_along the a;-b or c axes. | ' |
The'magnetothermodynamic propérties’of q-NiSO4-6H20 havo Béen-
e#tensively investigated.3 The spin Hamiltonian formélism_waé found
to fit»the'Ni(HgO)52+ very‘wéll,'but it was hécessary to use a molecular
field. correction as a means of accounting for ﬁhe interactions Betﬁéen
nickel ions._'A preliﬁinaryveleotron‘paramagnetio resonance (EP?) study5
' of a-NiSOs-6Hz0 showed that spectra could be observed both for the N2
and for impﬁrity'amounts of"Cog+ and Cu2t. There waé good agreement
oetween'the EPR and magnetothermodynaﬁio paramoters for N12+, but the
Cu2+ spoctfﬁm_seeméd to indicate serious-exchange interactioo with the
surrounding N12+.>.Similar effectsrwero obéefved for NiSeQ4-6H20. It
was decided that before fuithér work could be done_on these exchange

interactions, we neéded to know the'spin'Hamiltonian parameters in the

absence of these intéractions. Since the réports of a tetragonal form
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of ZnS04-6H20 seem to be in error,6 we decided to make an EFR investiga-

2+ . 2+ 2+

tion of Co™ , Ni® and Cu®  in the'easily prepared tetragonal ZnSeO4*6Hz0.

IT. Experimental Methods

A. Crystal Preparation

The . selenates 6f the divalent metallic elements are egéily synthesized
by reaCtihg metal carbonates with a small.éxcesﬁ-of selénic acid.7 The
reaction p}bceeds with vigorous effervescence and generation of heat.

Large single érystais of ZnSeO4;6H20 are readily gfown by'sldw evapora-
tion of the resulting solution. Tetragonal ZnSéO4-6H20 is the stable
7

form' from -7° to 35°C, but it was_stofed'in'a refrigerator at 5°C since

single cr&stals dehydrate if left iﬁ dry air af room temperature.

vIdentification of'the crystal axes was usually unambiguous from the
well developed tetragonal shapes,. However, when thetidentification seemed
uncertain'a cross-polaroid optical technique'wés employed.v Zinc selenate
- crystallizes in two forms: tétfagonal prismatié at room temperature and
tetragonairbipyramidal at 5°C. Both of these tWQ forms contain six
water moleculés pér zinc atom; and have the same'cfjstal structure.

EFR séﬁplesvwere prepared by growing a single crystal from a mixed

solution 6f ziné selenate and the paramagnéticnion selenate.’.Only a |
small amount of baramagnétié ion was used and the resulting single

crystals were determined to be about'l% paramagnetic-ion.'



B. Crystal Structure

The crystal structure of‘ZnSeO4-6H20 has uotrbeen examined in
detail., But it is isomorphous with the tetragonal'm-NiSOs-6H20 and its
lattlce dimension is agiCq = 1:1. 89&9 Here we will discuss the crystal
structure of a-NiSOq- 6H20, for a complete structure has been established
for 1t.l e » |

The crystal is tetragonal with a space group of elther Ph1212 or
Phz2,2 dependlng upon its enantlomorphlc form. There are four molecules

in a unit cell whose dimensions are a, = = 6. 790+O 003 & and ¢y =
18.305£0}064 R. The Ni(H20)6Z" and 804" groups form a layer lying in the
(001) plane at positions of 0, 1/4, 1/2 and 3/4 in units of c,. Figure
1 shows a brojection of'one-half of’a unit cell on the (001) plane along
the c‘axis; The two layers at z = O and z = co/h are deplcted here with
" the relative positions of Ni, S and O atoms. The»numbers within circles
represent the coordinates in units of ¢, along the ¢ axis as Aetermined
by Beevers and'Lipson. The numbers invparentheses.indicate the five
ynonequivalent oxygen atoms as denoted by.O'Connor and Dale.

In each layer the N1(H20)6 is located between two 804 2= units;
one sulfate hav1ng the horlzontal plane oxygen, 0(5), closer to Nl and
}the other having the vertlcal plane oxygen, O(h), closer to NiZ'. For a

v'glven layer there is a two-fold symmetry about the ab blsector which we
“will hereafter call the v axis. Adjacent layers are generated by the
three:successive operations of a four;fold‘rotation about the c axis,
a translation of co/h along the cbaxis and a translation of aéﬁfé units

along the v axis. The sense of the four-fold rotation may be right- or
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left-handed, corresponding'to'the two enantiomorphic forms of a-NiSO4-6Hz0.

Each'layer_is linked to another by the hydrogen bonds between O(ll) and
0(3) and between 0(3') and o’(h). 0'Connor ‘and Dale 'eoncludea that the
Ni-O bond dlstances do not show s1gn1f1cant dev1ation from thelr mean
value, 2 O6+O 02 K One should be careful not to place any 81gn1flcance
upon thei reported variation in the three Ni-O bond distances. All the
bond anglesfof OLNi—O'within avNi(Deo)s‘?+ group are close tov9o°,.forming
nearly a perfect octahedron. The crystallographic distancea alone do
not indlcate any ‘distortion of the octahedron at the Ni ‘site.

The major difference among the six water»molecules abont'N12+ is
that 0(1) and 0(2) have two hydrogen bonds, while 0(3) has three. The
0(3) acts aa a proton acceptor and its negative charge should be dimin-
ished by the additional hydrogen bonding. Pnrely electrostatic arguments
predict that the-oxygen atoms of type l_and 2 are more strongly bonded
to Ni?+'than that of type 3. 'One_wonld'assume’that the Ni-0(3) axis is
the z'axielof the crystalline.electric field’affecting'the Central metal
ion. We will flnd that the EPR results support thls assumption.

The magnetic axes at the Nl s1tes are shown_ln Fig. 2. There is
exact two-fold symmetry for each of the N12+ along a v axis. ln
- Fig. 2vthese are denoted as the x magnetic axes. The z axes differ from ¢
by rotation by g about the x;axie; The y axes must lie in a Yc plane.

In a¥NiSO4-6H20 Fisher and Hornungh found that g = 39°. The crystal-
lographlc value,based upon the assumptlon that z is equlvalent to the

Ni -0(3) ax1s? is g = h2° Wlthln the accuracy of - both methods we can

conclude that z is the same as the Ni 0(3) axis. Flsher and Hornung
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also found for Ni2+ that x and y are mégheticélly equivalent although

there isvno crystallographic requirement for suchién assumption. This

\ ) .
is consistent with the similar hydrogen bonding of 0(1) and 0(2).

For Co®', Ni®' and Cu®’ substituted in ZnSe0s+6Hz0 the x, y and

z axes need not correspond exactly to those of the an+ sites. The

‘angle g may be altered and x need.not be along a v axis. - One might

expect a small rotation of the M(H20)62+ complex as the hydrogen bonding

adjusts to the size of the hydrated ion in the Zn(Hz0)¢" site.

C. EPR Techniques

The single crystals were mounted in Teflon filled cavities resonant

near 9 GHéL "The cavity was'usually immefsed in liquid helium, and with
a fast_ﬁuiping system spectra céuld be takenvfrom h.26 tofi.3°K.‘ Without
liquid helium, spectra could also be takén near 77°K. Details of the
EPR‘sPectroﬁeter and cavities can be found.elséwhere.B’

With a properly oriented crystaljand.a rotgting magnet, spectia
could be taken in the ab, ac or yc ﬁlanes,_ The angle o in the ac or rc
planes corresponds to.the angle bétween H aﬁdlthe c axis. In the ab

plane o is measured with respect to the x axis of ion 4, and a = 45°

Should correspond to the a or b-axes.v'It is clear from Fig;ve that ¢

is beSt determined by measuring spectra in the Yc plane,,but.speétra'in

‘the ab and ac planes'also depend upon B

‘The Nia+ spectra were fit with the usuwal S = 1 spin Hamiltbnian,
while the Co®' and Cu®’ were fit with S = 1/2 together with hyperfine

terms.gv_In all cases, an axial spin Hamiltonian was found to be quite
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satisfactory to explain thé observed Spécfra.f Frqﬁ the workb"5 on
a-NiSO4°6H20 and NiSeO4+6H20, we expected thaﬁvthe'paramaghetic ions
'would ﬁaﬁe spin Hamiltoﬁian parameters for’Ni?+ with D ~ 5 em™! and
for C02+ and cut with g” >'gl. ' These results are consistent with a
decreaséd.crystal field along'thé.z_axis due’ to the nature of the
hydrogen Bpnding. “

The spin Hemiltonian of Cu®’ and Co® in D, symmetry is
Hepin = g”rmzsz + g B(HySy + }1ysy) + A ST, * A (SyIy + SyIy) (1)

At X-band the quantization axis is taken along the direction of the
magnetic field, for the Zeeman term}is much greéter than hfs. ‘A co-
ordinate transfbrmation to a new set of axes will diagonalize the Zeeman

term to a form'gBHSz‘; where
g = (g” - g,*)n° + g * o (2

where n isnthe direction cosine of the é axis'with respect to the magnetic
field. A plot of g2 vs. n2 will result'in;a straiéhﬁ 1ine with a slope of
(g”2 -”gle) and an 'intercépt.of gl?.. This turns out to be a good method
to check thé valu§ of ¢Vand to extrapo;ate g“ and gl, It should be noted
that the data from only ohe plane will not ﬁnaMbiguously determine the
rg and:hfs constants with.axial symmétr&. |

»If the hf tensor has'thé same principai axes as the g fehsor, é
éimilar transformation of.the nuclear spin components will diagbnalize
v_the hf_ténsor to the form As;i;. ;The_hypérfine constant A, measured in

units of energy, is given by
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& A (g” A” - €A F)n° +glA1 - | (38)
or in unlts of gauss,
R T T Y LT Yol (30)

In the first order appfoximation the measured‘separation of the central '
two hfs_iines can be substituted for A in Eq. 3b. A ploﬁ of'g4A2 vs.
vne‘will again_yield a straighf_line, provideddthat the principal axes
of the_g.andahfs_tensors'coincide.

| The transitions we obeerne in the EPR: of cu®’ are of.the type

MM = £1 and fwm, = 0. Then, the spin Hamiltonian (1) gives
- Am : A gl \<A” g“ ‘+Ag > I(I l)
H=H_ - , : +1) -
° 1\ e? / l "1 ]

- [A - A
1 lg” g g8 5
-efx(,(" Agell><”l>[<ln>m1] O

where A”, Al and A are all in gauss and Ho = hv/gB. 'The deviation of Hy

~ from the actual nagnetic fiéld is small enough to be ignored.v.InvK. b
the second term is responsible fon 2I+1 equally spaced lines_ﬁhat are
centered at Hy,. The third and the fourth terms shift eech line to lower

\field; disturb the eQual spacings of the iines and give a progreseive
linear change in the ebaCing. When the megnetic fieldvis either parailel'
‘or perpendicuiar to the‘z exis, the fourth term is zero and.ﬁhe third
term makes the spa01ng success1vely smaller toward the hlgh fleld end. -

| If A” >? A

It the second order effect becomes very 1mportant near the

perpendicular direction.C
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III. Experimental Results

A. Ni%" in ZnSe0s+6H20

The EPR signal of NiZ" in our crystals of Znse04-6H20-was strong
enough for derivative detection with a 825 Hz field modulation at 77°K.
The EPR speetra at h.2° and 1.3°K showed that the intensities of NiZ'
appreciably‘decreaSed while that of dipnenylpicrylhydfazyl'(DPPH)Iand a
C02+.impurity.increased as the temperature was ldwered, Thus; the sign
of D is positive as expected. The thermodynamic work> on a-NiSO4;6H20
has clearly established its D value as being positime. Contrary to many
Nie+ crystals tnat are'known to change the magnitudes of g and D with.
ltemperature, ﬂi?+ in ZnSe04+6H20 showslpractically no temperatnme
dependence between 1.3° and TT°K. -

When H was rotated in the yc plane, four lines of large anisotropy
were observed. A1l four lines merged at the ¢ axis (o = 0), and at the
'e aXis'(a_: 90°) ioms 1 andv3, and ions 2 and 4 became equivalent. .Ton
reached‘a'maximnm field:near a = 55°; This should be tne angle'between
the ¢ axis and the y.axis ef ion 3 and ¢ must be about 35°. Because of
a slight miso:ientation of the crystal we did not fully analyze_over TC
plane data. In addition, our magnet could net quite produce'sufficient
field to obtain resonanee when H was‘along thevx or & axes..

vInithe ac plane two pai:s of'ddublets were seen atvallnorientations
, except when H was along the ¢ axis. Ions 1 and 4 and ions 2 and.3 moved
fogether} Aonerpair'neached‘a maximum field at an anglelof 63° from the
¢ axis;_and frem fhis facﬁ we can detérminevthaﬁ # = 35.7°. In order to

_explain the doublet sﬁructures, we assume that the x axes of the four



ions are all tilted away from the Y axes in the Yc plane by an angle B.
Introduction of the new angle B breaks the equivalence of ions 1 and 4
and ions 2 and 3 in the'ac plane, and of ions 2 and-h in the ve plane.
The theoretical_field poaitions of the four N12+ iiﬁesvwere calculated by

an exact diagonalization procedure and the parameters g”, g D, ¢ and B

were adjusted to give the best fit:' An example of such a fit is shown

in Fig. 3.

Spectra were also taken with H in the ab plane; If the only dev1at10n

- of the x axes from the v directlons was a tilt in the vec plane, ‘the ab

plane spectra would be little affected by this dev1at10n The ab plane
spectra was affected, and it consisted cf two setsrof'doublets. The
doubletaseparation reached a maximum near o = 20°. When H wasiclose to
the a or b axes the two sets sﬁperimposed, but the-doublet'structﬁre
remained.ﬁtThis effect sﬁggests that ions 1 and 3 and ions 2'and:h becomev
eqaivalent'with H near the v axis, but that ions 1 and 4 and ions é and
3 are equivalent with H near the a or b axes. |

The‘most logical explanation for theAdoublet?structure‘in both the
ac and ab plane spectra is that the X axis is tilted away from.the Y
direction in a way that it is no longer in the yc or ab-planes.-_The site
occupied by the Ni(H20)62+ has two-foid symmetry'in'the Y direction, but

since this ion does not exactly fit this site it is possible to:have a

-tilting of the X axis away from the vy axis. Thls tilt has equal
probablllty of belng in one of two dlrectlons and as a result 1t

'~ appears as if the equlvalence of the paired ions is broken.A Since both

forms of tilt are possible, some ions of type 1 will have one direction
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of tilt:and'an"equal number“will'have:thé bppositg filt, The ions
in the unit cell have a helical nature and it séeﬁs probablé‘that the tiit
could be characterized as mainlyvalong the pitch of the helix;or mainly
transverse1to it. We dia notvéstaﬁliSh the absolute configuration of
any of'our‘crystals and  we could not estabiiéh_ﬁhe helical sense of
the tilt. - |

For the ab plane spectra we introduced anotﬁef tilt angle B' for
the deviation of x away from v in the ab plane. A fiﬁ whichbis reasonable
is shown in;Fig. 4, The best parameters to fit all of our data for nzt
afe givgn in Table I. These parameters are rather:similap, bﬁt not equal,
to those_reported~bj Fisher and Hornﬁng& for NiZ' in a-NiSOs+:6H20. The

major difference is the smaller D value, where D = 4.74 cm™?

was found
to fit the thermodynamic data for a-NiSOa*6H=0. The significance of our

results will be discussed later.

' B. Cu®' in ZnSe0s-6Hz0.

A rectangular plate (6.5x6.5x2 m”) was cleaved from a large crystal
of‘Cu2+; ZnSeO4;6H20 grown at_5°C in'a‘refrigerétor.v'The sample was
mountéd hofizontally, or in the ab plane, in an X-band gylindrical cavity
and cooléd.to liquid nitrogen temperatuie in'the.dduble Dewar.

qu sets of four linés; characteristic of Cu®’ ﬁfs; were seen at |
-éll angles except at‘one brientation where the two sets becamé equivalent.
The lineS-were strong, narrow (peak—to—peak width of a derivétive spéctrum
ranging:frsm 8.4 G to 12 G) and easily detectable at this temperature

with the 825 Hz field modulation., The effect of the two copper isotopes



~ Table I

The Spin Hamiltonian Parameters for N12+ in ZnSe04-6H20

= 2.219 * 0.003

A= ' g

g = 2.238 + 0.003

D = +4.20 0.0k cm™*
'E = 0

g = 35.5°+0.1°

t11t anglel® = 2.5° + 0.5°

, (a)The tilt of the x axis away from the v direction. The
tilt is approximately equal in the yc and ab planes.
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were clearly seen in the splittings of outer lihes. The ratio of the
two hfs'conéténts was 1:1.07, in close agreement with the ratio of their

nuclear magnetic moments, 2.22:2.38 = 1:1.07.

Near”ﬁhe.ab"bisector, or the v axiég one sét was at the lowest field,

and the other was at the highest field. The low field hf lines were
clearly'Sepg?ated, the center df which gave g = 2.259 and A = 90.9 G.
The high fiéld-lines were'partially overlapping and made accurate deter-
mination.of g and A difficult._ A rotatioﬁ of 45° made the two sets
completely mergé to give;four 1ines_evenly spaced'with g = 2.278 and
A = 96.5 G. |

A powdered sample of Cu>': ZnSeOs:6Hz0 was examined over the
temperature range of 20° to -160°C at X-band with 100 kHz modulation.
The speétra:consisted of'twO'groupsé:four even;y>spaced,'half-derivative
parallel lines . in ﬁhe low field and extensively overlapped perpéndicﬁlar

lines in the high field. At -160°C the pqwdér SpeCtrum resulted in

g, = 2.098
115.9 G, A, <21 G

g” 2. ’-&_291, |

A

Next a:singlévcrjstal ﬁaé mounted vertically with the field in the
Te plane.l The two sets, 2 and k, moved.closely'together as the magnetic
field was rvotat..e.d. All four sets merged .perféct'ly'at thé ¢ axis., As
thé magnetiqvfieldgdirectionlwas‘moved away.fromithe c axis, ion’l went
toward'the lqwer field or higher g value, and ion 3 shifted to the highef
field. " At a = 43,.3° ion 1 reached the lowest field with g ¥-2.h293vand

A = 115.7 G. Rotating the magnet to « = -42.9° (the sign of the angle
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is only relative), we saw another minimum with theVSame.g and A’valuee.
Thus, the.aqgle ¢, between the c and the z‘axes,'ﬁust be close to U43°.
‘Along the v axis ions 1 aha 3 merged in the low field, while,ions 2 and
i overlapped in the high field. Judging from the fact that we detected
no’splittihg in the ab plane .nor at the cvaxis,‘we assume that the x
axis of each electron spin caﬁ'only be tilted from the‘Ydakis by a small
angle B in the.Yc:ﬁlane.

The anguler dependence of g and A in the vc plane were fit by
computer methods and they are showﬁ in Figs. 5 and 6. The dotted
curves were.drewn by a computer'using the parameﬁers giyen.

The ab plane spectra ﬁere predicted very well by these same parameters
‘ End_no sPlittings_were observed. The ac plane_hadfsplitting es predicted
by a smaildtilt,qf the x axis in the yvc plane, but the oﬁserved'splittings
were nbt‘quite asblerge as expected with B =vhyl°. The averege g values
of the split.pairs was fit very #ell as.shown in Fig. 7, and our final

parameters for Cu.‘?+ are given in Table II.

c. o2 in ZnSe0a-6H20

(-

.Because the microwave quanta used for our EFR is much sﬁaller than.
crystal fieid splittings, ﬁe can consider-enly the transition between the
lowest Kremers doublet (32.=-i1/2). The spin Hamiltonian for this ground
deubletdis‘identical_with Eq. 1. Cobelt»has.one.stable iSotQpe Co>® with v
- 100% naturel.ebudnacne, I = 7/2. The analysis of the g and hf constants
used qu cu®" can be applied to the ground stefe doubletvof Co?t as well.

The second order effect of the hf interaction‘in Eq. 4 can become very
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Table II

Spin Hamiltonian Parameters for Cu®' and Co®' 1in ZnSeOs+6Hz0

rParameter | ggft : 002+
"g” : 2.4295 + 0.0005 5.957 + 0.010
g, . 2.0965 + 0.0005 }_ 3.45 £ 0.10
A (us6:o36 7.0 * of5 G
| Al' : | (+) 9.5 + 1.0 G 20 £ 4 ¢
@ ' u3}3-i o;1° ! 58,5 % 0.5°
 £ilt angle(a) 3 t.1°’ k.5 % 10

» (é)The tilt of the x axis away from the y direction ih the

Ye blane.
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large for coZr. In fact, this second order line shift is so large near
the peipendicular diredtion.that:the hf-lines'of large my components

2+ s ons. 1t ' This makes the accurate deter-

cross over:in some hydrated Co
minatién of glvand A, rather difficult.

A colorless rectangular plate was réadily cleaved from a large single
crystél_of C02+: ZnSeO4-§H20 grown in é refrigerator. The coZ" concentra-
tion.was about 4% in the‘mothérlliquor but no Qhemical analysis of co2t
cbntaiﬁed in the single crystal was made.

We,obéerved no EPR of CoZ" in this host lattice at 77°K or above.

All the experiments were carried 6ut at 1.7°K. The lihes'were strong ét
this temperature and slightly bfoader (Width 9 ~ 10 G) than the Cu2+,lines.'

The d§ Plane spectra showed only two groups of eight hf lines that |
merged hear the a akis_at g = 4.453 and A = 81.6 G. In the'firstforder
the hf s?litting ¢§nstant was taken Qirectly from the separation of the
central hf lines (mi = +1/2). ‘The validity Qf'fhis'method will be dis-
cussed. The hf Spécings were foUnd to decrease progressively toward the
high fieldf Near the T axis one set reachedbthe maximum g of 5.424 with
A ='78.3.G;'and the other set of partially'dveriabping eighttlines reached
the minimum g of about 3.26 with A ~ 15 G. ﬁnlike thé spectfg of other
orientatibns the perpendicular lines showed progressively sﬁéller hf |
_spacings toward lower field, The lowest three hf componenté-wére_super;
impoSed 6n top of one another. | |
| When”thé crystal ﬁas mounted.vertical‘so thaf H was rotaﬁed in the

Yc'plané,'four sets of eight lines were detected.  The general behavior

of these four sets resembled closely ﬁhat,of cuZt. The splittings of
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ions 2'and 4 were realvin C02+. The four sets merged perfectly at the c‘
axis at g = h,315 and A = T79.2 G.,'The lowest field in the rvc plane
occurred at:a = 58° from the ¢ axis.  The results are shown in Figs. 8
and 9.”,As before, the experimental points are drawn inias open circles.
We assume'that the x axes of the Coeiiionsdare tilted from the Y‘aXes
toward the c axis. This assumptlon is made on the follow1ng cons1dera-
tions. Flrst there were only two types of Co ions detected in the ab
plane. ‘Secondly, the four ions became identlcalvat the ¢ axis, while ions 2
and b4 and ions,l'and 3 became equivalent at_the‘r axis. ThesedObserva_
tions reqﬁire both the x and z axes of the four:ions'to lie in ‘the yve.
planes, as in Cu®' in ZnSeO4'6H20.

The plots80f g° vs. n° and of g*A® vs. n°® showed nearly straight

lines with g| = 5-976, g, = 3.454, A” =76.6 G, A =2kl a, g=58° and

1
B = 2.5°% We varied the above parameters until we obtalned the best fit
to the experlmental polnts and the’ valueS'glven for Co in Table II.»
The'agreement is not very good. The large uncertalntles involved in the ,
perpendlcular components of -the g and the hfs constants are due to the
difflculty in determlnlng the center pos1t10n of the elght llnes, whlch
are shlfted as much as thirty gauSS-by the second order effect. This
point will be discussed in the next section. |
Invthe'analysis of the experimental data we have consistently made
two assumptions. The fdrst assumption was that the g value could be
calculated from the average position of the two centrai hf iines.' Thev

second one was that the hf spllttlng was taken as the spac1ng of these two

center llnes. Here we examlne the valldlty of these two assumptlons.
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In Table III we cdmpafe the observed.line poeitions and spacings
with those calculated from Eq. 4, TFor H along the e axis we find that
the agreement is better than O.l%:fdr the parameters that are]cbnsistent _
with the values given in Table II; The agreement was mﬁch worse for the‘vv
. perpendicular direction; and we had to use paremeters that have consider-
able deparﬁUre from those of Table II. .
| A point to note is the difference betﬁeen.Ho and Hcenter' Thevfield

H, is the theoretical line center that determined the g value (H, = hv/g8),

while H is the average field position of the two central hfvlines,

center

, which

The experimental g values in this work were calculated from Hcenfer

was always smaller than Ho' The dlffefence between these two gquantities
ie about'3 G for H parallel to ¢ and over 30 G for the perpendicular
spectrum. ' These shifts ﬁake the observed g valﬁesvlarger by 0.2% (or g =
- 40.008) for H parallel to c and by 1.5% (or Ag = +0.05) for H parallel to
x; The error involved in the observed g factor becomes appreciable’near
the perpendiCular direction, and yet the Qe§iatiqn of the gl_value in.
‘Table II'from the observed g_L is much greater.than the uncertainty in-
volved in the assumption that H = Hcenter'. Ih fact, the second erdeg hf
correction changes the g factors in the wrong direction. We have ‘encountered
_this problem in other Cdg+ systems,8_and we do not know fhe ieason for
this 1arge dlscrepancy. | . . ; |

In Eq. 4 one flnds that the flrst third and fourth terms make the

same contrlbutlon to the llne pos1tlon of +mI as to that of —mI The

separatlon of the +mI llnes is equal to 2AmI, and

Ao D) - B(m)Y(m). ()
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: Ty : y 2+, o+
Since the two central lines of Co~ .(and of Cu“ ') always correspond to
m = +1/2 lines, A = H(1/2) - Hf1/2). Thus, we can safely take the
separation of the two center lines as the true hf splitting. In Table
IIT we sée_that,experimentalvobservatiqn substantiates the above statement
-fairly.well,

 In conclusion,‘we can say that the firstvéssumption of H = H

s o , : (e} center

may contain a cqnsiderable'error near the:pgrpendicular'direction which
we do not fully uhderstand, but that the second aésumption“seems valid

for all>directions.

IV. Discussion

A. Ni(H20)&"

The parameters obtained for N’J‘.(Hgo)52+ in ZnSeO4-6H20 can be compared to
the magnetothermodynamic valuesu in a-NiSO4+-6H-0 where 8| = 2.216,

g = 2.250, g = 39.0° and D = L4.741 em™t, The:g values are remarkably

close and the angle g must be affected by the fact that the two hydrates
~have different lattice parameters. The same argument couid also be
_ applied_to thé difference in D valueé, but we have evidence that this is

not the case. -

5,8

We have done EPR work on both a-NiSOé-6H20 and on NiSeO4+6H20

5

and far-infrared work” on a-NiSO4:6Hz0.. These data suggest that the

thermodynamic value for D includes some contributions from NiZtoni®

exchange interaction. These ¢ontributions are ~0.1 to NO.S'Cm"l in value
dnd they can account for the appan&m lova'value for the isolated ion.

If one is to use the molecular field approximétionu'to nake a full account

e

i
|
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Table III -

_ Hyperfine field positions ‘of Co®' in ZnSeOs-6Hz0 >

* (in units of gauss)

H parallel'to c H baiallel tor

", Observed Calculated? Observed Calculated®
Lines ___H - AH H OH H -OH H M
1 1342.1 1340.9 , 2124.5°
86.5 87.7 7.8
-2 1428.6 1428.6 S 2132.3
. ' - -85.0 - 85.0 S 10.6
3 1513.6 1513.7 , : 21k2.9
1 - 8.2 82.4 - . 13.4
4 1595.8 1596.0 : 2158 ' 2156.3 .
. 79.2 O 79.7 S L S 16.2
5 1675.0 1675.7 2172 2172.5 _
o 76.9 o 77.1 ' 19 -19.0
-6 ©1751.9 1752.8 2191 2191.5
.. 175.6 Th.h ‘ 22 - 21.8
7 1827.5 1827.2 2213 2213.3
’ 73.2 71.7 25 : 24,6
8 1900. 4 1898.9 . 2238 : 2237.9 = .
H, : 1638.7 _ 2196.8
H enter 1635.4 1635.9 2165 B 21644

& Measured at 9.8615 GHz

L

b»Calculated with g| 5.96, 8, = v3.,1&5, A“-'= 77.5 G, Ai = 24 G, g = 58°,

and B = 5°

© Calculated with g”\= 5.99, g, = 3.21, Ay =TTG A =16 G, g = 58.8°,

and B = 2.5°.
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of NiZt-mi2t

exchénge interactions, it is necessar&,to alter the isolated
_ ion.D value to include the exehahée contributiqnslwhich are not field
-dependenﬁ. Ohe of the reasons for this study was to:determine ﬁhe D value
for the 1solated ion w1thout exchange. | |
The sign of the D value for the dlstorted Ni(HgO)G is of special

interest. A survey8 of the D values for Nl has shown that only in a
tetragbnally dlstorted ion can crystal field theory account for the sign

of D. For ﬁrigonal distortion one must take into‘account other considerations
‘ such ee»anisotropy in spineorbit‘coupling‘and'cénfiguretionel.interaction
with excited electronic states. | |

Flsher and Hornung!‘L found that crystal fleld theory (CFT) would fit

their Ni(Hz20)eZ' results very well. Thls agrees w1th our‘conclus1ons about

o+ zt

NiT, and one can use the well known CFT equatlons w1th our Ni® results.
These give
: <g>= (g + 2g))/3 = 2.232
<g> - 8, = 0.229
| & et 00
. 12 ,
and CFT predicts that
-A<g> - g,) N |
A= ——g— ~ =245 em™r - (6)
-a(gy - &) o -
D = : ! S + 2.3 cm™?t ; (N
Bo - A = 'H(I) '~ 1200 cm (8)

- : ‘ | - , _ 12
where A is the geometric mean of Ag and A, and should be equal  to about

8500 em™'. This spin-orbit coupling-conétant;zof the free N12+ ioﬁ, -32h_cm’l,
isvabout'20% too large to account for the g shifﬁ; .This discrepancy is often

ascribed to bonding effects, but the free ion spin-orbit coupling constant is
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roughly 50% too small to explain the observed D value. This type of
discrepancy is not uncommon and is found in many‘crysta;s cited in

13

Reference 12, McGarVey attributes this discrepanéy to the neglect of
the chargé transfer_states; The contribution of the charge transfer
state, excited lTeg state for example, is of the éame sign as that of the

~lower lying 37 and 3Tlg and will increase the magnitude of the calculated

g
D, but for g the effect is opposite to that of lower'energy stafes so

" as to bring the calculated g closer to the free épin value. The tetragonél
| distortion is calculated to be ébout 1200 cmfl,_with the orbiﬁal doublet
lying lowér than the singlet. ,This result supports our assumption that

the tétragonal distortion aﬁ the N12+'site corresponds to an elongation.

B. Cu(H20)g”"

The cupric ion has ﬁeéh most EXtensively'studied‘by EPR. - It has

nine 3d'eleétrons,'one'of which is ﬁnpaired. .Inia free ion thevunpaired'

a electrén.poséessesftwo units of orbital angular momentﬁm, constituting

a D term.” For hekahydratesvﬁhe highest symmetry that Cu2+ éan have is
octahédral, in which the five-fold degeneracy 1is split into a lower doublet
énd an ‘excited triplet. The Jahn-Teller theorem, however, requires that

- the local-éymmetry of Cu®* must be distorted’in such a wéy that the orbital
dégenéracy is removed. Because this'distortion involves changes in sigma
bdnding, Cg2+ is known to prefér large distortions. In ZnSeb4-6H20_we Y
assume this distortion to be tetrégonal-D4hr

Let ﬁs see if the hydrogen-bond arrangement can precict.the crystal

field symmetry of cu®" substituted in the N12+>site of a-NiSO4+6H20. In
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cu®t the grbund state is é hole in eithe; xz-ya_of 2=, Since the xz-yz
orbital has no électrqn diStriﬁution along the z axis, 1t>is relatively
unaffected by thé more positivé=cﬁarge on 0(3) éaused b&'the additional
hydrogen bond. The zZ orbital, on the other hand,.has its greatesf
electrﬁn density along the z axis. Hence, thevelectrOn’in the 2% orbital
is stabilized, while the hole in tﬂe x2-y2 orbital is stabiiizéd. There-
fore, tﬁe ground étate of Cﬁzf in Déh is expécted to be x%-ye.

ﬁhéthér the.tetragohal distortion is an élongation or a compréssioﬁ
becomes apparent in the g vaiues of fhe Cu?* iohs; In almost all Cu2+
compléxes, which hafe'been studied by EFR, thg tgtragonal distortion is
an eloﬁgation of antﬁctaﬁédron-along the 2z axis.relative to the xy plane.
Thé onlyiexception known is KoCuFz, where a compressed octahedron was
found. - | | ’
An élongationvof an octéhedron'aiong‘the X axis stabilizés'electrons

in 8,5 (2%) orbital state but holes in b, (x°-y%) state. cu®" is con-

veniently treated as one unpaired hole; The g values of Cu2+ in the ground

state of (x°-y°) and (z2) arelh
'ground sfate
X2y g2
g g (1-n/a) 8,
. ) ' , (9)
g 8(1A/A) g (1-31/8,)

Noting‘the negative value of \ for'Cu2+, we see

- .o 2 .2 v ) '] 2
B 7 80 XY and gy g dn 2.

fe
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An obsefvation of g > gl*clearly indicates ghét_the tetragonal distor-
tion is én'elongation rather than a compression Qldng the z axis.
In.Table IT we list the resul@s for Cu‘g+ in ZnSe04*6H=20. We feel
that the assignments of the g values are quité éeftain but that of A
may contain a large uhcertainty.:‘The o™t spectra can be explained by
an axial spin Hamiltonian, if the magnetic x ;xis_is tilﬁed by a few
degreés from ﬁhe Y axis toward the c axis. ,The fact that the cu® spectrum

remained axial over the temperaturé range“of 77° to 300°K suggests that

the distortion of an octahedron is tétragonal rather than trigonal.

Judging from the g values, we conclude that the ground statevof Cu2+ is

(x2-y3). This result is consistent with the nature of the hydrogen
bondings in the host crystal and with the interpretation of the Nzt
spectra in ZnSeOa4+6H20.

From Eq. 9 the CFT predicts

il
i

-8\/0y = 0.ha72

—EA/AHT

B - & (10)

-
N

g - 8 Q.o9u2

e

The ratio of Ai/Ab = 1.1 also supports the elongated octahedron model.

Bleaney, Bowers and Pryce15 have calculated the effects of order (A/0)#

on the spin Hamiltonian parameters. The theoretical g values given for

the ground state (x°-y©) are

It

g | gé(l+hw—3u2/2-2uw)
| | o (11)

g, = g (l+u-zv")
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Here we distinguish 2.0023 for ge'from 2.000 andvdefine the quantities
u and w aé A | o
u = /A,
wo= Dy

The use of successive approximations in Eq.vll yield the values of u and w.

'Eq. 10 Eq. 11
“u :;'010471 0.0533
v 0.0534 0.0559

The optical spectra of Cu(H20)62+ have been observed in solution and the
cubic field splitting is foundl to be A = 12600 em~'. If we assume that
the average of Ao and'Al is close to this value, we obtain the spin-orbit

coupling'constant,

3 - - 12600 x (0.0546) = -690 em™t

which is 83% of that of the free Cu®' ion. This kind of a reduction is
commonly ascribéd to bonding effects.

The hfs constants can be treated in a similar fashion. " Bleaney et

9 : : ‘ :
al. 2 give the following equations.

K(10%) -4/T + 6u/7 + 8w - 3u%/T - bowe/T

AR =
AP = -k(l-w®/2 - 2w®) + 2/7 + 1WW/T + u®/14 - bw/T
where ’ P ='-gégnBBn< r3> - ' - (13)

P willvbe calculated below. The constant kK is an empirical parameter,

often called the core polarization parameter, which represents a measure
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of the admixtﬁre of excited configurations with unpaired. s electrons.
There are two stable isotopes of copper, both with I = 3/2. cu®’
(69.1% abundance) has a nuclear magnetic moment,'un,'of +2.226, while

cu®® (30.9% abundance) has b = +2.385, in units of the nuclear magneton.

~ We will take the weighted average of the two isotopes as Hy = 2.275 n.m.

1 n.m = 5.050 x 10 2% erg. gauss™!. Then
g8 PP, = geB“n/I = 1.he2 x 10"*?erg®. gauss ™2

Changing erg into em™', we obtain
88 PR, = 7.160 x 10 %"em™t.cm”

The quantity < rm7> is listed in Table'7.6 of reference 9 and for a
free Cu2+ ibn is eqﬁal to 8.252 in atomic units. Therefore, for the free

Cu.2+ ion

B = 0.399 cm"Jf

in close agreement with the 0.036 cmf'l value of Abragam and Pryce, who
used < r °> = 7.25 a.u. for the Cu®' ion.

Substitution of u and w into Eq.12 results in

% - 0.0971

i

1.003 Ay/P
L (14)

i

11.008 Al/P -k + 0.372
A geheral equation of the form

AP = -k 4Ly - S
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shows thaf avplpf-of Ai vS. fi will resu;f in a straight line 9f slope P
and of intercept « wiﬁh the'abscissa;. The sign of the hf constants is
experimenﬁaily indeterminant, but Eq.lh and the plot of Eq.lS'uéually
determine the sign.. For example, in Cﬁ2+:ZhSéO4'6H20,lA”| > IAlI;
hence k > O and Ay <0. We plot in Fig. 10 the results of 'cf* in
Znseo4'6H20 and also in IMN and.in Zn(Bi03)2*6H20.' The last two systems
possess trigonai symmetr&. B

'Table IV lists the parametersfcaléulated for the three systems.
The three-stfaight lihes of nearly equal slopes in Fig. 10 demonstrate
the correct signs of the hf constants andvthe soundness of the prediétion
of the CFT. The calculated value of P for Cu’'iZnSe0a+6Hz0 is 82.7% of
the free ion value. The amount of réduction is quite similar to the
reduction in the spin-orbit coupling. vThis indicafes that.both reductiéns
are>due tQ bonding'effects. The dégree of covalency in the three systems
is expedﬁed to be similér,.sinée all three arexcoofdiﬁatéd wiﬁh s8ix Watgr
molecules in nearly oétahedral symmétry._ This expeétation is suppdrtéd
by the similar vaiues of x/xfree ih the three Systéms. However, the )
smaller values;of_R/Po in>Cu?+:LMN and in Cu2':Zn(Br0s)z*6H20 are sur--
prising. .We should probably not take too litefally fhe parameters of
Table IV-AS a measure of the degree of covalency in the Cu2+,hydrated
salts. -

We may say; from Eq.13, thét in a solid <‘r‘é>> is ieduded tb 6.49

a.u. Then x isvcalculated'to be

x = -3k<r3>/2 = -3.14 a.u.
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289

‘ - Table N Analysis of hf constants of cu’t.
R ‘a o a—'
ZnSeO4 6H20 LMN Zn(BrIO3)2-6HZO
77°K 1.7°K 77°K . 4.7°K 77°K
u 0.0533 0.0561 | 0.0521
o | e 0.0593 ©0.0575
w ~ 0.0559 0.0605 0.0582
AP 4315 . 4115 -112.0
b ' . i -326.7 . -25.9
A + 8.3 +16.8 +18.7 -
£, - 0.097 - 0.060 + . .= 0.080
S * 07232 i 0.225
£, ©0.372 0.377 - 0.370
« 0.339 0.316 0.305
p° - 330 298 291
p/p, . 82.7% 74.7% - L 72.9%
N -690° =130 700
M oo 83% 88% 84%
3% es2 6.16 . 6.02
x& - 3.47 - 292 - 2.75
He/s® | 244 229

T eh e e e Gn.an OV SN m G A% SR Gm ML tm G n G M S M W GE SR R GV GD N B Gn R e s S e G v S Gm TE U5 CE AR S ML N R G W G SR S S m W W YR B e

a. Caléulated_ for the 'iv_aot,ropié spectra of the dynamic"Jahn-Tell-er

interaction. (see reference 8).
o . S -4 -1
b, Inunits of 10 "~ cm .

: -1
¢. Inunits of cm .

In atomic units:(a.u.)

¢. In units of kQ.

IMN is LazMgs(NO3)iz-24Hz0,
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The value'of X has been found to be nearly constant at about -3 é.u. for

'-the ions of the iron—group; It depends on the nature of the ligand,:and

decreases a little with increasing covalency. ' | .

The hf field due to the core polarization alone can be computed from

H, = -BIS = -83.4 X8 k¢

when x is in atomic units (Reféfenbé"9, Eq.’7.685.“‘The fact that X re-
mains conSﬁant for all the 3d" ions predict§ the nearly identical core
| pblariza#ion field of éso kG pér unit of’electron'spin, which is in very
good agfeeméht with experimental results (see Tdble,?.el of Reference 9
and the references given there). o |

Thé-Cu(H20)62+ seems to have fit in the sites as well as Ni(H20)62+.

2t

The twd-¢ values are fairly close in value and for Cu~ +the tilting is

limited to the yc plane. The sizes of the hydrated complexes are not too

well khoWn;l7 but Cu(H20)52+ appears to be clbser_in size to Zn(H20)52+

than isti(H20)52+; This is consistent with a decreased tilt for cut.

, 8 . : o
Abragam and Prycel discussed the theory of 3d7 with a small axial
: disto?tion of an octahedral field. They dhose the wavefunctions of the

ground state doublet (Ez = *+ 1/2) as the linear combinations of IIZ,SZ>.

' a|-1,3/2> + b|o;1/2> + cl1,-1/2>

|1/2>

1l

|-1/2> = a|1,-3/2> + b|0,-1/2>+ c|-1,1/2>

with a2 + b2 + ¢ = 1.
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They expressed the g factor and the axial splitting in a parametric form

of xi

o =2+ be) [ (x;g) ][p et
g = _[P - (iiZ) x(J]f-E)] [P S (x+2) ]_l' '-
A =n g"e[% + ;i—‘-é] - ax(x+3)/2 . " (17)
| r J6 J8, | L

with P = .:(a‘,/u.‘)z, a:b:cv = - E' s —l =2’ aﬁd x = -180 em™! for the free
Coe+ ion. It is noted that the sighs of @ and o' here are opposite to
those given in Abragamtend Prycet’ They also assumed ge = 2;005 The x
is a.poeitive number and equals 2 in a cubic symmetry. The pafam_»
eter @ iS'expecteﬁ to lie between -1 and 43/2;J

Aﬁ iﬁtroduction oftabnon-zero A will add one more parameter to be
determined. Without an accurate knowledge of.A, we will not be able to

determine all the three unknown parameters, (o, p, x), from the two

experimentally known values (g“, gl). ;If we assume p = 1, or a = a',

we can eliminate x in Eq.l6'and determine a. More conveniently a graph

gl can be plotted as a function of o and x.

| A number of Co salts that have been 1nvest1gated 1n the past show g

’values Lylng between curves A ‘and B. The data of Co in ZnSeO4~6H20

were plotted in reference 8‘and we found that o must be closé to -1.5.

We conelude that

Q-
H

- -1.h ~ 1,5, P=0.7~1.0, x-=2L2L~1.25

>
1

280 ~ ko cm™
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These Q;lues are comparable to those found for co®t in Tutton salts and
invzihc fluorosilicate discuséed in Aﬁragam énd,PTyce. ‘The pésitive A
means'that the‘orbital doublet is higher than thefsinglet in accord with | “
a tefragonal elongation of an 6ctahédronf

The valué for ¢ for Cog+ is quite différent ffcm that found for Cu®t
and N12+.  It does not seem probable that the Co(Hz0)&>' complex could
_ rotate_ébéut x by as much as 20° andfstil; only have & small tilt angle.

The size_bf the Cq(H20)62+ is also not expected to be greatly different

5,8 >+

from Cu(H20)62+. A similar large value for g has béen found, for Co o
in a-NiSQ,*6H=0. It seems possiﬁle that for Coe+,bthé zvaxié of the spin
Hamiltpnian deviates from the Co-0(3) axis.. The great semsitivity of

the g values for Co2+ to bonding effects could make such a deviation

reasonablé,

D. Exchange Effects in a-NiS0,+6H20 and NiSeO,*6H=0

. Our interest in Ni2+,,Cu2+ and CoZ' in ZhSeO4°6H20-is based upon

our attempts to explain the'observeds’8

properties of these ions in

- a-Ni80,*6Hz0 and in NiSeO,.6Hz0. As mentioned eaflie;, the D value for
the Nizf in ZﬁSeO4-6H20 can be compared with ﬁhe observed fa.r-infra.red5
'zero-fiéld splittings and with the assignedh thermodynamic D value of
a-NiSO,*6H20. The far-infrared spectrum shoula:correspond to the edge
of the band (k = 0), while the thermodynamic D value should correspond 4

to an average position in the band. The observed order of these energy

values is D(thermo) > I.R. > D(ZnSe0,:6H=0).
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Thé difference between the thermodynamié D value and the center of

l, and it can be

fhé aSsighéd infrared absorption is iny about 0.2 cm”
readily:explained by exchange intéraction betﬁeen fhe'equiféient
Ni(H.gO)52+ . in'thé ®-NiS0,+6H20. With D(thermo) > I.R. the coupling
must'be.ferrbmagnétic; and we can éonclude thaf the”equivalent‘Ni(H20)62+
interacﬁ'in OL-N’J'.S04'6H20 in & manner rather similar to that Dixon and
19

Culvahouse ~ found for‘I‘\l'i(Hgo)sg,+ pairs doped into double-nitraﬁe erystals.
- The infrared spectrum also contains a noticeable stiucture ﬁhidh must be
due t§ eXchange between non-equivalent‘Ni(H20)62+. At one timeiit was
thOught'that part 6f this étructure ﬁas due’to'avfinite E value for the
isolated ion, but it'ndw seems clear that bne.mﬁst also consider a bi-
qua‘drat‘ic ’egchangé ‘term of the type J'('slfsg)é. If this is true , ‘then
this'termvis much more important for a-NiSO,+6Hz20 than for'double-nitrates.l9
‘The difference between the fhefmodynamic_D.vaiue and the isolated
Ion D Qalue measured in ZnSéO4-6HéOZis'O;5vcmfl; This value is too-large

1 wide. It is possible that

- to be explained by a band. only 0.2 to 0.4 cm”
the isolated'ion D value in the selenaﬁe'lattice is smaller than in the
‘sulfate lattice, but we have some evidence that the ;ﬁposite.is true.
Thére aré second-order effects of exchange on the zero-field splittihgs,
but theéé should be 0.1 cm™* or less. Further work will have to be done
before:weigah explaiﬁ this apparent shift in the zero-field‘SPlittings
by éxchaﬁge. - |
For Cu2* and Co®" in a-NisO ,"6H=0 we observe some interesting effects
due»to-exchange. The EPR spectrum of each 6f these ions can be roughly

fit using an ordinary spin Hamiltonian, but for Cuzﬁ'their g values
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are:0,2 to 0.4 of a unit too large in d;NiSQ4-6HéO compared to the | . »J
‘normal values in ZnSe04-6H20. A 10-20% g vaiue’shift has many of the
characteristics of the molecuiar‘field correctionhfused in the therhb4 -
dynamic wofk.'dThis ﬁolecular field correctionlis not satiéfactory for
the Cu2* EPR, for we find that the g value shifts do not fel;ew'the |
temperatdre dependence of the-bﬁlk magnetizationdrequired by the molecular
field model. _ ‘

The major effect of raising the'tempefature near 1.5°K o_n‘Cu‘g+ in | %
a-NiS04+6Hz0 is to broaden its EPR line width. In fact, above about
2.2°K the cut spectrum is too broad to Be‘reedily observed. Similar
effects were observed for cu®t doped into mixed crystals of NiSeO4-6HgO
and ZnSe0,6Hz0. At high temperature, only those Cu' are observed which
are surrounded by Zn>" and not by NiZ'. p

Limited EFR experiments have been done on‘Mn?* doped into a-NiSO4-6H20.

We are unable te fit this spectrum with an ordinary spin Hamiltonian even
if we aseume a lerge'zero-field splitting. It is quite apparent-that
exchange effects can be readily observed for ions doped”inte'ﬁhe |
aFNiSO4ﬂ6H20 iettice. For ions with S > % these effects can lead to
quite complicated spin properties. ‘By a combinetion.of EPR and zero-
field’spectroscdpie studies we hope to explain, on a quantitative basis,

the full effects of exchange interaction.
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Figure Captions

A projection of one-half of a unit cell of a»NiSO416H20_oh the

(001) plane. Two layers of Ni(Hz20)eZ  and 5042~ groups are

‘depicted here with their relative positions along the ¢ axis.

" A projection of the magnetic akes‘ofvthe four NiZ" ions in a unit

cell on the rc planes. A and B refer to the respective corners

of the diagram in Fig. 1.

The observed points in the ac plzs.ne-for’NJ'.‘g+ are fit by a computer

simuilated spectrum with g|| = 2.216; g, =2.235, D = 4.16 cm™t,

The observed poihts in the ab plané for N12+ are fit by a computer

simulated dotted spectrum with g, = 2. 222 - 2.241, D = L, 22 em-1,

=0, # = 35.5° B' = 2.0°.

The observed g values in the yec¢ plane for Cu2+ are fit by a
computer simulated dotted spectrum with g“ = 2.4295, g = 2. 0965,

u3 2°, A” 115.6 G, A; = 9.5 G, B = 4.1°.

" The observed A values in the re plane for cu®’ are fit by a
‘computer simulated dotted spectrum with the parameters used in

Fig. 5.



. Fig. 7.

Fig. 8.

Fig. O.
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A computerbdrawn simulation for thejac plane spectrum with the

same parameters as used in Figs. 5 and.6.'_The points show the

-y

‘average position of the observed split pairs.

.The observed g values in the yc plane for 002+ are fit by a

~computer simulated dotted spectrum with the parameters given

in Table IT.

The observed A values in the rvc plane for Co2+ are fit by a

- computer simulated dotted spectrum with the parameters given

- .in Table II.

Fig. 10.

Plots of Equation 15 for three'Cu?+.systems. 'The IMN and

zn(Br03)2-6H20 results come from reference 8.
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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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