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_Electron.ExChange for Hydrated Tons in the aQNisoé'éﬂzoatattice

" by Rollie J. Myers
T o Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and .
Department of Chemistry, University of California, Berkeley

Abstract

Far—infrared and electron paramagnetic resonance spectroscopy on a-
N1504 6H 0 have confirmed the zero-field splitting predicted by Fischer

and Hornung. However, instead of a single sharp pair of levels at 4.74 cm: -1
we find a band which 1s 1 cm l wide and centered_near_this value. The far-'
infrared spectrum-shows some unresolved structure out.it has avsharp edge

characteristic;of exciton selection rules. Both‘th%fnolecuiar-field'para-v.

neter and.the-far-infrared_spectra‘indicate thatvthe:interactioﬁ’between

the Ni(sz)szf'is’mainly ferromagnetic exchange. -



2.

Infrbduction'-

A very complete 1ow':empératurefthermodynami¢ iﬁvestigation has

Seen made’ 6£ d—NiSOa'GHz

  90,000_gauss which wére applied along'either'the:a-éxis; the é—axis, or 1%

0. This study utilized magnétic fields up to ' i-ﬁ}

the a,b bisector of a spherical single crystal. Preﬁious wgrkz had

demonstrated that the S=1 Niz+ ions }n'thiS’cryétal;had a non-degenerate ground
state and the crystél_exhibited paramagnetism at ali temperatures.

The thefmodynamic“results were’shown3 to be-#ery*nicely'explained by

ag.axial'Spiﬁ Hamiitoniaﬁ for.thé Niz+ together with a‘reiativelyfsmall

moleculat fie1d paraméter to account for the inteiactions betwéen the;Nizf

in fhiéAlﬁttice. The spin Hamiltonian for the Niz+ has a fairly lafgé'

zero;fiela'splitting parametér (D= 4.741 ém_l) éﬁd;it was completel?_akial‘f

(E = 0).  The unigue axis of this systeﬁvdoes ciogely'cortespond tb oné_
formed ,bf ; pair'of'coérdinatéd water;molecules in the'Ni(H20)62+>comp1ex,

. but the'cryStallbgraphic'dataa’s do not indiéate'ény'meaéurable difference

in the Nifojdistances.  Ihé sign'of-the zero—field parameter D is positive
so that the lowest energy level corresponds to the.nbn—degénefate'MS=0
S

 shown? that this together with only a small exchahgé interaction between
2 R _ , p

State\aﬁd the two M_=%1 states are 4.74 cm_l higher in energy. It has been

the Ni®" will not allow any magnetic ordering of the Ni’" 1n this lattice.
Shortly after the thermodynamic work was completed we set out to see
how electroh'paramagnetic resonance spectroscopy (EPR) could be utilized

for the Niz+'ih a4NiSOQ-6H20{ Because of the lafgevzérd—fieid.splitting




Vddoo s 8oy

we didlhotmexpect_a.rieh EPR spectrum, but we were:oartiEulsfiy.interested.in'_
> how the fairly Qeak N12+FN12* interactions would affeetiEPR;.'At least two
nprevious workers had attempted to find an EPR spectrum in a—NiSO4 6H O but
to the best of our knowledge we have been the first to: correctly assign its
spectrum. -In addition to_EPR, we have been fortunate-in beihg eble to do
_far-infrered:Spectroscopy so'that transitiohs direCtly 1n§olv1ng'the zero-
'field sPlitting have.also been.measured.

‘The a-NiS0,-6H,0 Lattice

ThevNiz-k”are‘arrangedl}’5 as a set of eqoivalehthi(H20)6z+-which are .
, held'rn‘four perallel planes bj the 5042_.. The_plehes.ere perpendicular
to the c-arisiof a tetregonal lattice. .The‘Ni2+;in esch plane cahrbetmsde
to eorresooﬁd to any Ni2+ in the other three plahes b&_trahsiationiofv~
C /4 C /2 or 3C /4 together with rotations of 90° 180° or1270°usrouhd
the:c-axis.‘ As a result, a unit cell contains four Ni2 arranged‘in;each'
of the four plahes and at 0°' 90°, 180° and 270° ebout the e-sris; ,Ther
.crystals do not have a center of symmetry and have e1ther space groop |
P41212 or P43212 A draw1ng of_the N12 in a threeedlmens1onal model is.
given in Flg 1. | | o

The unlque axis of the spln‘Hamlltonlan is- tw1sted away from the c~
‘axis by the ahgle ¢. The twist axis corresponds>to-oneuof the two bisec—
tors-of the a,b axis and | alterhates in thevfour‘olanes. In Fig. i’the
unique axis is darkened and ¢'rsvclose to 39d.~;Thevnéérest}neighbors of a

given:Ni2+-are in the planes immediately above'andbbelow._ Ih_Fig. 1it



'is shown that the nearest neighbors of an ion in'pléne 2'are'in plaﬁesfl

and 3. When a magnetic field is applied along either the_aanis or c-

axis or in the a,b plane, the Zeeman terms for ionms 1 and 3 are idehtical.:' g>

Nea:est‘ngighbor interaqtioﬁs_ﬁiil be designated-aé‘i—Z inﬁeractions.

| The ibns in each pléne are_all.eQuivalent;‘ Intéfactions between these
iohs are a;$ignated'as 1-1 interactions. The-inteféétionsvwﬁiqh écéount.
fdf the molééﬁlar fie1a® will be approximated as afiéihg‘ffom.l—Z exchange,
but 1-1 exchange may mot be entirély negligibler:n |

'6H20 is isostructuraj-ﬁitﬁ-u-NiSO4~6H'O.‘ We have

The diamagnetic ZnSeO 2

2+

4

‘ L 2+ . -
- made EPR studies of Ni ', Cu and C02+ in this lattice for reference purposes.

Far-Infrared Spectrum'

Thé'épectrum of a single crystal of a—Nisoa‘GHZO,was taken at 4.2° K -
and 1.3° K‘ffom 3Wcm-l to 25 Cmfl; The instrument‘was.a Fburiervtransform
spectfomete; built‘in the:Depértment'of‘Physicé by ffpfeSsor Paui'L..Richafds.
The spéctfa.ﬁere.;aken'by_his student, Dr,'GeorgévBréékett.‘”ﬁata were re-
vcorded'bbthlwith and without'magﬁeﬁic fields up t§ 50,000 gauss applied’ |
patalle1 to fﬁe‘c—;xis.v | | |

- The zero-field absorptionhaF;A.Zé K is shown*ip_Fig. 2. Onithis figure
weiélso indicate‘both_thé resolution of_tﬁe instrument and th; ﬁoSition_ofv”
the D valué‘oﬁtainéd by:Fiéher and-Hornung.3 | |

It is ﬁgite-clear from this figure that thg first excited.state of the 

2+ NS ' | - “em Y in
Ni ', corresponding to M =*1, has a band structure extending over 1 cm 1 in

S
energy. The D value of Fisher and Hornung must correspond to an averagé

poéition‘in this band.  The possibility of such a_band was reCognizéd by

1 ' v L S o :
the Giauque et al, but it is not possible from thermodynamic measurements




to establiéﬁ moré than the average pqéitidn of the'band;

The spéctrﬁm at 1.35'K is shown in Fig. 3. :ﬁotevstruéturé:is revealed
at'fhe lowér.temperature, but nd imporﬁant featurés are resolved‘__Thé"
width of fhé Band in the spéctra seems not to,depeﬁd upon femperature;

. The nature.of the bandbwould be expec;ea‘to depeﬁd upbh gh;ee effeéfs. 
Eﬁchange bereén equivalent ions; 1-1 éxéhange, éhéuld'congributéjéﬁ exci- |

ton structure..'The k=0 exciton selection rule usUélly'leads to.a band

-which is Very sharp on One.edge.i In the case oleigs. 2 and 3 this is

c1early_thevlow"frequency edge of the band. When k=0 corrésponds to a

minimum in energy, the exchange must mainly be ferromagnetic.

In addition to exciton structure the 1-2 exéhahge.shduld“contributefa

Davydov splitting. The hints of structure in Fig. 3 could be due to such

 a splitting. The exciton structure can be complicated by the orbital.

e 2t ‘ ‘ o : o
angular momentum terms in the Ni . The D value mainly arises from a spin-

étates into the “A

orbit mixing'df thevexcited»crystalkfield 3T zg.crystal

_ 2g
field grodnd.étate. The exciton and Davydovusplittings'which arise from

exchange can be expected in bands fofmed‘by ;he_excited>3T2g

. In this way

we should also have a’smaliivariation of the D value within the band.

EPR for Ni’'
With hv<<D we can only expect normal EPR_trénsitions from the grouud
state to thglexcited stéte band at very high magnetic fields. However,

when the magnetic field is perpendicﬁl;f to the uniQde crystal field axis



| EPR transitions are fﬁ}ly‘éllowed befweeh the MS=—1 éﬁ§ the'MS=l.
'stéteé‘within the band.» This orientation éf'thekmagnétié field is_k.
obtained for dnthalf of the N12+ when‘it is‘aligﬁe&_along the,a,b
bigectof'aﬁd fér rest of the Niz+'wh¢n it is rotated by.the anéle,¢
 away-frdm the c—axis,iﬁ the plane formed by tﬁe c;ékis.and the.a,b
bisector.: | |
»'ihe‘EPR absorption signai of a single crystél'of a—NiéO4f6Héo is
shown in Fig..é‘for the magnetic field aléng the a,b biséctor, The very
strong hi_gh—'ﬁéld ‘absorpt.ion can ‘bév, assigned _as‘_ due t..o' the" Aﬁé=2' transi-

tions within the band. At 4.2° K the half-width of this high-field ab-

sorption is. almost doubled and the low field transitidns assigned";b Niz+

"and Co2+ cannot be detected. The high—field abSofptibn can still be de-
tected at 77° K.

This.higb—field'absorption is predicted within a few hundred gauss.

by the Ni2 spin Hamiltonian parametersB'together.with'a molecular field

correction. This molecular field correction is predicted to change by’

about 500 gauss when the'maghetization changes invgoing from 1.3° K to

4.2° XK. The measured position of the high—fieldfébSdfpfiqn doés ﬁot shift
within an experimental error of less than 100 gauéé“beEWeen'1;3° K and 4.2°

K. The higher temperature only seems to broaden thisfabsorptidh and its

maximuﬁ'ddés not shift.

fhe_half—wid£h ofvthg.high—field aﬁsorption:dtrl.2° K islcidse to
l,OOOfgauss.- its abSorptiQn field diréc;ly iﬁvoives;the D:value and a .
1;000 gauséxhélf-width can bevcorfélated to a spréé& in the ﬁ‘valﬁe of

l.cm—l. Since this is greater than. the épparentih31f—width of thc?

1%

-



A

abéorption’sﬁéwﬁ.in Fig;'3, we'can'éonclude that'sbme“of.ghe_Spread’iﬁ'
high—field‘absorption is due ﬁo'spin relaxation.

Thé positioh of the high-fielduabSOrptionvfox ghe dfieﬁtatibﬁ of the
field in the piane formed.bf the c—axié and the a;B biséctor is;shown iﬁ'
Fig. 5.1; can be seen that anadditional high—field”abso;btion isIObservéd .
when ¢=39;§°; This is in good agreement with'Fisherfagd_Hofnung's-value
fof ¢- | |

In Fi_g.s;.' 4 and 5 an édaitional ni2t absorption is- shown. It ‘_is.much'
lower in iﬁtenéity than is the.high-field absorpﬁion and vis-usualiyrat
a lower field. Thié.absorptioﬁ-can be aésigned ;Q'a simultaneoué-paif

transition for a 1-2 pair of N12+.

In Fig. 5 the.fiéld is shown‘as goiﬁg
to a very high vaiue when the field.approaches thé‘é—axis. This is'ﬁhen
tﬁe Zeeman"splittingé of the l'énd 2 iéns‘becqme-identical.. |

In Fig.né we show an energy 1evei diagrém for both théii and 2 ions
for a fieid.close.to the é,b biseétor; The enéfgy diﬁfgreqde thatvcah‘be
éésigned.to:the low field absorption i§'iﬁdicated gnvfig. 6. It is‘equi6a-

lent to ion 1 dropping from its first excited state to its ground state and

‘the simultaneous_absorptioh of -energy by ion 2 from its ground state to its

first excited state. Other weak absorptions ha&e‘beén_observed and theyu_

must also correspond to simultaneous pair transitions. Exchange interac-

tions will allow much simultaneous pair transitions.

ot s : - » : v
The Co absorption shown in Fig. 4 is due to the impurity level of

9y . 2 ‘ | R . : o
Co - commonly found in Ni salts. It is not uncommon. for the EPR spectrum
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of CQZ+'td‘fapidly broaden with temperature,'but the‘b:oadening of-Cozf
found in aéNiSoa.6H20 may be a-Special.case;: We-hAVe_alsb obSeredvthat

when'Cuzf is doped into this 1att1ce-tha;‘it isfalsqxbfoadened.when
'T>2-2f K. ‘Since cu?? can be observed even at 77° K in ZnSe04'6H2

" must be enhanced felaxétionjin the hickei salt.

Exchangg‘Interactions

. The thermodynamic work used the molecular field-aﬁproximation. In
this methbd'the applied mégnétic field is corrected7by a molecgiar field
Hm’ This'molécular‘field'is fgiated to the magnetization M of the suf- L

rounding iohs'by

- The constant Y for d—NiSO4?6H20 was found by Fishér and Hornung to be
'0.272 mole/cm3.-
The theory of molecular fieldsézcan be Qsed-té'relaté'Y to an exchange

interaction constant J in the interaction Hamiltonian

H(int) = -2 5 'S, .
The relationship is
_ 2Jn , S,
Y= 22
N g-—UB : '

where n is ' the number of ions involved in the exchange interaction.
If we assume only 1-2 interactions each ion has four interacting

neighbors and Fisher and Hornung's value gives, 2J = 0.087156-17‘”This 

value indiéateSva'fcrromagnetic exchange, but ‘it is rather smaller than

o, there -

'M




o

the 1 cm—l.width of the Band. It ievquite poSsible'thatesoﬁe df'theiinter;’
actiohs are énfiferromagnetic and that our simplevaeeﬁmpfioe about 1—2;v
'interactieeseis incorrect. R

When C62+vis doped iﬁto”afNi864'6H20 an abpareht;g yéiue shift.uewafds_
of 0.4 ter,S is observed.e This is egaiﬁ’consis;enﬁ ;ith:ferromagneﬁic
,exchange and a 23 valﬁe»cibse to.Q.l_cm’l.'fAemueh:sﬁaller g value shift
is obsefved”for Co2+ and its exchange intefactionveith the Ni2+ mﬁst be -
mpch'émaller.‘ In order to eStaﬁlish a more quantitetive basis for the

2+_

Ni Niz+ exchange, we are presently studying the EPR_of N12+>pairs,doped :

1into ZnSe04f6H20.'
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 FIGURE CAPTIONS

4:6H20, The c-axis is

Fig. 1. A;é?awing'showing;thé-Ni?+ sitesﬁin a;Nisd
. f5§efticallgnd-;hé a—_éﬁd B—aiesvarefberégﬁdi§dlﬁr-to Ehé square -
.fbfmed byf;hérfou: vertical rods. Tﬂe‘dﬁiqﬁe axis of the spin
Ha@iifonianifor éach ﬁi2+ is &a;kened,v:f
'Fig.ﬁ?. _The'zero;field;féreinfra;ed,absorptiqn.a?{432ﬁ Kq.lTﬁg 4.74 cﬁ—l,
. .:'Zérdéfield'spiittingFValie o£ Fishef and-denung i§ indicated By
;he.veftipalié%row€  Tﬁe hOrizontél“arrow;ihdi¢ates inst?umeﬁtal_
‘ig reédlutidn“ | |
| Fig. 3. Thexzefo—field‘far—iﬁfraréd»aBéorption=at:l;3° K. .
Fig. 4.. THé_EfR absorpt%onjépectrum.Of a single.cffsfal dffaéﬁiéqd&ﬁﬂzo
~with the fiéldfgligngq aiéﬁg'the bisector éf_;yefa- and b-axes. The
,Secth'low+fie1d absorﬁtion is p:obaﬁly'ﬂﬁe‘to én‘iﬁpu:ity in-;hé-.
. EPR‘cavity.v.“ | | | | '
 Fig. 5:' The ;ariation éf the Ni2+ EPRvabsorptioﬁswfqr.a fieid in the piane
 f6rmed by thg'c—axis and the.a,bvbiéec£o;1 ‘0n the figure the 5;5
biéect§r is calléd'the Y;axis.' 2 |
Fig. 6. Thé‘gnergeﬁics-of‘avsimultaneoﬁs 1f2 ﬁair transiFion. ffhetenérgy

level diagrams correspond to the field'albng'the_é,b.bisector.
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