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lagnetic Susceptibility of Cu(NO:;)2 2.5H,0

at Low Temperature*

L. Berger, 5. A, friedbery, and J, T. Jeiriepf

Curnogie Institute of Teeciunology, Fittsburgh 13, Fennsylvania

Abstract:  The .epnetic suscoptibility of cuprie nitrate
nrilg arate? Cu;(LC;B)2 2.9‘1!20 ies been neasuwred on tle pxder
and on single crpstils in tho 1420 ad 0.1;—1,.202{ ranges of
teuperature, The susceptivilit; of the powder has 2 rounded
maxinun at 3,2%, where it is equal to 0.005 CC3/.ole, and
drops very ruapidly towards zero delow this te.perature, This
bemwvior differs {ran tlat of a typicsl artiferrososnet. The
experiaental data have been coapared vith existing tiheoretical
caleulsations for antiferro.cgnetic linear chains or binary
clusters, In the single crystal, tho suscuptivility ueasured
in a direction parallel to the ..onoclinic axis is uvlways lar-
ger by 20. tuan the susceptioility in the perperdiculer direc-
tions. This is probibly due to a uniaxial anisotyoy; of the

g foster,




INTROUUCTICL

The study of tue cupric salts provides cone of the :ost conven-
ient experimental tests for tie theories of interacting parcimgnetic
jons, The Cu'' ion has & spin S ==-'5 , value for which the largest a-
mount of theoretical work has been done, . areover, the rclatively small
value of ths .agnetocrystalline anisotropy siuplifies coaperisons betwsen
experiaents aud taeory.

Very little is known about the .agrnetic roperties of cupric
nitrate trilyydrate, wiidch is one of tie most co..on cupric salts, The
ma netic susceptibility Las buen .-:neaswed‘ only above 78%. The para-
mguetic resonunce nus beon observed st roon teiuercture on the povxlarz.,

we have .eusured the susceptibility of this salt in both poder
ard single erystal foris, in the liquid heliwa and in the licuid hydro-
gen ranges of te.perature, Tue .wsusuredents on tlhie pouwder hiave been ex~

terded doun to O.AOK, using; a 1193 cr;-ostat,

Da3CLITION OF THS 54 PLA3

The salt obtained above 26°C by cooling & saturated solution of
cuprie nitrate in water is usually referred to as the t,riJl:,'dr:.L'c.e3
Cu(N03)2 3,0, According to Schreine.akers, Jerkioff, and i-osthuwsl‘,
and also to L.ileox amd Bailey’, this salt is rathar Cu(NOg), 2,510 .

In a short no’t,ez6 on the i-~ray determination of the structure, Dornberzer-
vSeidff and Locicjevicz Cive @ projection of ti.e eloctraon density on a
plaiie perpendicular to the wonoclinic axis, froa which one .oy infer
that the foruula is Cu{l0y), 2.511,0.

The material used in the aresunt investijations was obtained




from the J, T, Baker Chemical Company, in the "Ba%ter Analyzed Leagent!
prade, All sa yles were recr;stallized, by cooling a saturated solution
dovm to 40 or 30°C, in onder to insure the proper degree of iydration,
Solutions of cupric nitrate should not be heated to wmoro than 70°C, as
a white powder precipitates slowly above this teuperzture, Care should
also be exercised to prevent organic Latarials fron couing into contaet
with this strongly oxidizing salt, OJheets of filtor paper catel fire
spontaneously when sozied with solution and left to dry in the heat of
an electric bulb,

1t is easy to obtain large siugle crystals of tue salt, Ther
nave an elongated, often ncedle-likc, shape, A plane of easy cleavage
runs purallel to the needle axis, The crystal belongs to the C2/¢ mono-
clinic group, with a = 22,2 !(\) s D=4, g, e = 15,4 R s B = 18°, accord-
ing to the few A-ray data availableé. “The cugles of the fzces sugest
that the wonoclinic axis b is the needle axis., le have perqu-s.xed op~
tical measurauents in parallel and in convergent polarized light which
fully confiriis tihis., Tue two optical axes lie in the ac plane, One of

theu is nearly perpendicular to the cleavage plane,
BAPLdTadiTal, PIOCHDURE

Meinetic susceptibilities have been measurad by means of a mutual
inductance bridge, working usually ot 275 cps, This bridge is similar
tc that describad by Fillinger, Jastran, and Daunt7. The ancll change
of utual inductance roduced by insertion of the suiaple into the coil
is jroportional to the susceptibility of the sauple, Tue bridge is cali-

brated during: each run agtinst a swaple of powdered ..angznous ansoniun



sulphate, tiie susceptibility of which is uivena by x = 0,01119/T
CGs/im

In the case of powder Lsasurelents, the saple is packed in a

thin pyrex or soft plass sphere supported by a thin nmylon thread, In

tiue case of single crystul neasurasents, the sauple is tied with nylon
tliread to a plastie platform vhieh has been glued with epoxy resin to

the end of a thin lucite rod., The :asses of tue sa.ple range fron

0.5 gm to 1 g,

In the 14-20% range and in the 1.3-&.2"!( range, the sample and
the mtucl induetance coil are in direct contaet with a liquid hydropen
bath, or with a liquid heliun bath, In the 0.4~i .3°!( range, we use a
He3 cryostat, Details of this apporatus will be given in anothear pub-
lication, Tie sauple is in direct contact witlh tue lie

3

cariua g nesiua miteate sauple is used as a standurd to calibrate the

bati:i, ard a

mtual inductance Lridge, and also as a mapnetic ther:woueter. The sus-
ceptioility of this salt is piven® by K = (2.73 x 10°%/1) + 2,13 x 107
CGs/ma .

DISCUSSION OF THL . ULLT3

The experimental rosults are shown in Fip, 1. The susceptibility
has bewa measured on the powder., It has been imeasured on a single crys-
tal, olong tiie nonoclinic axis b 3 it tas also been Leasured along three
directions in the ac plane perpendiculor to the .onoclinic axis, One
of tiese tliree directions is purallel to the clouvage plane ncentioned
before, Another is porpendicular to this cleavage plane., The third one

is approaiictely at 14,50 to the cleavage plane,




A

For all samples, the suscopbinility is found to have a rounded
maxiomm at 3.2%K. It drops very rapidly below this tomparaturs. The
suscepbibility of the poker seeus to rise agein bolow O.6°K; tests per-
Sorued witi e.pty prrex spheres shiow hovever thot thiis rise is nostly
due to the jerasitic Curie porauegnotisn of thie sanple Lolder. If this
contriovution is subtracted froa tho duta, one finds tlot the suscepti-
bility of Cu(i303)2 2.5 1i,0 1s vonishincl; simll in the 0.4-0,6% range,
Tue para.agnotisii of the sa.ple holder becoues neopligible at l.3°K and
above,

In the single crystal, the .ecsured suscoptivility is the saie
in the three directions perpendicular to the nonoclinic axis, TI'rooa this
it can bo deduced that the susceptibility is isotropic in the plane per~
pendiculor to the Lonoclinic axis. The value X_L in this plane is
2% lower than the value X along the wonoclinic axis, ab all teu-
peratures, ‘@-

This behavior diflers fron that of a typical antiferrcmnpnet,
The powder susceptibility of an nntiferromgmetlo usuall; cdrops for
vanishing teqporature to no less then one ilf of the uowinma value
recched close to the ileel point. Illorcover, the sin le erystel suscep-
£ivility of an antiferroun net is very anisoleopic; it vonisheos at ab-
saolute zaro (or becoudes very =all) alon, the direction of the sublattice
magnetization, bub renains quite high in other directions.

Cur data vould rather sugiest thnt the :agnetic ions in
Cu(1103)2 2.5 11,0 aro associated in iidependent pairs (binary clusters),
or that ti.e- foru ona=iiiensional chains, The aveilable Z-ra; structure
infor. .:n:;on6 is not coaplote enou h to directly decide between these two
pogsibilities, A detceilod discussion of these possibilities is given

in the next section,




o have invesbipated thuo frequency dependence of thie powder sus-
coptibility at 1.3 and at 14,1%. In both cases, the susceptibvility
is the stuse at 130 cps and abt 275 cps,

Tuere is a s.1ll differenco between our powder data and tho
averafe %x @— + %XJ_ of our single crystal data in the liquid
hydrogon range (Fig. 3). This mar be ascribed to some experiuental error,
or to variations in the puysical state of the saiples, Cupric nitrate

trihydrate is very v rostopic.

TIMOALTICAL La3ULTS FOr BIKARY CLUSTAIS AID

FORt AL TIF00 AGNSTIC CHATIG

The susceptibility of z system of binary clusters has been cal-
culated by Bleaney and chex's' ! '12. In writing the exchange ha ilton-
ian H of a cluster, we define the exchange constant J of a cluster
in a way vhich differs {raa theirs, for reasons which will becose clear

later:

=3 3.3 )
=k d 54 5, 1

- -

4 g
where S, and 32 are tlie spins of the two 3 =-}§ ions, Assuwiing that

the singlet is the ground state (that is, J < 0}, the suscgtibility of

one nole of cuprde ions iss
202 4
X = ;Nﬂaﬂfk_?_gSH) ' /3 Ty @
‘ | + ?exp(gd-{;)

The relstion botween tre exchange constants us : various

authors is given in Table I,
lio exact culculation of the susceptibility of an infinite one-~

dioensional clinin of ions with isobtropic exchange coupling is availoble




at the ,resent tlme, Katsum’3

has coumputed the susceptibility of a
ring of i = 6 spins. Criffiths'” as couputed the susceptibility of

rings of 4 = 2, 4, 6, 8, 10 spins, They use the exchange huniltonians

N 5o
H= —ZJZ Si SE-H (3)
i=|

=
withs -
S =3

InEq. 3, 5; dis the spin 6=

d4-

-;-) of the 1% ioni, and the con-
stant J is tiic sue as tint usod by theso authors (see Table I).

In the case of o ring of [ = 2 spina, it is easy to see that
ECe 3 is identical with Ju. 1. In foct, we have dofined the exchange
consbant of tire binary cluster of iLq. 1 in Just such a way that this
cluster may be considered as a ring of two spina,

Tue results of these thearetical woriis are represented on Fig, 2.
.@ plot u= log (BkTX /No 32 [32 S(5+ 1)) vorsus ’JI /KT , where X
is the tl.ooretical suscoptibility of one mola of ions. On such a dia=-
(ran, Curie's law would give a Lorizontal straight line u =1, ad the
parallel susceptibility of an infinite Ising chain would rive an oblique
straiht line. At iigh teuperature, we see tuat u (or 7( itself) is
indeperdent of N 3 this is to be expected, as short-range order extends
at these teuperatures only to distances s:aller than the circuuference
of the ring. Tue uigh teaperature slope of ell theoretical curves is
tiio saue,

we have fittod our cxperisontal data in the region above 1.3%
to these theoretical curves (Fig, 2). Tlis recuires the clioice of tlie

volue of tie two parceters g and J, The condition that experi.ental




and theorotical wvolues of u be esual ab infinite teuperature deterizines g.
Tie condition tiat te slope of the ex.orinentcl and of tlo treorctical u
cuwrves be ¢ual at infinite toewworcture detercdnes J, ilowover, tue peneral
curvetbure of the ex ori.centsl u curves is Ixde.oglont of the cloice of g
awd J. Using the powuor Jaba, tuc c.rvature of the experi.untel u curve
13 such tuet it colncides nelbaer with tre curve for tno binary clusbers
(i=2) nor witi tuat Jor a vory long cusin (i 10)3 1f we choose £ = 2,32,
J/k = -2.1502{, we obtuin & close fit to the =4 curve, thLough tiis is not
likel; to aavo agy recl i sicul sipnificince. Un the otiivr Land, using
an averagce of tie simple erystal duta, the expucimentel u curve u&s o soue~
what larger cwvature, cid ean be fitted bost to thie cirve for the blaary
clusters, using ¢ = 2,13, J/k = -1.23%,

e Lave also rcpresented our date on a sinplo dicgram of X versus

T (Fig. 3). The £it ig .<de ware in such a way bunl the masdon of the

4

curves coliuclde. e Lot 0= 2,11, Jfx = -l.23Qr: for tue f£it to the binary

i

clusters axi g = 2,47, J/k —2.5602{ for the £t to a ring of 10 spins.
ApLing, tuc theor, for the ring, of 2 spins (binar cluster) is in fair arce-
aest Gith tae average of our singlo er, sl data,

The verious ¢ velues obtiined in tihwe present sorg iy dbe compared
witn the vlue ¢ = £.22 ueduced iron the Ligi-tenperciuro povder ietsure-
Junbs by oscolfier and C::.ut.nier‘ e o0 Ouve Lad to corroct the iolar Curie
constant glvea U these autuors, becouse of tue incorrect foriwla
Cu(2103)2 3(H0) used Ly them. ..lduno gt _g._lz;_i_e fournd ¢ = 2,1-2.2 by i
Loagnetie resoncace on the powder ot roon tempeccture, closcr perliups to our

Litted vulue for tie binary clusters,
Shoule euprie nltrute trihydrate prove to ve & systen of Linury

clusters, it would provide btae lirst c.omple of such clusters witu on ea-

: - ; 12
change eonstant J/ik of only a few OK. In the case of cupric acetato

and of ti.e otlwr cuprie alkanoates; J/% 1s two orxders of . ninitude larper,



RuMARKS ON THE LG, ~TEIPRIATURE
SUSCuFTIBILITY OF THE FINITEC ARD OF
THE INFINITZ CHAIN

Bulym'ékiiw » and also Katsuram, liave recentl: calculated the
susceptibility of an infinite one-dimunsionnl chedn with isotropic ex~
change coupling, DBotl: authors rosart to approsiations. Dulng{skii
finds that the susteptibllity rerains finite and positive at the abso-
lute zcro, However, as Xatsura uses zn expansion in powers of 1/T, it
is not obvious that his theory can be used in the neighborbood of the
absolute zero . Moreovur, the approxiuations usad by both
authiors destroy the isotropy of the axchanre na.dltonian, Therefore,
it is likaly thot tne low-l;ing spoctrum of spin-wave axcitations is
strongly modified, and the valuo of the susceptibility cannot be trusted
at the lowost taaperctures. It is for these reasons thct we have not
coupared our data with these culculations,

There is, unfoctunately, even soixe evidence tuct the conparism
(Fig. 2 and Fig. 3) of our data with tie colculations for o finite ring
is of dowbtful aipniflicance, These calculations arc interestiiy .alnly
because t.e results uight Lo used as an approxivation to tlie suscopti~
bility of an iafinite clhain. Ginzgburg and FainW hizve pointed out that
the suall value of X for a finite chainat T <K || /M probably
increases exponentinlly with thie lengtli of the chain, This sxponential
deperxionce, in fact, seeas to exist alrecady in the low-tenperature region
of our Fig. 2. The extrapolation to an infinito cliain is therefare not
possible, The also pointed out t:at tue suscoptilility of o very long

chain i ht be field-depondent.




These uncemctainties in tlie theary of a lineor antiferrasaguetie
chain would, of cowurso, ireconme ir-elevant, should cupric nitrate prove
to be a systeu of Dinwy elusters rather thion o g:sten of infinite chains,

Oguch:lj8

heas recantl, discussed the proporties of tie ground
state of antiforree_igpets amd linear chcins, lle showed thie axistence
of a relution betir«oem a non-vanioling low-temporature susceptibility
and o long sublattedice switeldn; tiue. According to this, cupric nitrate

would have ¢ short- swlatbice switching tie.
CONCLUSIONS

Our suscer=tbility data sup est thot the cupric ions in
Cu(i:'\)g)z 2.5 0 ) ==re associcted in Linary clusters, or along ono-diuen-
sional clains, wittl aitiferrovngnetic coupling, The data are in sone-

what better agrow—ont uith the £irst asswaption than with the socord one.
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TaBLis I. Helation between our exchange

constant J anxd that of otiier authors,

Binar; cluster W = J;Jl caney a:xl:‘: JFiaj,is and
(ring of two spins) 3overs .artin
dng of I spins d = JKai‘.su.m = JGri.fi‘it.hs

Gi=2,4, 6, 8, 10)
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