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~I -0tic Jusce~tibility Of Cu(1103) 2 ~5 2

at Low Temperature.

L. Ber~er, 3. A. i'ricdbert:, aind J. T. iciea~pf

CarnoLie L isti tute or Tocanolor,,, 1ittburj~h 13, Pennsylvania

Abstract: The j.anetic susco,_tiL)ilityr of cupric nitrate

"t~~dae Cu(1L0932 2.*,I*20 iias bcei: !_aasu'ed on the p.m.dar

and on sin~jle cr,-st~ls ian the 14-20 and1 0.4-4.20~k ranges of

te.iprature. The susceptibility. of tlhe powder haes a roundedd

zaxlmum at 3.2 0 K, vdhere it is equal to 0.065 00:3/41010, andi

drops very raici4 towards zero bo~lo; this te:..puratture. Tlis

berktvior differs from: tlhat of a typical1 arntiferro.=ILnet. The

oxper:Liental data have been coapare1 u;ith existini2 tiieoretiaal

calculations for antiferro.ai~,etic linear chains or binary

clusters. In the sii)Cle crystal, theo sascoptiuility :aeasured

in a direction m~rallol to the ..onoclinic axis is alwa, a ler-

L:u(-r by- 20,.* titAn tile ousceptioilit.- in the perpielilcular direc-

tions. This is probid.bZ- du~e to a uniuxial anisotropx, of the

g f*



I1ODUCTIONi

The study of the cupric salts provides one of the aost conven-

ient experiLental tests for tae theories of interactinL praziajnetic

ions. The Cu+  ion has a spin S , value for which Uie largest a-

mount of theoretical work has been done. jc eover, the rolativelZy snai

value of the Liagnetocrystallino amisotro" si:plifies co°apvrisons betwe

experiaents and taeory.

Very little is knowmn about the , a gntic properties of cupric

nitrate trihydrate, Uiich is one of tUo :::ost co%.-n cupric salts. The

iaaLetic susceptibility has been ii~easured I only above 78'k. The para-

2nametic resonance iias been observed at room to;erature on the powder

',e have .ioasured t-he suscoptibilit of this salt in both povier

and sitiLe crystal formz, in t-e liquid heliua and in tLe liquid hydro-

gen ranes of te.perature. Le - asureients on the poder have been ex-

terded down to 0.40, usinr a lie 3 croostat.

Dz3C.c1rTJIN. OF TI 3A PL3

The salt obtained above 260C by cooling a saturated solution of

cupric nitrate in water is usually referred to as the trihydrate3

Cu(N0 3 ) 2 3H20 . According to Scireine.akers, 3erkhoff, and ikosthuas 4 ,

and also to ilcox and Bailey , this salt is rather Cu(N03) 2 2.51120

In a short note on the X-ray detrmdnation of tnie structure, Dornber.er-

tciiff and Leciejmluicz give a poojection of tL.o electron donsity on a

plaiie perpelicular to the uonoclinic axis, fro::1 which one ;a,; infer

tht tie forLmla is Cu(,o 2 )2 2.51120o

The ratorial used in the wesunt investiLations was obtained
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from the J. T. Baker Chemical Covany, in the "Baker Analyzed iReagent"

Lrade. All sa. ,les iere recr, stallizod, by coolinE a saturated solution

down to 40 or 30°C, in ordxer to insure tile proper detrce of hdration.

Scolutions of cupric nitrate should not be heated to nroo than 70PC, as

a white powder precipitates slowl above this ta. epraturo. Care should

also be exercised to prevent organic aterials fros cox.in : into contact

with this stronily oxidizir4 salt. Sheets of filtor paper catch fire

spontaneous3, when soaked %.oith solution and left to dry in the heat of

an electric bulb.

It is easy to obtain large singcle crystals of tie salt. They

itave al elorgatod, often noedle-liko, shape. A plane of easy cleavage

runs rsr2.lei to the needle axis. The crystal belongs to the C2/c mono-
0 0 0

clinic group, with a = 22.2 A , b = 4.90 A, c = 15.1 A , 0 = 480, accord-

ing to the few, A-ray data available6  Tihe wigles of the faces suggest

that the uonoclinic axis b is the needle axis. he have perforted op-

tical aeasureuents in parallel and in convergent polarized lijht wlich

fully confiri s this. Tie two optical azxes lie in the ac plane. One of

thad is nearly perpeoixicular to the cleavage plane.

Aagpetic susceptibilities have been measured b, means of a mutual

inductance bridge, working usually at 275 cps. This bridge is sirailar

to that described by Fillinger, Jastraa, and Daunt 7 . The znll change

of .utual iryiuctance roduced by insertion of the src;:iple into the coil

is proportional to the susceptibility of the sa0ple. Tlhe bridge is cali-

brated during each run agtinst a sa;.Vle of powdered ..aajanous amaonium
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Sulphate, the susceptibility of wlich is Civen 8 by ( =O.O11g/T

In the case of p.oder ,.masure:.ents, the sa:.iple is packced in a

thin p, rex or soft Class sphere supported by a thin ny'lon thread. In

the case of slile cr. stal ieasur.ents, the sanple is tied ith n'lon

t1read to a plastic platform v-hich has been C§lued with epoxy resin to

the end of a thn lucite rod. The !sses of tie sa-.ple rajiLe from

0.5 da to I jp.

In the I4-200K range and in the 1.3-4.2ek range, tLe satple and

the :,iutuvi inductance coil are in direct contact with a liquid h-droeen

bath, or with a liquid helim bath. In the 0.4-1 .35K range, we use a

Ile 3 cryostat. Details of this apparatus will be riven in another pub-

lication. Te sa'lple is in direct contact with tue Ve. bat*., anda

ceria .. agnesia..i ait'ate saiple is used as a staridard to calibrate the

mutual inductance bridge, and also as a zaonetic tLer. ioweter. The sus-

ceptioilit, of this salt is given
9 by (2.73 x 104/T) + 2.13 x 10-5

DISCUSSION OF TIEL t'LLT

The expcrimental results are shown in Fie. 1. The susceptibility

has boua iiasured on the pomler. It has been usasured on a single crys-

tal, along the nonoclinic axis b ; it ias also been ueasured alone three

directions in the ac plans perpendicular to the :.onoclinic axis. One

of those tlree directions is ixxraIkl to the cleavage plano nontioned

before. Another is perpendicular to this clavage plane. The tlird one

is appro_ ately at 45 to thc cleavage plane.
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For all samples, the susceptibility is found to have a rounded

mxira at 3.2A. It drops very rapidly below this tc-p4rature. The

suscoptibility of the pmier seems to rise aZgain below 0.6 0 Kj tests per-

f9cred dtit e-qty p. ;ex spheres shmw ha;evor that this rise is mostly

due to e Parasitic Curie paraim.,etnism of the swnlo holder. If this

contribution is subtracted frota the data, one firns that te suscepti-

bility of Cu(i40 3 ) 2 2.5 1120 is vniislinj, sll in the 0.4-0.60K range.

The par-agiotisn of the sa.:ple holder becomes ncligible at 1.30K and

above.

In the sinjo crstal, the :.asured susceptibility is the sa:.o

in the three directions perpendicular to the :.ionoclinic axis. From this

it can be deduced that the susce,)tibility is isotropic in the plane per-

peidicular to the i.noclinic axis. The value XL in this pIane is

2C lcwer than the value along the ionoclinic axis, at all txa-

peratures.

This behavior diff'ers fram that of a typical antifmronmLneto

The pmder susceptibilit; of an antiferrominet10 usuall drops for

vanishinL to:porature to no less tian one half of the ::-xi., value

reached close to the !ieel point. :'oeoover, the sin1e crystal suscep-

tibilit i of an antiferrcaanrnt is very anisotropic; it vardshos at ab-

salute zero (or beco,.s vcwy tall) along Ue direction of the sublattice

.:agnetization, but remins quite high in other directions.

Our data iould rather suLest that the :agnetic ions in

Cu(!:0 ). 2.5 1120 are associated in i-d2eendent pairs (binary clusters),

or that ti.e, forn ona-4.ii;.nsional chais. The available X-ra,. structure

infor. at on6 is not coaplato enoujh to directly" decide between these two

possibilities. A detailed discussion of these possibilities is tiven

in the next section.



0s have investigated tro frequency depordence of the power sus-

coptibility at 1.3 aixl at 14.lo. In both cases, the susceptibility

is the s,ae at 130 cps aad at 275 cps.

There is a s.all differenco between our podor data and tho

average 4X + 2o our sinzle crystal data in the liquid

1ydro6on range (FiL. 3). This rLz: be ascribed to some experbintal error,

or to variations in the p, 'sicaU state of the sa. los. Cupric nitrate

trihydrate is very iiqroscopic.

.IPQIiTICAL XbLT3 FO. B.lIIaRY CLUS'TLS ALD

FCUt AS ,T1F,&W.O. GfL'TIC CHAIIIJ

The susceptibility of a systen of binary clusters has been cal-

culated by Bleaney and Bers In writing the exchange ia ilton-

ian H of a cluster, we define the excharne constant J of a cluster

in a wa . which differs fra.i theirs, for reasons which will become clear

later:

11 =-4 J 31 (1)+@

where SI ar S2 are tie spins of the two S - ions. Asswiing that

te sinGlet is the ground state (that is, J < 0), the suscq)tibillty of

one m:ole of cupric ions is:

_ ___ _ +- /3 (2)kk
The relation botween te exchatge constants used by various

authors is riven in Table I.

No exact calculation of the susceptibility of an infinite one-

dioensinl chain of ions with isotropic exch.ne coupline is available
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at the .rosent tie. Katsura13 has computed the suasceptibility of a

ring of Ni = 6 spins. Griffiths1 4 las corputed the susceptibility of

riis of N = 2, 4, 6, 8, 10 spins. They use the exclane .iltonian:

H= -2SJ i S S+ (
i=j

with: r

N+I
4P th

In Lq. 3, 3 is the spin (0= of the i. ion, and the con-

stant J is tiio swae as that used by t oso authors (see Table I).

In the case of a ring of 1; = 2 spins, it is easy to see that

Zc° 3 is identical writh q. 1 . In fact, we have defined the exclange

constant of the binary cluster of "q. I in just such a vay that this

cluster my be considered as a ring of two spins.

The results of these theoretical worhs are reprosented on Fig. 2.

.. plot u =lor, (3kTX /11 P, ~2 SO +)) versus I J I A1T , wIereX

is the t, ooretical susceptibility of one mole of ions, On such a dia-

Lram, Curie' s law would &ive a horizontal straiit line u = 1, arnd the

parallel susceptibility of an infinite Ising chain would Lgve an oblique

straijit line. At Aigh taeiperature, we see tuat u (or itself) in

indepei-lent of U ; this is to be expected, as short-range order extends

at these teiperatures only to distaances s.,mller tian the circumference

of the ring. T inigh te..erature slope of all theoretical curves is

',,e have fitted our czxpri.intal data in the region above 1.3K

to these theoretical curves (Fir. 2). Tis requires the choice of the

value of the two pira.eters g and J. The coryition that aq~.rietal
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aDZX teo0retical Values Of AL be OCual at 1iliite txa.prature deterliVAS g.

Tim condition tA'.at t.o sope orfi tex.ourlmrkt . and or theo t-.eorotlcail u

ctwwvs be c- ,ual at i nito to~rt.edotemries J. Kocver, t'.e Lelra

curvature of the ex1.ori.Lurita2. u cijrve3 is 1I iouoxIont of the Choice of G

aod J. Usini, the powuor lata, tL~o c..rvaturo of tie c ri.na u curve

is sLclOi'%O:iat it, uoixcides nceiw.r with ti.e cu~rve for tno binary clusters

(I.'2) nor witi ti, .t or a vor-y ionZ e.ialr. (INio 10); If tie choose g, 2.32,

Jlk- 2.]' ',we obtAit a close fit to the ','4 curve tllouh t .is it; not

likvl to "~vo any reelp.. sieni sinfiace n the othc,,r Land, using

an avera~o of tL ie crystal dAta, the a).Peimx-IV2. u cu.rvo ;Is a sow-

iltat larter curvature, aid win bu fitted best to tle ce.rvL, for the blzlry

clustuX5, usinj. L;x 2.13, J/k =-.2i

'.e inave also re rtesented our data on a ui; plo i.ri of Xversus

T (FIC. 3). The Lit is3 zde terc in s-uch n :a L.,:t the r'~Laof the

curves aoW..ide. ..e -ot c =- 2.11, J/, = -. 23 K for t;,o fit to tho binary

clusters a~x1, g 2.14' =/ -2.56K for tile fLt to a rinjl of 10 spins.

JL~n, t~e Lio ; for the rix4, of 2 sj)111 (binar;- clus ter) is in Lair alyce-

:Uakit With tlae avcraLcOof Our sink.lo Or. st -I data.

The various L v .lues obt:.inod ini tho jxosunt *.ork r'4y be compared

'hith time lr.luo i; =2.22 aeduced ,Lro.-i the iij-ta.jwtuo ;dar .ieasure-

..Itslts L).; .- soffior airl Cxutder t . ..o eiavo hiad to correct the Liolar Curie

constant iivca L).- these aut.Lors, because of tie incorrect for.mla

Cu(::U3) 2 3(H 2 b) used by tiLema. -Iduno et alii 2 found L:=2.1-2.2 by, para-

.,innnoetia resonznce on the jaodtr r.t roon temxperature, closer perhaps to our

fitted v-.iuo for to binary clusters.

5houi" cupric nitrate trihydrate prove to cce L systcu of binary

cluate-es, it %-otad .--oride t..e first .~npoof such clusttrs wii an e. -

ci. 4\o constant J/.C of oiA a few OKi. in the case of cupric acetato 1

ai~d of the otl.r' cupric Jaoaites, J/k, i5 tWo wrders ji nj~nItudo larter.
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R&!AWS ON THEJ Laj-V1ATLa'M

SUSCEiTIBILITY OF TILL FINITE P am' OF

THEl INFINITE CHAIIN

vkk 15 16
Duliavskii , and also Katsura , have recently calculated the

susceptibility of an infinite one-diiensionrnl cein with isotropic ex-

chaiLe coupling. Both authors resort to apiprxiations. Bulaskii

finds that the susoptiility rer.ins finite and positive at the abso-

lute zero. However, as Katsura uses an expansion in powers of I/T, it

is not obvious that his theory can be umed in the neighborhood of the

absolute zero . Moreovuw, the approAi. Ations used by both

autOiors destroy the isotropy of the exlrane ikx.ltonian. Therefore,

it is 1ikul that tae low-l. in spectrum of opi-iave excitations is

strongly Lodi.fied, and the value of the susceptibility cannot be trusted

at the laost temperatures. It is for these reasons th:t we have not

coLparod our data with these calculations.

Thee is, unfo'tunately, even so;.e evidence tiat the cor.arisai

(Fir. 2 anxd FiZ. 3) of our data with the calculations for a finite ring

is of doabtfal aijiificanco. Those calculations aro intorostiik; ..ninly

because t..e results uiht be used as an approxiiation to the suscpti-

bility of an infinite chain. Ginmburg and Fain17 have pointed out that

the Suall value of X for afinite chain at T <<J I /1k probably

increases exponentially with the length of the clhain. This exponenLaal

dependence, in fact, seoa to exist alroady' in the law-tomperature region

of our Fig. 2. The extrapolation to an infinite chain is tUherefore not

possible. Theq also pointed out t.,,t t,e suscoptibility of a very lonG

clhan ..uight be field-dependett.



Thoe uncuvtontiLes in thec Vheory of a inlear antiforro~ajgnotic

chain w-ould, of co -arao, L--ecome ir-,elevant, shou.ld cupric nitrate prove

to be a syst,,,l of -3drnry citro rather than a s.. sto..i of infinite chains.

Oj-uchi 18h..s recent2., diacusscd the pLoprties of ti.o Ljyoui

state of antif oria-njiets azxd linear cir-ins. Ile siiavied the existenice

of a i'e3.tion betiu~oen a ini-vaniohig low-tei.Vrature susceptibility

aria a loriC subliatt-dca suwitching tiiuc. AccordingY to this, cupric nitrate

would have a short- 3,blattice svitchinr, tue.

CONJCLUSIOINS

Our sumrj-tibiity data suaest tha-t the cupric ions in

Cu(,.ij3)2 2.5 11 20 o-re associnntox in biayclustors, or alan,: ono-dien-

sional chains, wi:. aritii'ei'r:ajietic coupling. The data arc in so.-

idhat better agrowuuant uith tho first assui.iption than %with the secondi one.

,;e Lire plemao1 to acimm.,1od~e UoljIfU. discus3ions with Professor

T. OLuUh ard i'roiesaor A.. T. 60chuuacher. ',.e ticud like altso to thank

.Irs. 3. iarros tilcD toodc part in the Ile 3 iaasuremients.
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TAOL, 1. Relation between our exchanee

constant J and that of other authors.

Binar cluster 41 J l n = JFiuis and

(rini of tWo spins) .3o:ers .artin

,Un of 11 spins J gKatsura JGrifiiths

(N 2, 4, 6, 8, 10)

I _ _ _ _- ~ _ __ _ _ _.
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