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Startingfrom the Ned stateof a uniaxialantiferromagneticparticle,we show that, due to thetunnelingof theNéel vector
betweeneasydirections,thegroundstateofa sufficientlysmall particleis a quantumsuperpositionof two equivalentNéelstates.
A certainorientationof theNéelvectorbecomesfrozenasthevolumeof theparticlegrows,orthedissipationdueto theinterac-
lion of theNéel vectorwith microscopicdegreesof freedomincreases.For theweakdissipation,which is mostlythecase,the
crossoverfromclassicalto quantumregimeoccursat temperatureT* (~/~) ~

2J~ where�~and~ areanisotropyandexchange
constants,TN is theNéel temperature.

Observationof the quantumbehaviourof a mac- In a simplest versionof the Néel Model, an anti-
roscopicvariablehasremaineda challengingprob- ferromagneticlattice consistsof two ferromagnetic
lem [1] since Schrodinger[21 first discussedit in sublattices.Theirmagnetizationshaveafixed length
1935. To datethe only macroscopicsystemswhere M

0, and,in theabsenceof themagneticfield, areop-
significant progresshas been madeare supercon- posite to eachother, M1= —M2, so the total mag-
ductors.Quantumtunnelingbetweentwo macros- netizationis zero [91.Antiferromagneticorder is
copically distinctcurrent states,observedin super- characterizedby the Néel vector of a unit length,
conductors,is in amazingagreementwith theoretical
predictions[31.Recentlyanotherfield for the study ~= M1 —M2 (1)
of the macroscopicquantumtunneling(MQT) has 2M0
beensuggested[4,5]. It hasbeenshownthat in fer- Herewe are interestedin the quantumtunnelingof
romagnets,a macroscopicallylargenumberofspins

I betweentwo oppositeorientations,Ii> = I U> and
coupledby a strong exchangeinteraction,can co- I — 1> = I ~>. Dueto this effect a smallantiferrom-herentlytunnelthroughtheenergybarriercreatedby .

agneticparticlemust turn to a statewith uncertainmagneticanisotropy.Thiseffect mayrevealitself in
orientationof the Neel vector,

the low temperaturemagneticrelaxationin bulkma-
terials [5—7],or in quantumtunnelingof the mag-
netic momentbetweeneasydirectionsin monodo- I 0> = (I U> — U>) (2)
main ferromagneticparticles[4,8]. In thispaperwe
showthata similar effectexistsin antiferromagnetic As thevolume of the particlegrows,or the interac-
particles where it may be much greaterthan in tion of the Néel vectorwith microscopicdegreesof
ferromagnets. freedomincreases,acertainorientationof Ibecomes
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frozen. We believe that a nice mathematicalap- which connects0=0 and0= it. Theequationsof mo-
proachto this problem,presentedbelow, maybe of tion following from eq. (7) are
generalinterestfor the problemof the groundstate

dØ
of antiferromagnet. sin29=const, (8)

In the absenceof the external field and weak di
Dzyaloshinskyferromagnetism~ the Lagrangianof x d20 ~ x~(dØ)21

2~ K+ in0cos0. (9)the uniaxialantiferromagnetis [9] 3~ [ y2 di _~ S

L fd3 rx
1 (d!\

2 a/öI,\
= x [ ) — ~ ~K(n.I)2], Consequently,a quasiclassicalrotation of! may oc-

cur in anyplaneØ=const,and satisfiesa sine-Gor-
(3) don equation.

wherex~is the perpendicularsusceptibility (with d20
respectto the equilibrium orientationof! alongthe 2 = w~sin20, (10)
anisotropyaxis n), y=e/mc,a andK are exchange
and anisotropy constantscorrespondingly. For a wherewo=y(K/~~) 1/2 Thereis anexactsolutionof
small particleI maydependon timebut noton co- this equation,
ordinatesbecauselargespatialderivativesof! aresu-

0(r)=2arctan[exp(w
0i)] , (11)

pressedby the exchangeinteraction. Then repre-
sentingI in termsof angles0 and 0 in a spherical which correspondsto a subbarrierrotation of! from
coordinatesystem(n’I=cos0), we obtain eq. (3) 0=0at t= —X to 0=it at i= +00. EvaluatingIalong

this trajectorywe obtain for the WKB exponent
L= v~2~2~(~)2 5ifl20]_~KSifl20}, B ~ V. (12)Rdt) ___

(4) ~= Pu

whereVis thevolumeof theparticle;aconstantterm, wherePu= ?~?/2is the Bohr magneton.The exact
— ~KV, is addedfor convenience, valueoftheprefactorineq.(6) is lesssignificantbut

Equilibrium orientationsof I are 0=0 and 0=it much more difficult to obtain. It has the form
which correspondto the degenerateclassicalmini- A = w0f(B/h), wheref(x) is a slow (not exponen-
mumof theenergy,E=0. The rateof quantumtran- tial) dimensionlessfunction of x.
sitionsbetweenthesestatesisproportionalto thepath The most essentialdependenceof the tunneling
integral rateon thevolume comesfrom the exponent(12).

D~0(t)}JD{O(t)} exp(~j dtL). The lattermustbe sufficiently small (say B/h~25
as accepted,e.g., in the theoryof superparamagne-
tism [10] ) to observethe transitionsfor a reason-

It may be representedas abletime. Accordingto eq. (12), for typical num-
bers,x1 l0~,K—j 106 erg/cm

3,quantumtunnelingT=Aexp(—B/h), (6)
may be significant in particlesof diameterd~20 A.

where the imaginarytime (r=it) action, B, is de- It shouldnot be a problem sinceantiferromagnetic
ducedfrom the Euclideanaction, particlesof that size havebeenalreadystudiedex-

perimentally [11]. Notice, that such particlesstill

I— vJ d {-~[(~-~2+(4~~)2 sin20]+~Ksin2O}, contain a macroscopicallylarge numberof spins,— ~ 2y2 di) \\di/
N—~l0~.For particlesof much greatersize the tun-

(7) nelingrateis sosmallthatat zerotemperatureacer-

evaluatedalong the quasiclassicalpath{0(i), 0(i)} tam orientationof the Néel vectorbecomesfrozen.
At high temperaturethe rate of transitionsbe-

61 Smallmagneticmomentsdueto non-compensatingeffectsare tweendifferent orientationsof 1 is dominatedby
discussedin theendof thepaper. thermalfluctuations,
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f’ =A’ exp( — U/k8T) , (13) is responsiblefor the interactionof 1 with micro-
scopicdegreesof freedom.Analysis of the extremal

whereU= ~KVis theenergybarrierdueto magnetic trajectorycorrespondingto Ishowsthat a good ap-
anisotropy.Quantumtransitionsdominateat T< T*, proximationfor the WKB exponentin the presence
where T* satisfiesU/kBT*=B/h. This gives of dissipationis ~=B0(l +/3), where

T*=~ t~. (14) ~ A M0 A(~
112 (18)kBqx± 4it,j~R 4it\~fa)

For~
1‘—‘ l0~,K—~106 erg/cm

3,T* is of theorderof Dissipationis importantwhen/3 is large,whichpos-
a few Kelvin. In antiferromagneticmaterialswith sibly mayoccurin metalsbutcertainlyis notthecase
lower anisotropy,quantum effects should reveal in non-metallicantiferromagnets.Note that strong
themselvesat lower temperaturebut in particlesof dissipationmayresult in quenchingof theNéelstate
a greatersize. evenin very small particles52~

Thecalculatedtemperatureof the crossoverfrom In antiferromagneticparticlesof randomshape,
thermalto quantumregimein antiferromagnetsis by magneticmomentsof sublatticesarenottotallycorn-
oneor two ordersof magnitudegreaterthan in fer- pensated.Fora particleof N spins,N213spinsareat
romagnets. It becomesobvious when T* is ex- the surface.Consequently,the numberof non-com-
pressedin termsofanisotropyandexchangeenergies pensatedspinsdue to statisticalfluctuationsof the
perspin, fa~~PB/MO, (e’~kBTN,whereTN is the Néel shapeis (N213)~2=N~3.In a particleof l0~spins
temperature.Sincemagneticanisotropyisdueto rel- thiswould produceamagneticmomentof l0p~.The
ativisticinteractions,theratio ~a/e isgenerallysmall, momentmaybe greaterif a largeareaof the surface
typically of the orderof l0~—l0—~in 3d transition coincideswith a crystallographicplane [11]. Small
magnetic systems. Taking for estimation [12] magneticmoments,M—~1O3NPB, may be alsogen-

/LBMO/kBTN, we obtain eratedby the weak Dzyaloshinskyferromagnetism.
/ ~1/2 We believe that thereare situationswhereboth ef-

T* TN. (15) fectsare small enoughnot to affect significantlyour
results.At the sametime they canbe used for the

A similar calculationfor the tunnelingof magneti- experimentalstudyof MQT in antiferromagnets.As
zation through the anisotropybarrier in ferromag- the Néel vectortunnelsthroughthe barrier, a non-
nets [4,5] gives T* (~a/�~)T~,where4 is thegeo- compensatedmagneticmoment switchesits direc-
metricalaveragefor thelongitudinaland transversal tion. One can, therefore,study a low temperature
anisotropy,~e’~kBTC, T~is the Curie temperature.It magneticrelaxationin antiferromagneticparticles
shows that quantumfluctuations in antiferromag- whosemagneticmomentswere initially orientedby
netsare much strongerthan in ferromagnets. the magneticfield. In such an experimentMQT

Now let usconsidertheeffectofdissipationon the would reveal itself in the temperatureindependent
tunnelingrate.Therateof theheatproductionin an- relaxationratebelow T*.
tiferromagnets,due to the uniform rotation of I, is
[12] We aregratefulto Tony LeggettandPhilip Stamp

for many fruitful discussions,and to JohnGillespie
M

01 ~ . 2M~ ~2 .

Q= -~-—j d x 212= Vi , (16) for readingandcommentingonthe manuscript.One
of us (E.Ch.) acknowledgeshospitality of the Louis

where2 is a dissipationconstantwhosevaluemaybe Néel Laboratory and partial support from PSC-
obtainedexperimentally[13]. Accordingto Leggett CUNY Grant.No. 668537.
[13] eq. (16) allows one to obtainan effectiveac-
tion for the tunnelingprocess,!—~I+IdIs,where

2 $2 Qualitatively, theeffect of dissipationon thegroundstateof

‘dis = ~ vJ dij’ di’ [I(i)1(i)] (17) antiferromagnethasbeendiscussedin termsof MQT in ref.

8irA (i—i’) [141.
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