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VECTOR SPIN GLASS IN A MAGNETIC FIELD

D. Sherrington*, D.M. Cragg*, D. Elderfield* and M. Gabay+
* Physics Dept., Imperial Col1ege, Lond.on SW7 2BZ, England+ ehysique des Solides, Ecole Normale Sup6rieure, F-75231Paris 05, France

The effect of a field, applied or spontaneous, on theordering and response of an isotropic classical vectorspin glass is considered within replica mean fieldtheory, using parisi treatment of replica symmetry
breaking. For smatl mean exchange there is a sin!:_ephase transition marking the onset of transverse ipin-glass order, which is accompanied by longitudinal lndtransverse magnetic irreversibility. At a lower tem-perature there is a crossover in the longitudinal
irreversi-bility. For targe enough mean exchange
spontaneous ferromagnetism occurs. There are two
ferromagnetic phases, one coltinear and reversible, theother non-collinear and irreversible.

The fundamental_ ingredients for spin-glass behaviour t 1 ] havebeen recognized l2l as the combination of irustration t3l andquenched spatial randomness. These features can be present alreadyin an rsing model [4]'and in view of the greater mathematicarsimplicity of rsing systems most work to date has concentrated onthem. vector models have received less attention since they wereexpected to show qualitatively similar behaviour to trre rsiigmoders, the spins simpry being frozen throughout a rarger spic".on a gross conceptual leveI this is true. rt is also lrue iricro-scopicarly for an isotropic system. However, as first pointed outby Gabay and Toulouse [5] , the addition to an otherwise isotropic
system of a magnetic fierd, applied or spontaneous, glves rise toqualitatively new features as a consequence of the resultantanisotropy between the field direction and directions orthogonal_to it. This paper is concerned with those features.

Although a precise understanding of spin-g1ass experiments,real or Monte carl-o, is sti-rl lacking, two important areas ofcomprehension/correlation can be identifi.ed, one a qualitative
appreciation of the state structure (entropically extensive multi_pricity of metastabre states with a quasi--ontinuous range ofintervening potential barriers) , the other a forklore mafping
between the predictions of reprica mean field theory (wilir r6plica
symmetry (RS) breaking) and experimental consequences such as-fiel-d-cooled or zero-field-cooled responses. fn the present paperonry the reprica mean fierd theory wilr be consj_deredl togethlrwith its predictions for experiment.

we base our analysis on the m-vector sherrington-Kirkpatrick(sx1 t4l model in a fietd
1{=-.Z.T,iS..9s -Z[.S., (1)

(Li)
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where the J. j are quenched, independently random exchanges distri-
bgted with frdan J6/N, variance J/JN. we choose units with J=k -1

S"=m. Mean field-theory 141 is believed to be exact for this R"Ulr-
and its solution yields the mean-field solution to a short-range
model. We present here only qualitative results, which are based
on an extension [5,6] of the now-conventional replica analysis 12,
4), including reptica symmetry breaking withi-n a Parisi-Iike scheme
[7-10]; for details see references.

In replica space the order parameters are

?:n= ky. <tl s,l'" , m; = hr. (S*2.

where tfre X label Cartesian coordinates and the < )- designates a
thermal average within an n-replicated effective sy'sitem;or,F =1,..n.
The relevant spin-glass order iarameters are the qlF with o< lF ;
the qoa& are secondary quadrupolar parameters which have no singu-
lar b6haviour. Within RS approximati-on all pairs of different o(,p
are equivalent and qlF = F, where () refers to a thermal aver-
age of the real syst6'm and the bar a spatial average. At high
temperature this approximation is exact, but it breaks down at a
critical temperature identified as the spin-glass transition.
Breakdown signals history-dependence, physically due to the meta-
stable state and barrier structure.

The parisi scheme replaces tr,e q{P1( lF ) by functions u1(r);
0 < r < 1; Sompolinsky t11l identifies'the r-range (1- 0) as
relating to a physical measurement time-scale (0 - oe ) with r = 1

equivalent to t = 0. Within this scheme replica-symmeLry corres-
ponds to a flat q1 (r). In general' two local susceptibility-expressions can b<!' studied, one calculated directly f rom the
malnetization in an applied field, to be referred to as'the equi-
tibrium susceptibility, and given by

Xf : -f -" t qt J.'q,"'') ' (3)

the other evaluated from fluctuations of the unperturbed system,
referred to as the linear response susceptibility and given by

X;- = T-t (r;a 1(mc,"x)) 
: T-' (f +^ttl)

(2)

(4)

XE, XLR .tu identified with the experimental field-cooled (FC) and
quasi-instantaneous zero-fj-eld-cooted (ZFC) focal susceptibilities.
Their difference is known as the irreversible susceptibility , Xl.
It is clearly non-zero whenever q (r) is not f1at, j-.e. when replica
symmetry is broken and the multiplicity of the metastable states
becomes relevant.

There are only two independent qt(r), one in the field
directj-on, which we denote g"(r), one fransverse, which we denote
9r(r).

Let us consider first Jo= 0. Above a critical temperature
T1[5] 9r(r) is zero and q"(r)-is flat (but non-zero if H is non-
zlrol. 'At r, transverse Ereezing occurs and qr(r) becomes non-zero
continuouslyl Both q-(r) and q, (r) are non-f1dt beneath T1 so that
both transverse and l6ngitudinal loca1 susceptibilities exhibit
irreversj-bility. A fuII expression for T,, will be found in Ref . 6;
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to lowest order in H it is given by llZl

T.r-= L-.(mz+Frn -z)a^l+1m'z)2 + (s)

rn thej-r originar paper Gabay and Toulouse t5l incorrectty found no
replica synunetry breaking until a lower temperature Tz= 1 - a<H2/3,
but thi-s was because the full stability matrix was noE considered.
In fact, we now predict a crossover in the longi-tudinal irreversi-
bility at a relative temperature T = (1-T)x112/3. In the Ising
limit (m=1) this becomes the Almeida-Thouless t13l transition.

Beneath Tr, g.n(r) and q, (r) satisfy complicated coupled
integro-differerltial equationB [8,9] whose solution for general T
is highry non-triviar. The nature of the irreverslbility and the
crossover can, however, be described quali-tatively in a simple
manner. We restrict our comments to smallE= (1-T) and H. Ingeneral, for T a T1, glrr(r) are constant above some r*-E and take
the values

$ ('t) - E ., ?r,*) ,- y+L((i-T')*- BH')'" + (l -T") ] , (6)

url1I"_?f (O) is zero. rt immediately foltows that Xr'-'IC', essenti-
ally like a rescaled (m-'l ) -dimensional- isotropic model without a
field t141. The small gr.(r) behaviour is, however, quite d.ifferent
depending upon_whether E-is large or small compared with a value.c*
scaling as Ht/J. This is because stabirity requirements impose a
maximum effective-pi-nnj-ng value on q"(0) proportional to 112/3; we
call it qf . For A; << E*

*
ar.o, .. +: , \(cr) - $.(o) .- T'{.y.-rt)t/ H") 0)

so that Ii --C'(?l(]l /Hf , much weaker trran f[, or rhan 'X! rc, u
system with no fielQ. On the other hand, foi 'c > 'c * q,TO) is
pinned .g gL and I j b""o*." stronger, passing o,r.r for't>rlc > C*
to 0 G'z ) beEavlour T1ess corrections of O$4/3, \H2/3ll . It j-s,
perhaps, worth noting the corresponding,situation for an Ising
system; again there is a pinning q**H2/J but, since there is no
higher transition, s(r) is ftat below the corresponding -g* which
therefore signals a phase transition (onseL of lrreversibility)
rather than crossover.

The predicted magnetization behaviour is illustrated schemati-
cal1y in Fig. 1 t10]. sorid curve A represents the equilibrium (or
field-cooled) magnetization. curve B qualitatively indicates the
difference expected for zero-fj-e1d cooring. As for an rsing model
in a field deviations from a curie law occur already above the
transition temperature with, for T > T1,

M = (Fr/T)[ L-r+((tr,-T")2. gH')7, r (r- r,)) ]... ] (8)

Also rike in an rsing model, one finds a low temperature FC magneti-
zation with the temperature-independent form

M=t-{{!-o(Htst3.... }
and irreversibility

(e)
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M(rc) - M(zFc) - C-c- ax) foc t> T,'(- H2i3 (10)

As far as a longitudi-nal probe i-s concerned the effects of the
phase transition at r., are relativety weak untiJ- a temperature more
like T2 of Gabay and toulouse, but the j_rreversibility may be
observable with care in a sensitive experiment.
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Figure 1 schematic magnetization of a vector spin glass in a fierdH. curve A represents field cooted, curve B zero-fiel-d coored
magnetization.

Since the predj-ctions of references 13 and 5 there have been
several experiments studying the fj-eld-cooled magnetization t15l
and the irreversibility 116-19) in a field; systems have inctuded
crystalline 4g Mn 115,161 , Er.4Sr.US t18l and Cd,45Mn.55Tel19l , and
amorphous (F".64M..36) p1686A1; l17I . outside the'iegi5i of weak
longitudi-nal irreversibility, and for not too small fields, they
have exhibited behaviour qualitatively as in equations (8)-(10),
although a scaling factor relating experimentat to theoretical field
strength is needed to make numerical fits; experimental field
sensitiviLy j-s of order 10-20 times greater than that predicted by
mean field theory. However, only one of these experiments t19I
appears to show both the characteristic temperatures; i.e. the
onset of weak as weII as strong longitudinal irreversibility. The
non-observation of a weak region in refs. 16-1 8 may be a question
of experimental sensitivity/accuracy or may be due to the effects of
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random ani-sotropy which can suppress the q--ordering transition
leavi-ng onty the reptica-symmetry breakingrtransition, which witl_ bersing-1ike for fields small compared with the anisotropy 117,20).For very smal-1 fields a1I the experimental magnetizations exhibit apeak around T=1, which is not predicted by present theory.

when J is large enough, spontaneous ferromagnetism ispossible. t8ulouse mapping l21l shows that two ferromagnetic phasesare to be expected for J^)'l; a higher temperature collinearreversible state and a lUwer temperature canted irreverslble state,with the l-atter having an upper regj-on of weak longitudinal irrever-sibility and a lower one of strong longitudinal irieversibirity.
The phase diagram is like that of Gabay and Toulouse but with a
s1ng19 ''mixed" phase and only a crossover separating the regionsthey labe11ed_M/ M). Experimentar evidence for tw5 types 5f ferro-
magnetj-sm, collineai and non-col1inear, separated by a pf,.setransitlon is to be found in resi-stance and magnetoiesistance 122)and in .Mdssbauer experiments 1231.
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FROM THE SIJMMARY TALK (3)

srn Gh.ss TirQuvs

-)

Tohfu (bean-curd, a typical Japanese food, sofE and whiEe coloured):
A model of spin glass?
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