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The effect of a field, applied or spontaneous, on the
ordering and response of an isotropic classical vector
spin glass is considered within replica mean field
theory, using Parisi treatment of replica symmetry
breaking. For small mean exchange there is a single
phase transition marking the onset of transverse spin-
glass order, which is accompanied by longitudinal and
transverse magnetic irreversibility. At a lower tem-
perature there is a crossover in the longitudinal
irreversibility. For large enough mean exchange
spontaneous ferromagnetism occurs. There are two
ferromagnetic phases, one collinear and reversible, the
other non-collinear and irreversible.

The fundamental ingredients for spin-glass behaviour [1] have
been recognized [2] as the combination of frustration [3] and
quenched spatial randomness. These features can be present already
in an Ising model [4] 'and in view of the greater mathematical
simplicity of Ising systems most work to date has concentrated on
them. Vector models have received less attention since they were
expected to show qualitatively similar behaviour to the Ising
models, the spins simply being frozen throughout a larger space.
On a gross conceptual level this is true. It is also true micro-
scopically for an isotropic system. However, as first pointed out
by Gabay and Toulouse [5], the addition to an otherwise isotropic
system of a magnetic field, applied or spontaneous, gives rise to
qualitatively new features as a consequence of the resultant
anisotropy between the field direction and directions orthogonal
to it. This paper is concerned with those features.

Although a precise understanding of spin-glass experiments,
real or Monte Carlo, is still lacking, two important areas of
comprehension/correlation can be identified, one a qualitative
appreciation of the state structure (entropically extensive multi-
plicity of metastable states with a quasi-continuous range of
intervening potential barriers), the other a folklore mapping
between the predictions of replica mean field theory (with replica
symmetry (RS) breaking) and experimental consequences such as
field-cooled or zero-field-cooled responses. In the present paper
only the replica mean field theory will be considered, together
with its predictions for experiment.

We base our analysis on the m-vector Sherrington-Kirkpatrick
(SK) [4] model in a field
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where the Ji' are quenched, independently random exchanges distri-
buted with méan JO/N, variance J/JN. We choose units with J=k_=1,
S“=m. Mean field theory [4] is believed to be exact for this model
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 [2,
4], including replica symmetry breaking within a Parisi-like scheme
[7-10]; for details see references.

In replica space the order parameters are
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where the A label Cartesian coordinates and the < > designates a
thermal average within an n-replicated effective system;«,® =1,..n.
The relevant spin-glass order parameters are the<q:§ with <« #@ ;
the q.** are secondary quadrupolar parameters which have no singu-
lar behaviour. Within RS approximation all pairs of different o,
are equivalent and q‘:Fs = <S,>?, where <> refers to a thermal aver-
age of the real systém 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 the q?f(x #p ) by functions qA(r);

0 < r < 1; Sompolinsky [11] identifies 'the r-range (1-0) as
relating to a physical measurement time-scale (0 - o0 ) with r = 1
equivalent to t = 0. Within this scheme replica-symmetry corres-=
ponds to a flat g, (r). 1In general, two local susceptibility
expressions can be studied, one calculated directly from the
magnetization in an applied field, to be referred to as' the equi-
librium susceptibility, and given by

B -4, ax “fl
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Xy = T 7Cq-d, ae)
the other evaluated from fluctuations of the unperturbed system,
referred to as the linear response susceptibility and given by

LR -4 X -4 o .
XA = T (q,,\- q:\(«mxﬂ = T (OL,\_ qr'\(iﬂ. (4)

XE, ¥TR are identified with the experimental field-cooled (FC) and
quasi-instantaneous zero-field-cooled (ZFC) local susceptibilities.
Their difference is known as the irreversible susceptibility,){r.

It is clearly non-zero whenever g (r) is not flat, i.e. when replica
symmetry is broken and the multiplicity of the metastable states
becomes relevant.

There are only two independent g,(r), one in the field
direction, which we denote qL(r), one éransverse, which we denote

ap (r) .

Let us consider first JO: 0. Above a critical temperature
T1[5] qT(r) is zero and qL(r) is flat (but non-zero if H is non-
zero) . At T, transverse freezing occurs and q.(r) becomes non-zero

continuously. Both g.(r) and g, (r) are non-flat beneath T, so that
both transverse and longitudina& local susceptibilities exﬂibit
irreversibility. A full expression for T1 will be found in Ref. 6;
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to lowest order in H it is given by [12]
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In their original paper Gabay and Toulouse [5] 1ncorrectly found no
replica symmetry breaking until a lower temperature T, 1 - xH2

but this was because the full stability matrix was not conSLdered
In fact, we now predict a crossover in the longitudinal irreversi-
bility at a relative temperature T = (1-T)~ H2/3. 1In the Ising
limit (m=1) this becomes the Almeida-Thouless [13] transition.

Beneath T (r) and g . (r) satisfy complicated coupled
integro- dlffereAtlaT equations [8,9] whose solution for general T
is highly non-trivial. The nature of the irreversibility and the
crossover can, however, be described qualitatively in a simple
manner. We restrict our comments to small T= (1-T) and H. In
general, for T < T1, qr, T(r) are constant above some r*~ T and take
the values 4

9. () M T ;G ()~ "/“‘_[_(('\-T")'J'v‘— W)« (1-T2) ] , (6)
T .

while g (0) is zero. It immediately follows that X I~ft2, essenti-
ally like a rescaled (m-1)-dimensional isotropic model without a
field [14]. The small qL(r) behaviour is, however, quite different
depending upon whether T is large or small compared with a value T*
scaling as H2/3. This is because stability requirements impose a
maximum effective-pinning value on qr, (0) proportional to H2/3; we
call it qL For T« T*

. ”* »* o —_2 2 2
(©) << e - (c) ~ T i H (7)
%LQ) q’i.. ’ (+t. ) (h. © (C}-\_ )/ )
so that XE vt3(qL(1)/H)2, much weaker than x; or than X I for a
system with no fleld. On the other hand, for T> T* %0) is
pinned at q and 2, becomes stronger, passing over for %>> T>>T+*
to 0(T?) aviour (less corrections of 0(H4/3, T H2/3)). It is,

perhaps, worth noting the corresponding situation for an Ising
system; again there is a pinning g*~ H but, since there is no
higher transition, g(r) is flat below the corresponding -T * which
therefore signals a phase transition (onset of irreversibility)
rather than crossover.

The predicted magnetization behaviour is illustrated schemati-
cally in Fig. 1 [10]. Solid curve A represents the equilibrium (or
field-cooled) magnetization. Curve B qualitatively indicates the
difference expected for zero-field cooling. As for an Ising model
in a field deviations from a Curie law occur already above the
transition temperature with, for T > T1,

Me(HmILA- %L -TH e 8W™)2 e (-T2 v 1 (g

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

M=n{L-xH™... 1 il

and irreversibility
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. . 2/
M(FC) - M(ZFC) ~ (T-T*) for T>T* ~H o . (10)

As far as a longitudinal probe is concerned the effects of the
phase transition at T, are relatively weak until a temperature more
like T, of Gabay and %oulouse, but the irreversibility may be
observable with care in a sensitive experiment.
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Figure 1 Schematic magnetization of a vector spin glass in a field
H. Curve A represents field cooled, curve B zero-field cooled
magnetization.

Since the predictions of references 13 and § there have been
several experiments studying the field-cooled magnetization [15]
and the irreversibility [16-19] in a field; systems have included
crystalline Ag Mn [15,16], Eu, Sr S [18] and Cd 45Mn_55Te[19], and

amorphous (Fe 4Mn. P.-B Al [17? Outside the region of weak
longitudinal 1rrever51b111ty, and for not too small fields, they
have exhibited behaviour qualitatively as in equations (8)-(10),

although a scaling factor relating experimental to theoretical field
strength is needed to make numerical fits; experimental field
sensitivity is of order 10-20 times greater than that predicted by
mean field theory. However, only one of these experiments [19]
appears to show both the characteristic temperatures; i.e. the
onset of weak as well as strong longitudinal irreversibility. The
non-observation of a weak region in refs. 16-18 may be a question

of experimental sensitivity/accuracy or may be due to the effects of
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random anisotropy which can suppress the d,—-ordering transition
leaving only the replica-symmetry breaking transition, which will be
Ising-like for fields small compared with the anisotropy [17,20].
For very small fields all the experimental magnetizations exhibit a
peak around T=1, which is not predicted by present theory.

When JO is large enough, spontaneous ferromagnetism is
possible. Toulouse mapping [21] shows that two ferromagnetic phases
are to be expected for J >1; a higher temperature collinear
reversible state and a lower temperature canted irreversible state,
with the latter having an upper region of weak longitudinal irrever-
sibility and a lower one of strong longitudinal irreversibility.

The phase diagram is like that of Gabay and Toulouse but with a
single "mixed" phase and only a crossover separating the regions
they labelled M,, M,. Experimental evidence for two types of ferro-
magnetism, collineaf¥ and non-collinear, separated by a phase
transition is to be found in resistance and magnetoresistance [22]
and in M8&ssbauer experiments [23].
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FROM THE SUMMARY TALK (3)

S}SL‘A G lass Pic Clre s

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