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Coexistence of Spin-Glass and Ferromagnetic Orderings
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The phase diagram of the infinite-range model of spin-glasses exhibits two mixed
phases. In these mixed phases, ferromagnetism and spin-glass order coexist, due to
freezing of the transverse degrees of freedom or replica symmetry breaking. This may
help to interpret a number of recent experimental findings, e.g. , in AuFe.

PACS numbers: 75.50.Kj, 05.50.+q

Many disordered magnetic materials have been
systematically investigated as a function of the
concentration of the constituents. In the phase
diagrams of these materials, one often finds a
spin-glass phase for some range of concentra-
tion and a phase with long-range order (ferro-
magnetic or antiferromagnetic) for other con-
centrations. ' " Recently, a number of experi-
ments have been performed to study the border
region between the spin-glass and ferromagnetic
phases, and many interesting data are now avail-
able. Unfortunately these data are most often
interpreted, qualitatively'"'" and even quantita-
tively, "'~' with the help of a theory" which,
though of great merit in its days, is now obsolete
(it has been proven to be incorrect, "at low tem-
peratures, as a solution of its model). Moreover,
these theoretical predictions are inadequate be-
cause they are concerned with Ising spins, where-
as experimental spine are Heisenberg-like (iso-
tropic vector spins). The purpose of this Letter
is to draw attention to recent studies, ""which
should provide a more satisfactory theoretical
basis, and to present new results concerning the
nature of two mixed phases, with both spin-glass
and ferromagnetic characters. The existence of
such intermediate phases may help explain a
number of phenomena already observed experi-
mentally, but hitherto ambiguously interpreted.

In the spirit of a mean-field theory, we consider
the famous infinite-range model" for N classical
vector spins S,. Each S; has m components S;„
(p. =1, . . . , m) satisfying, for convenience, the

following normalization condition:

They interact via independent random interactions
J;,. distributed according to the following law:

P(Z ) = —
~

exp ——J
2wj 2 (2)

so that (J,, ), = J,/N and (J,.~ ),=1/N, where ( ),
denotes an average over the bond disorder, that
is, over P(J, ~ ). In the presence of an external
magnetic field H applied along the p, = 1 direction,
the Hamiltonian of the model reads

where the sum over (ij ) denotes a summation over
the N(N —1)/2 distinct pairs of sites.

In the limit of large and positive J„ the interac-
tions are mainly ferromagnetic and the system
exhibits a ferromagnetic phase. For J0=0, the
interactions are random in sign and the ordering
is of spin-glass type. The border region between
ferromagnetic and spin-glass phases occurs for
Jo =1. However, it has been shown" how the
properties of the model for J, g0 can be simply
derived from the case J, = 0, which we therefore
first consider.

In the thermodynamic limit N -~, with use of
the celebrated replica trick, "the free energy per
spin can be determined by (so long as no replica
symmetry breaking occurs),

x lnYrexp —Pt„q~ *s„+2,+(s„—q„)s„*+—HA, ),
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The q„and s„(Ref. 32) are variational param-
eters, with the following physical significance:
q„({S&),q )~ is the Edwards-Anderson (EA) order
parameter, s„=({S„')g,„-1is a quadrupolar de-
formation parameter; and the {~ ~ ~ ),h means
thermal averaging. The relation (1) implies the
constr aint:

P s„=o.

In the Ising case (m =1), there is no need to intro-
duce the parameter s „and expression (4) for f
simplifies to a well known form. "

We have performed expansions in powers of H,

q„, and s„up to the fourth order, which is equi-
valent to a high-temperature expansion for f up
to the seventh order in 1/T. This provides in-
formation in the region T =1, H small of the
(H, T) phase diagram. We have also made calcu-
lations for low temperatures and high fields. The
resulting phase diagram, shown in Fig. 1, is
now discussed.

In finite field, two transition lines come out of
the zero-field transition point at T, =1. Line (a)
separates the high-temperature paramagnetic
phase from a spin-glass phase, characterized
by a freezing of the spin components which are
transverse with respect to the applied field. "
The order parameter for this transition is the
transverse part of the EA order parameter,
namely q, =q„with p. &1. Above the transition,
q, vanishes whereas q, remains finite, due to the
polarization of the spins by the applied field.

In the framework of the infinite-range model
for m-component spins, the position of line (a),
defined by the equation H =H, (T), can be found

(b

FIG. 1. Phase diagram of the infinite-range model for
classical vector spins (H magnetic field, 1" tempera-
ture). Line (a) corresponds to the freezing of the trans-
verse degrees of freedom, line (b) to the de Almeida-
Thouless line (see text) .

in two limits:

H, '=4 (1-T), for T~1,m+2
(6)

H,T =K (m) exp — ' for T =0.1 2m

On physical grounds, it is clear that this transi-
tion does not exist in the Ising case, m=1, where
no transverse components are left.

Line (6) is the instability line, corresponding
to spontaneous breaking of the replica symmetry,
which was first found by de Almeida and Thou-
less, "for the case m =1. For general m, the
position of line (b), defined by the equation H

=II,(T), is obtained in the two limits a,s:

H'= (1-T)' for T(1
m +2

H2T =K ( m)exp — ' for T =0.2 2m

In the limit m - 1, line (b) tends toward its Ising
position, which is known with high precision""'"
both analytically and numerically. Detailed pre-
dictions have been presented for the physical
properties of the low-temperature spin-glass
phase in the Ising case, "such as the existence
of a plateau for the magnetization as a function of
temperature for a constant applied field (projec-
tion hypothesis" ). Numerical tests have been
performed" to check these predictions and others
are under way. For the general case of vector
spins, much less is known but the persistence of
such a plateau in the low-temperature spin-glass
phase is at least consistent with the results' for

We now turn to the case J, gO and to the transi-
tion region from spin-glass to ferromagnetic
order, which is our main interest here. The pre-
vious results allow us to draw the phase diagram
(T, J,), in zero applied field, shown in Fig. 2.
The existence of paramagnetic (P), spin-glass
(SG), and ferromagnetic (E) phases were previous-
ly recognized. ' The novel features of the
phase diagram, i.e. , the mixed phases M, and M„
have received only scant attention up to now. ""'"

The mixed phase I, is characterized by the co-
existence of a spontaneous magnetization (ferro-
magnetic order) and a spin-glass ordering of the
transverse components of the spins. In a three-
dimensional phase diagram (H, T, 4,), the transi-
tion line of Fig. 2 between the phases I and M,
belongs to a transition surface which also con-
tains line (a) of Fig. 1. In the infinite-range
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SG

Jp

FIG. 2. Phase diagram in zero applied field (Jo is the
mean ferromagnetic interaction) . Phases: paramagnetic
(P), ferromagnetic (E), spin glass (SG), and mixed
(~g and ~2).

model, the position of the I'-M, transition line
T,(J',), in the vicinity of the multicritical point, is
given by

1 —T =— (J —1)' for J ~1.1 m+4
2 m+2 0

For J0 large, T, vanishes asymptotically.
The mixed phase M, has the same coexistence

of orderings as phase M, and in addition has the
spontaneous breaking of replica symmetry. For
Ising spins (m =1), phase M, does not exist and
there is only one mixed phase, the continuation
of phase M,. For general m, the transition line
of Fig. 2 between the mixed phases M, and M„
defined by T = T,(J,), behaves in the vicinity of
the multicritical point according to

This transition line belongs to a transition sur-
face of the (H, T, J,') phase diagram [it also con-
tains line (b) of Fig. 1]which appears to lie be-
low the transverse freezing surface.

Finally, the transition line between the spin-
glass phase and the mixed phase M, has been
drawn vertical in Fig. 2. This is a consequence of
the conjecture" "that the low-temperature sus-
ceptibility y is a constant in the case J, =O. The
equation of this line is actually

(12)

All the quantitative results presented above
have been obtained in the framework of the in-
finite-range model, and they may be considered
physically as mean-field theory predictions. In
a real disordered material, the role of the param-
eter J0 will be played by a concentration c of mag-
netic atoms, e.g. , Fe atoms in AuFe alloys. The

shapes of the transition lines in such a (T, c)
phase diagram may be quite different from the
predictions of Fig. 2, but it is reasonable to ex-
pect that the number of phases and their relative
positions will be preserved.

One archetypal material, which has been in-
vestigated by several groups"""'" is the alloy
AuFe, for which ferromagnetic ordering sets in
when the Fe concentration c becomes larger than
a critical value c, =15%. For a given c & c„
when the temperature is decreased, a first transi-
tion, to ferromagnetism, is clearly observed.
At lower temperatures, a second transition has
been reported by at least two groups, "but at
temperatures which differ appreciably; this sec-
ond transition has been interpreted as a disap-
pearance of ferromagnetism. However, in a re-
cent careful neutron analysis, "a total of three
transitions have been identified, and moreover
it has been found that the ferromagnetic ordering
persists down to the lowest temperatures. These
results are in striking agreement with the pre-
dictions of Fig. 2 for J0 ~ 1. Additional evidence
for a I' My phase transition in AuFe has been ob-
tained from recent transport measurements. "

In conclusion, we have proved that long-range
ferromagnetic order can indeed coexist with spin-
glass order; we have demonstrated this coexis-
tence in our model. Moreover, we have identi-
fied two types of such mixed phases. To avoid
confusion, it should be stressed that this coexis-
tence has nothing to do with a spatially segregated
coexistence, such as one infinite ferromagnetic
cluster decoupled from finite superparamagnetic
clusters, which has been sometimes discussed in
the literature. In our analysis, the coexistence
takes place everywhere in the material.

We are grateful to I. A. Campbell, T. Garel,
P. Monod, W. M. Saslow, and J. Vannimenus for
helpful discussions.
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X-ray photoelectron spectra of Ag, 0, and Cs and quantum yield distributions from sur-
faces prepared by evaporating Cs onto Ag oxidized in ultrahigh vacuum have been measured.
The structure of this surface determined from these measurements consists of silver par-
ticles dispersed in a matrix of Cs20 with a layer of Cs&&03 on top. The threshold at 1.2 p, m
is due to a lowering of the surface barrier by the Cs&&03 and the yield in the visible and
near infrared is explained as due to the excitation of Mie or optical resonance absorption
in the silver particles.

PACS numbers: 79.60.6s, 73.30.+y

The Ag-0-Cs or S-1 photocathode is unique
among photoemissive materials with useful sen-
sitivity to visible light. It was the first, and for
many years the only, cathode available for prac-
tical applications. ' Because of its useful re-

sponse in the visible and near-infrared region
of the spectrum, it continues to find widespread
use in many photoelectronic applications. In spite
of this no explanation of the observed quantum
yield in this spectral region has been previously
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