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Irreversible response in spin-glasses: An experimental study in amorphous Fe-Mn
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The equilibrium and nonequilibrium susceptibilities X, and X, of the spin-glass
(Feg ¢4Mng 3¢)75P16BsAl; have been measured as functions of temperature (4.2 =< T <80 K)
and a cooling field (8 Oe =< H =<2 kQOe). A phase transition occurs at a temperature 7,(H)
below which the irreversible response A(T) o T(X,— X;,,) appears. T,(H) decreases from the
freezing temperature (T,=41.6 K) as HO75 201 For small r=1— T/T,(H), A behaves as
A7+ Br? with field-dependent coefficients 4 and Band 4 (H =0) =0. The results are com-
pared with the predictions of the mean-field theory of spin-glasses.

A well-known characteristic of spin-glasses is the
appearance of slow irreversible phenomena at low
temperatures.! ™ A recent mean-field theory* of the
Edwards-Anderson (EA)>:6 spin-glass (SG) model
has incorporated these relaxation processes as a cen-
tral feature of the SG transition. The theory
describes the SG phase by order parameters which re-
lax with a broad distribution of relaxation times due
to crossing of the energy barriers between highly de-
generate ground states. These relaxation times
diverge in the thermodynamic limit. In the finite-
time limit dertloted by t,, the nonequilibrium suscepti-

bility Xpe = fo 'x(0) dt obeys, in zero field, the Fischer
relation:

Xne=%(l—qEA) ’ ¢}

where gga is the nonequilibrium value of the EA or-
der parameter, ggs =1[(Si(0)S;(#;))1.; Cis the Cu-
rie constant, and we assume for simplicity that the
Curie temperature © is zero. Another order parame-
ter is the irreversible response A defined by the
difference between X, and the true equilibrium sus-
ceptibility Xe,

Xe=Xnet A . @)
T

The use of A as an order parameter is particularly
useful in the presence of a finite field H. In this
case, gga iS nonzero even at high temperature but A
appears according to the mean-field theory, only
below a field-dependent critical temperature T,(H).

In this work we present an experimental study
of the irreversible response as a SG order param-
eter by measurements of X, and X, of

(Feg64Mng 36)75P16BsAls in the range of temperatures
from 4.2 to 80 K and fields of 8 Oe up to 2 kOe. We
assume that by cooling in a field, the system reaches
quickly its true equilibrium state appropriate to that
field.>7® Since we are interested in the effect of a
true static field on the equilibrium properties of the
SG, both X, and X, have been measured as func-
tions of the cooling field H. Thus, X. is defined here
as
M(H+8H)—-M(H)
SH ’

where M(H) and M(H +38H) are the magnetiza-
tions induced by cooling fields H and H + 8 H, respec-
tively. On the other hand,

M(H,8h) —M(H)
dh ’

where M (H, 8h) is the magnetization measured
after cooling in a field H and then increasing the field
to H +8h From these measurements, we extracted
A as a function of Tand H and located its critical line
T.(H). We compare the results with the predictions
of the SG mean-field theory.

The sample chosen for the present work is the
well-studied (Feg¢sMny 36)75P1¢BsAls, for which the
low-field ac susceptibility measurement® shows a
sharp cusp at Ty=41 K. Ribbons were prepared by
centrifugal spin quenching!® and small chips
(5 x1x0.05 mm?) were stacked in parallel and intro-
duced into a vibrating sample magnetometer. Mag-
netization data were recorded in the following pro-
cedure. The sample was cooled in a field H from 80
to 4.2 K where the field was increased by 84 Then,
the temperature was increased in steps up to 80 K
and at each temperature the magnetization

X(H) = 3)

Xne(H) = 4
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M;=M(H, 8h) was recorded. Next, temperature was
reduced without changing the field, and the magneti-
zation M, =M (H +8H) was recorded. We refer to
this procedure as a differential branch-point measure-
ment. Since 8k =8 H the order parameter A can be
evaluated via Egs. (2), (3), and (4)
a= LM M )
C O&H

The magnetization M, was recorded when the rate of
change of M, was less than 0.5% over 30 sec. This is
done in order to achieve stable temperature condi-
tions on one hand and consistent measurement of
the nonequilibirum state on the other hand.

The susceptibilities of (FeggMng36)75P1sBsAl; were
measured by the above procedure with H =0 and
5h =8H =8 Oe. Note that for H =0, X and X, are
simply the field-cooled and zero-field-cooled low-field
susceptibilties. The critical temperature 7,(0) =41.6
+0.1 is identical to the freezing temperature identi-
fied by the maximum of X,.. In order to extract the
order parameters gga and A we need to know the
values of the Curie constant C and the Curie tem-
perature ®. The parameters, however, vary with
temperature and in particular ® decreases from about
10 K when extrapolated near 80 K to about zero near
T;. This phenomenon was observed in other SG sys-
tems, 12 and is presumably due to the gradual for-
mation of short-range order above 7,. In Fig. 1 we
present the values of gga and A as extracted from X.
and X, according to Egs. (1) and (2) with the param-
eters C (7)) =0.5 Kem®/g and ©(7;) =0 K, since
they reflect better the behavior of the system at
T < Ty. The qualitative features of the results are
quite insensitive to variations in C and ®. As can be
seen from Fig. 1, gga(H =0) and A(H =0) increase
continuously from zero below T, as

gea(H=0) « (1-T/T))# , B=125%025, (6)
A(H=0)« (1-T/T)F , g'=20+02 . )

The uncertainties in @ and B’ reflect error bars in X
and 7 and also possible positive values of ®. The
result (6) for B’ is slightly higher than the mean-field
value B=1. A similar trend was found in other
works.!? The result (7) is consistent with the value
B’ =2 of the mean-field theory.

We turn to the results for nonzero H. The values
of M and M, for the case H =200 Oe, 6H =8H
=40 Oe, are shown in Fig. 2. For comparison we
also present the values of the field-cooled magnetiza-
tion M (H =200 Oe) and the zero-field-cooled none-
quilibrium magnetization M (A =200 Oe) measured
after turning on the field # at low 7. Since the exper-
imental resolution of M,— M puts a lower limit on
the measured values of A, an accurate determination
of T.(H ) requires a procedure for extrapolating the
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FIG. 1. Results for gga and A for H =0 extracted from
magnetic measurements at a field of 8 Oe. Inset shows In-In
plot of these order parameters in the vicinity of Ty.

measured A(H) to zero. In order to do this we note
that at high fields, A has both linear and quadratic

dependences on T as can be seen in the inset of Fig.
2. Hence we fitted the data for A(H,T) to the form

AMHT)=AH)r+B(H)* , v=1-T/T.(H)
(3
in the range 0.03 <7 <<0.1, from which T,(H) was
determined. The results, which are plotted in Fig. 3,
show a power-law dependence of 7, on H,
re=1—T,/Tr=a(gupH/kpT;)® , 5=0.75 +0.1
)]
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FIG. 2. Differential branch-point measurement at a field of
200 Oe. O is the magnetization measured after cooling in a
field 240 Oe; A is the magnetization after cooling in a field
200 Oe and then turning on an additional field 84 =40 Oe; O
refers to cooling in a field 200 Oe; and A to zero-field cooling
and turning on a field of 200 Oe. Inset of the figure shows
the values of the order parameter A is cooling fields 200 and
1200 Oe.

with @ =13 +2. This result is in agreement with the
value of T, extracted from measurements® of the on-
set of magnetic viscosity in this material. In addition,
a recent study'* of the SG transition in a finite field in
Ag:Mn also yielded 6 ~0.7.

According to recent investigations!> 16 of the
mean-field theory of Heisenberg SG, a phase transi-
tion occurs at a temperature

rex(gupH/kpTy)? (10)

below which the transverse components of gga
freeze. This in turn gives rise!®™!3 to an irreversible
response in both the transverse and the longitudinal
susceptibilities. However, in the vicinity of 7. of
(10), the irreversible longitudinal response is expect-
ed to be proportional to 73 which may well be below
the experimental resolution. This may explain the
significant discrepancy between the results (9) and
(10). It should also be noted that the result (10)
holds only for a pure Heisenberg SG and inclusion of
anisotropies leads to an Ising behavior in which!?

7= QupgH/4kp T))* . 1)

In this case, A(H,T) is indeed of the form (8) with
A(H=0)=0. Thus the experimental results may
actually indicate that a significant amount of anisotro-
py is present in our system. This may also explain
the observed T2 behavior of 1 —gpa( H=0) at T —0
K (see Fig. 1). Such a behavior is in accord with the
mean-field theory of Ising SG whereas in the Heisen-
berg case (1 —gga)/Tis expected to remain finite at
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FIG. 3. Values of the reduced critical temperature
t¢=1-T,/Ty vs field H, as extracted from measurements
of A(H,T). See text.

T —0 K due to large fluctuations transverse to the
local fields. It should also be noted that the coeffi-
cient in (9) is an order-of-magnitude larger than the
result (10). This enhancement of the effect of the
field is probably due to short-range ordering which
gives rise to large effective magnetic moments.

In conclusion the experimental results are con-
sistent with the prediction of a continuous SG transi-
tion in a finite field associated with the onset of ir-
reversible magnetic response. The observed field
dependence of the transition temperature indicates an
Ising-type behavior probably due to the presence of
relatively large anisotropy in the system.
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