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The effect of a static magnetic field on the freezing temperature T, (H) of the spin glasses
Fe, Nig, _ , Cr,, is investigated. In anisotropic iron-enriched alloys (56<x<61) the T, (H)
dependence is described by the de Almeida—Thouless equation. In isotropic alloys with low
iron content (2<x 5 5), the phase line in the H-T plane on which the paramagnet-spin glass
transition takes place is approximated by the Gabay-Toulouse equation.

1. INTRODUCTION

Edwards and Anderson' were the first to state that a
paramagnet—spin glass (PM-SG) transition is a true phase
transition at the freezing temperature 7. It might seem that
the PM-SG phase transition should vanish in the presence of
a magnetic field, since the Edwards-Anderson order param-
eter gz, = ((s;)%), is finite in the paramagnetic (PM)
phase. However, de Almeida and Thouless (AT) have dem-
onstrated,” in the Ising model, that a PM-SG phase transi-
tion can take place also in a magnetic field, and the line that
separates the PM and SG phases in the H-T plane is de-
scribed by the equation

v=(H/H.x)", (1

where 7 =1— T,(H)/T;(0), and H ,; is a constant. Here
T,(0) and T, (H) are the SG freezing temperatures in a zero
magnetic field and in a field H.

In practice one deals frequently with Heisenberg sys-
tems. Such a case was theoretically considered in Refs. 3 and
4, in which it was shown that for isotropic SG in the presence
of a magnetic field the transition to the SG state proceeds
along the Gabay-Thouless (GT) line, the equation of which
in the H-T plane can be written as

(2)

The spin components perpendicular to the direction of the
external magnetic field freeze on the GT line,* and in con-
trast to the transverse ones, the longitudinal irreversible phe-
nomena that occur in such a state are found to be “weak.” *
With further lowering of the temperature along the line
whose equation is given by (1), the longitudinal components
of the vector spins in a Heisenberg SG freeze, and this leads
to the onset of “‘strong” longitudinal irreversible processes.
In the opinion of several workers,” this line is not a phase
boundary but is a “‘crossover” line between the regions of
weak and strong longitudinal irreversibility.

Experimental investigations of the influence of a con-
stant magnetic field on the freezing temperatures of various
SG®have shown that in most cases T, "+ (H) is described by the
AT equation [Eq. (1)]. In some experiments,” however, the
GT transition [Eq. (2)] could be observed. Analysis of the
experimental data shows that in the study of SG account
must be taken of anisotropic interactions that are present in

v=(H/Her)
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real systems. The presence of such interactions influences
substantially both the temperature 7,(0) and the form of
the PM-SG phase boundary in a magnetic field.?

We have investigated the influence of a constant mag-
netic field on the PM-SG phase boundary in a system of
Fe, Nig, _, Cr,, alloys. It was shown earlier® that such a
transition takes place in the composition ranges 2<x<5 and
56<x<61. Alloys with higher iron concentrations are char-
acterized by a noticeable anisotropy,'® whereas iron-poor
alloys are practically isotropic. It is this circumstance that
permits assessment of the influence of anisotropy on the
form of the PM-SG boundary in the H-T plane.

2. EXPERIMENT

The sample preparation procedure is described in Ref.
9. Immediately prior to the measurements, the cylindrical
samples (15-20 mm long and 1-3 mm in diameter) were
annealed in an inert atmosphere for two hours at 1400 K and
then quenched in water.

The complex dynamic magnetic susceptibility in mag-
netization-reversing fields 1-3 Oe at frequencies 20~600 Hz
were measured by the procedure described in Ref. 11. In all
cases the phase shift between the reference channels for the
measurement of the real (y;) and imaginary (yg) magneti-
zation components was maintained at 90° + 0.2°. The static
susceptibility was measured with a vibrating-string magne-
tometer.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Fe, Nigo_, Crao alloys with high iron concentration
(56<x<81)

Dynamic magnetic susceptibility. At the phase transi-
tion temperature T, SG acquires besides the Edwards-An-
derson order parameter gg, alsoa parameter® A(T, H) con-
nected with non-ergodic character of the SG phase. One
experimental manifestation of the nonergodic character of
SG is the divergence of the imaginary component of the dy-
namic magnetic susceptibility (DMS) near T together with
its anomalously high value below T, (Refs. 8 and 12). Con-
sequently, by placing the SG in a magnetic field and studying
the temperature dependences of yq(7) we can assess the
field dependence of T (H) and thus verify the predictions of
the theory [Eqgs. (1) and (2)].
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FIG. 1. Temperature dependences of the real (yg) and imaginary (yg)
components of the dynamic magnetic susceptibility of the FesgNi,,Cr,,
alloy in static magnetic fields: 1—0, 2—4, 3—8, 4—16 Oe. Magnetization-
reversing field strength is 1 Oe, frequency is 36 Hz.

Figure 1 shows by way of example typical temperature
dependences of the real (y;) and imaginary (y{) compo-
nents of the DMS of the alloy FesNi,,Cr,,, measured in
static magnetic fields of various strengths. It can be seen that
X6 (T) has the maximum typical of SG, near which is ob-
served also an abrupt increase of y¢ (T'), due to the critical
slowing down of the spin fluctuations as T is approached
from the PM region. The experimental yq (7) and y¢(T)
dependences, both in a zero magnetic field and in fields of
various strengths, together with calculations of the recipro-
cal relaxation rate Iy ' of the magnetic moments of the sys-
tem and extrapolation I'; ' > o at T T, (Ref. 12), were
used to calculate the true freezing temperatures 7, (H) of
this alloy and to plot the H-T diagram shown in Fig. 2 (dark
circles). The shape of the obtained diagram is similar to the
theoretically predicted” one, and can be described analyti-
cally by Eq. (1) with H .1+ = 150 + 10Oe and with the expo-
nent of H equal to 0.66 + 0.3.

It must be noted that the measured exponent agrees
very well with the value predicted theoretically for the Ising
model. At the same time, the constant H , is in this case
anomalously small. The small H ,; of the studied alloy can
be understood from the following considerations. In accor-
dance with the conclusions of Ref. 2,

Har=[2kT(0)/V5per,] (1=To/T). (3)

Here p¢ =255, Jo=(J;), and J = ((J2) — (J3))' 2
Assuming for the given alloy u.s =2up and 1 —J,/J
=1—6/T,(0), where 6 = 4 K is the paramagnetic Curie
temperature, we obtain H .1 ~80kOe, much higher than the
measured value. It must be recognized, however, that this
alloy is close to the critical concentration (x, = 55) at
which long-range ferromagnetic order is produced.® Conse-
quently, ferromagnetic correlations with large values of the
magnetic moments exist in this alloy. The value of u.+ in Eq.
(3) is therefore not 2u, but is much higher. Furthermore
Jo/J—1asx—x,,sothat H .3 —0.
Statistical magnetization. Besides the anomaly of y{
near T, one more manifestation of the non-ergodic behavior
of spin glasses is their sensitivity to the thermomagnetic pri-
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FIG. 2. H-T phase diagram of the spin glass FesNi,,Cr,,
7=1—T,(H)/T;(0) is the relative temperature.

or history."” In other words, below T, (H) the magnetiza-
tion measured after cooling the sample in a zero magnetic
field (I2F€) differs from the magnetization measured after
cooling it in a field of finite strength (/¥ ). The temperature
at which 7%F€ and 7¥€ begin to differ is in fact the SG freez-
ing temperature 7, (H) in the given magnetic field H.

Figure 3 shows the temperature dependences of J%F¢
(light circles) and I¥€ (dark circles) of the FesNi,,Cr,,
alloy we are studying. Just as in dilute SG,'* in this alloy the
temperature 7, (H) at which the /%€ and I¥€ are no longer
equal (marked by arrows) decreases as the measuring-field
strength increases. The T, (H) values obtained from mea-
surements of the static magnetization are marked on the H-T
diagram (Fig. 2, light circles) and agree well with the data
obtained from DMS measurements. This is due to the rela-
tively large ( ~ 10?s) characteristic time scale of static-mag-
netization measurements, and confirms the conclusion that
the true SG freezing temperature must be determined in an
approximation with an infinite observation time.

The dependence, noted by a number of workers, ' of the
position of the PM-SG phase boundary in a magnetic field on
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FIG. 3. Temperature dependences of the static magnetization of the
FesgNi,,Cry alloy in fields of various strengths: 1—2, 2—8, 3—16, 4—32
Oe.
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FIG. 4. Temperature dependence of the ergodicity parameter A of the spin
glass FesgN,,Cry.

the characteristic time scale of the experiment is apparently
due to the fact that, unlike our study, they failed to consider
scaling and the T, (H) were taken to be the temperatures of
the characteristic anomalies of the SG magnetic properties
(e.g., the temperature of the inflection on the yg (T) plots),
the positions of which depend strongly on the measurement
time.

It should be noted that, in the opinion of the authors of
Ref. 16, the temperature T (H) canbe determined also from
the temperature dependence of the nonergodicity parameter
A(H,T). We have calculated in the present paper, by the
procedure proposed in Ref. 16, the temperature dependence
of A(T) for the alloy described above in a 25 Oe magnetic
field.

Figure 4 shows the behavior of A(T) in the critical re-
gion near T, (H = 25 Oe). It can be seen that on a log-log
plot the experimental points lie well on a straight line. This
means that the A(7") temperature dependence can be de-
scribed by the power law typical of phase transitions

A(r) =7, B' = 1635}, 4)

where ' is the critical exponent.

The dynamic SG theory® predicts for H = 0 a critical
behavior of A(T) in the form (4), with #’' = 2. The some-
what smaller value of B’ obtained in our case is apparently
due to the fact that AT was measured in a nonzero magnetic
field. The temperature 7, determined in this experiment
(H = 250e) is marked on the H-T diagram by a black trian-
gle, and can be seen from Fig. 2 to be likewise located on the
PM-SG transition line determined above.

To conclude this section, we note that similar patterns
in the variation of T, (H) were observed also in other alloys
of the Fe,Nig,_,Cr,, system with high iron content
(x = 60 and 56 in Refs. 11 and 17, respectively).

It should be emphasized that while these alloys are Hei-
senberg magnets in the ferromagnetic region (x < 56),'® as
shown above, in the presence of a magnetic field they behave
in the SG region as Ising systems. It was shown in Ref. 10
that such alloys, with large iron content, are characterized at
temperatures lower than T, by a shift of the hysteresis loop
after they are cooled in a magnetic field. This phenomenon is
usually attributed to the presence of unidirectional (ex-
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FIG. 5. H-T phase diagram of the alloy Fe,Ni,Cr,,.

change) anisotropy'® or to Dzyaloshinskii-Moriya anisotro-
py.2° Without dwelling in detail on the anistropy types pres-
ent in this SG, we note that in both cases their presence
should lead to an Ising behavior of FeNiCr,, spin glass, as is
indeed observed.

We consider now SG of the Fe, Nig,_, Cr,, system, for
which the anisotropic interactions can be neglected.

3.2. Fe, Nigo_, Cry alloys with low iron content (2<x<5)

Just as for the alloys with high iron content, we investi-
gated for these alloys the temperature dependences of g,
x4, I%F€ and IF€ in magnetic field of various strengths. The
experimental data obtained for alloys with x =2, 3, and 4
are qualitatively similar to the results shown in Figs. 1 and 3.
The equation for the phase-transition line in the H-T plane
takes for these alloys (Fig. 5) the GT form (2), with an
exponent 1.8 + 0.2 for H and with H g1 = (57 1 2) Oe. It
can be deduced from the foregoing that FeNiCr,, alloys with
low iron content are Heisenberg SG. It should be noted that
in this case, too, the low value of the constant H 51 has the
same causes as in alloys with high iron content.

4. CONCLUSION

We have investigated the dynamic magnetic suscepti-
bility and the static magnetization of Fe, Nig,_, Cr,, spin
glasses in magnetic fields. In SG with large (55 <x<61)
iron content the phase line on which the PM-SG phase tran-
sition takes place in a magnetic field can be described by the
de Almeida-Thouless equation (1) for Ising SG. For Hei-
senberg SG with low iron content (2<x < 5) the equation of
the corresponding line takes the form (2) predicted by Ga-
bay and Toulouse. This reason for this difference is that the
alloys of the first type have a noticeable anisotropy whereas
those of the other are practically isotropic.

We thank S. L. Ginzburg and B. A. Ivanov for a discus-
sion of certain questions touched upon in the article.
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