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We use torque measurements to determine the field dependence of the spin-glass freezing temperature
in CuMn alloys doped with gold impurities. We find that by increasing the concentration of gold, and thus
enhancing the random anisotropy forces, the transition line changes from Gabay-Toulouse-like to de
Almeida-Thouless-like. This change to an Ising behavior is an agreement with the predictions of the
mean-field model of Kotliar and Sompolinsky for a Sherrington-Kirkpatrick spin glass with random aniso-

tropy.

A great number of experiments have been done to try to
define the transition line(s) in the (H,T) plane predicted by
the mean-field theories of spin glasses.! Most conventional
experiments look for the onset of remanence, dissipation,
time dependence, or the bifurcation between the field cool-
ing and zero-field cooling magnetization curves. A de
Almeida-Thouless>like line [i.e., T(H) — T,(0) ~ H*"] is
generally found, whereas the mean-field theories for
Heisenberg spin glasses predict an onset of irreversibility on
the Gabay-Toulouse line of transverse freezing>* l[i.e.,
T,(H) — T,(0) ~ H?]. To explain this discrepancy it is
often argued that these conventional experiments are weak-
ly sensitive to transverse freezing and detect only a cross-
over to strong longitudinal and transverse irreversibility on
a de Almeida-Thouless-like line. The onset of irreversibility
has also been looked for by torque measurements,>® which
are expected to be more sensitive to transverse freezing. It
has actually appeared that the torque onset in CuMn and
AgMn alloys is field independent and thus consistent with a
transition line of the Gabay-Toulouse type.” In this Rapid
Communication we present new torque measurements on
CuMn alloys doped with Au impurities which are known to
induce strong random anisotropy fields.® We find that the
irreversibility onset line progressively changes from Gabay-
Toulouse-like to de Almedia-Thouless-like as the concentra-
tion of Au is increased. This is in agreement with recent
mean-field calculations by Kotliar and Sompolinsky,’ which
we refer to as KS, predicting that, in the presence of ran-
dom anisotropy mixing the longitudinal and transverse spin
components, an Ising-like phase transition on a de
Almedia-Thouless (AT) line replaces the Gabay-Toulouse
(GT) transition in the low-field limit.

We used a capacitance bridge technique to measure
torque at temperatures down to 1.5 K and fields up to 9.15
kG on cylindrical samples of approximately 1 g. Our stand-
ard procedure consists in-cooling the sample in a field H at
cooling angle 65=0 from well above T, to a temperature T.
We then turn the field to §5 =5° with a turn time of about
1 sec and back to 8y =0 after a pause time of about 1 min.
A signal proportional to the torque is exhibited as a function
of time on a XY recorder. The sample is then warmed
above T, and the procedure is repeated for a different
choice of T and H. The sensitivity of our torquemeter
(about 10~3 dynecm in this work) restricts this choice to
fields above 0.5 kG. Examples of raw torque recording
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have been shown in Ref. 6.

The existence of nonzero torque is a criterion to establish
the presence of irreversibility (or nonergodicity). For an
isotropic paramagnetic sample M and H are parallel so there
is no torque; if torque is observed in an isotropic system,
the sample must necessarily be in a frozen state. The
mechanisms giving rise to macroscopic anisotropy and
torque have been studied in some detail for CuMn spin
glasses.» 19712 However, for the purpose of this Rapid
Communication, it is sufficient to assume the existence of a
macroscopic anisotropy energy depending on the rotation
angle of the remanent magnetization M, from the cooling
field direction. In the small-angle limit, the anisotropy is
written as

E =+K6? (1)

in the usual notation. When the field H is rotated by 6y
from the cooling direction, the equilibrium between the
magnetic torque and the anisotropy restoring torque is ex-
pressed as

MH(6y—0)=Ko . 2

The torque acting on the sample, I' = K 0, is then given by
-1
Ly Lt o, . 3)

r=|-
K MH

Whether the main contribution to I' arises from K or M,
has no importance as far as the detection of the onset of ir-
reversibility is concerned. However, as it will appear later,
M, H is much larger than K (in our experiments) as one ap-
proaches T, (H). Therefore, I'/8y is actually a measure-
ment of K. A last property to note is that the anisotropy K
is a remanent quantity which, like the remanent magnetiza-
tion, relaxes slowly with time.!> In our experiments we
record the torque I' between #;=1 s and ¢, = 60 s after the
rotation and we observe some relaxation of I'.® To obtain
the results presented in this Rapid Communication, we have
chosen to pick the value of I at =20 s. We show typical
curves of T'(¢+=20 s) vs T at fixed field in Fig. 1. T de-
creases as T increases, and we define T,(H) as the tem-
perature where I' goes to zero.!* We have verified that
choosing a different fixed ¢ to define I'. hardly affects our
results. Within our experimental accuracy, there is a unique
value Tg(H) above which I'=0, independently of the
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FIG. 1. Torque vs temperature in two different fields for CuMn
1 at.% Au 3 at. %.

choice of ¢ (at least in our time window 1-60 s). We have
also verified that the choice of r affects our results on the
variation of K(H,T) with T below T,(H) a little, but not
significantly.

We show in Fig. 2, the phase diagrams derived from
T,(H) for CuMn 1 at.% alloys containing 0.3 at.%, 1 at.%,
and 3 at.% of Au, respectively. There is a very good agree-
ment with what is expected by the KS mean-field model of
spin glasses with Dzyaloshinsky-Moriya (DM) interactions.’
With the reduced units 7 =uH/kgT,(0), 7=1—T/T,(0),
d=D/kpT,(0), where D is the DM coupling constant and
w has to be identified to gugvS(S +1)/3, KS predict three
regions of different behavior (see also inset of Fig. 2).

(i) h << d*?* Ising-like transition with transverse and
longitudinal freezing at 7.(h) given by
1/3

m+2 h2/3 (4)

7e(h) = 4m

for m component spins.

(ii) d¥? << h << d: transition (transverse freezing) at a
field independent 7.(7.=d).

(iii) h >> d: crossover to a GT behavior with transverse
freezing at 7. ~ h2.

The predictions of KS are clearly borne out by our experi-
mental results. For CuMn 1 at.% with 0.3 at.% and 1 at. %
of Au, 7. varies as #%? at low field and then takes an ap-
proximately constant value 7° above a threshold field 4™

(+*=0.15, h*=0.065 for 0.3 at.% Au, 7*=0.21, Ar*.

=0.112 for 1 at.% Au). For CuMn 1 at.% without Au,
7. (H) is constant (about 0.07) throughout our experimen-
tal field range, which means that our lowest field is above
h* (in the opposite limit our highest field is too low for the
transition line to catch up with the GT line and vary as h2).
Similar results have been found in 4gMn.® For CuMn 1
at.% with 3 at.% Au, 7, varies approximately as h??

Tg(H)/Tg(O)
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FIG. 2. h*/3 vs 7, for CuMn 1 at.% alloys containing the indicat-
ed concentrations of Au, with h=guglS(S +1)/31'2H/ksT,(0),
g=2, S=3, r,=IT,(0)—T,(H))/kgT,(0). For 0 at.% Au
T,(0) is derived from the cusp of the low-field susceptibility:
T,(0)=10.2 K. For the other alloys T, (0) is derived by extrapolat-
ing the variation of T,(H) as H?3 to zero field: T,(0)=10.2 K for
0.3 at.% Au, Tx(0)=10'3 for 1 at.% Au, Tg(0)= 11.4 for 3 at. %
Au (weakly different values are derived from the susceptibility
cusp). The oblique line corresponds to r.=0.932%3. The vertical
and horizontal dashed lines indicate * and 4*, respectively. The
uncertainty on Tg(H) is about 0.1 K. The maximum field is 9 kG.
Inset: schematic phase diagram of the KS model. Solid line: tran-
sition line. Dotted line: GT line (i.e., transition line in the absence
of anisotropy).

throughout our field range, which indicates that &* is above
our highest field (the beginning of departure from A%? at
high field suggests that 2™ is not very far above). For the
three alloys exhibiting approximately a linear variation of 7.
with h%3, the slope of this variation is approximately the
same, 7.=0.93h%3, while 7.=0.751%3 is expected from
Eq. (4) with m =3. However, because the field range is re-
latively small, our results cannot prove that the exponent is
exactly % As good fits could be obtained with, for exam-
ple, h%5 or KO8,

We have estimated the ratio anisotropy/exchange of our
alloys by assuming the following standard expressions for
the Ruderman-Kittel-Kasuya-Yosida (RKKY) constant and
DM vector:® 10

= Vo cos(2k§Ru) , )
Rj
= sin[kr (R, +R;+R;1+&)R,-R;  ~ _ -
Dy=V R xRi . 6)
i 1 RiRjRU ( J ) ( )

Equation (6) holds for magnetic impurities at R, and R,,
and a spin-orbit scatterer at R=0. In a mean-field ap-
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proach, the coefficients J and D of the Hamiltonian of KS
have to be identified to the following averages:

J=kgT,(0) =vVN ((J}))V* , @)
D =~/N (|(D,|?)/3)* . 8)

According to Bray and Moore!* and Levy Morgan-Pond,
and Raghavan!® these lead to!®

Vi
JEkTg(O)zngMn , ©)
R ) 1/2
D =% | == |+ 2| O Mepa)? + (V) epmenn]2
(10)
up to a dimensionless constant of order unity. VM" and

V" are the DM coefficients for Mn and Au spin-orbit
scatterers, respectively; ¢y, and ca, are the concentrations
of Mn and Au, R, =42 /&, ro=2.55 A. We have calculated
d=D/kpT,(0) from Egs. (9) and (10) by using the values
VM /YVo=2x10"%2 and V{"/Vy=8.4x10"2 estimated
from the anisotropy contant K of CuMnAu and CuMn al-
loys at T << T,.!° We obtain r*=d =0.036, r*=d =0.093,
and 7*=d =0.16 for CuMn 1 at.% with 0%, 0.3 at.% and 1
at.% of Au, respectively. The agreement with the experi-
mental values, 7*=0.07, v*=0.15, and 7*=0.21, respec-
tively, is quite satisfying.

Besides the confirmation of the phase diagram of spin
glasses with random anisotropy, our torque data also allow
us to probe some predictions of KS on the critical behavior
of K. In the low-field limit (i.e., # < d*?) KS predict

K~7—1.(h)=1—Fh? . an

On the other hand, K is related to the torque I' by Eq. (3)
which, in the limit MrH >> K predicted by KS for r
<< 1,17 is written

K=T/oy . (12)

We have used Eq. (12) to derive I'(T,H ) from our experi-
mental results on I', and we have plotted K vs 73 for several
values of H in Fig. 3. There is a remarkable agreement with
Eq. (11). At fixed field, K varies linearly with 7> and in-
creasing H shifts down this linear variation by an amount
varying approximately as H2. In contrast, in the high-field
regime (i.e., # > d*?), our results do not seem in agree-
ment with the predictions of KS, ie., K ~h(r—7.)%. A
more detailed discussion of this critical behavior will be
presented in a further publication.

Our torque measurements on Cu MnAu alloys support the
theories predicting a phase transition and demonstrate the
essential role of random anisotropy in determining the
phase diagram of a Heisenberg spin glass in the (H,T)
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FIG. 3. Anisotropy coefficient K vs 73 in different fields for
CuMn 1 at.% Au 3 at. %.

plane. They confirm the predictions of KS:? the behavior is
Ising-like and the irreversibility onset line is AT-like in the
low-field strong anisotropy limit (i.e. A < d%/2); as the ratio
field/anisotropy is increased (h > d*?), there is a crossover
to pure Heisenberg behavior with transverse only freezing
on a GT-like line. CuMn alloys with small concentrations
of Au have a small enough anisotropy to go from the first
to the second behavior in our experimental field range. For
3 at.% of Au and above, only the strong anisotropy
behavior can be observed in our fields. It is clear that most
of the spin glasses have stronger anisotropy forces than
CuMn and will generally exhibit the strong anisotropy
behavior (AT-like line) in the usual experimental field
ranges, as we have recently confirmed by torque measure-
ments on Au Fe alloys. It is likely that the pure Heisenberg
behavior predicted by Gabay and Toulouse® will be observed
only in the few spin glasses having a very small anisotropy,
such as CuMn, AgMn, NiMn, .... Moreover, as we have
shown for CuMn, the GT transition line will be observed
only in high enough fields and probably by only measure-
ments sensitive to transverse freezing, such as torque or
transverse susceptibility. Such measurements should be
able to determine precisely the form of the transverse freez-
ing line—in order to distinguish between the predictions of
the mean-field models and those of more general
pictures'®—and to make clear the critical behavior of the
anisotropy K in both the strong and weak anisotropy limits.
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cussions with H. Sompolinsky and P. M. Levy.
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