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Rotation of anisotropy in a Ni, 6Mn&4 spin-glass alloy
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Measurements of the longitudinal and transverse magnetization components (ML, M&) were per-
formed on a field-cooled thin-disk-like sample of disordered Ni&6Mn24 as it was rotated in various fixed

fields. Our experimental data were presented at low temperatures which are well below the spin-glass

freezing temperature ( =116K). The observed rotational behavior of the anisotropy is consistent with

neither a purely directional character nor a unidirectional and uniaxial character in the assumption of a
rigid rotation. We also take into account the possible incoherent domain rotations. Such a possibility
also does not seem solely to explain this rotational behavior. However, the data are well described by
the fact that the unidirectional anisotropy is not rigidly linked to the lattice along its initial direction,
but it can be elastically rotated by the applied field. These experimental results are also in good agree-
ment with a "domain anisotropy model" suggesting a multidomain configuration even in a field-cooled
state, which affects the rotation of the anisotropy.

INTRODUCTION

From the time that Kouvel'* first observed that at low
temperature [well below the spin-glass (SG) freezing tem-
perature Tf ] the field-cooled disordered alloys of Mn in

Ag, Cu, or Ni exhibit a predominantly unidirectional an-
isotropy, as manifested in narrow displaced I-versus-8
hysteresis loop, there has been considerable interest in the
intrinsic magnetic properties of such a system in which
the unidirectional anisotropy is created during cooling
the sample to low temperatures. The existence of the in-
duced unidirectional macroscopic anisotropy in a field-
cooled SG system has also been demonstrated by several
experimental techniques including hysteresis (Refs. 1, 3,
and 4}, transverse susceptibility (Refs. 5 and 6), torque
(Refs. 7 and 8), NMR (Ref. 9), and ESR (Refs. 10, 11, and
12) measurements. The vector model was introduced by
many authors' ' to interpret the observed ESR and dc
magnetization for the SG system under the condition
when the applied field H was parallel to the cooling field
direction. This model has been based on the rigid rota-
tion of the anisotropy, i.e., the unidirectional anisotropy
H„ is considered to be rigidly linked to the lattice. But,
the new alternative model of the so-called triad model, as
opposed to a rigid rotation, was developed by Saslow, '

Henley, Sompolinisky, and Halperin, ' and Halperin and
Saslow' to describe the dynamic behavior of the anisot-
ropy. This model implies that the unidirectional anisot-
ropy is to be changed in orientation during rotation of
the field-cooled sample in an applied field, corresponding
to what has been called a "redefinition" of the anisotro-
py. Recently, we have first shown' that the unidirection-
al anisotropy is not rigidly linked to the lattice along its
initial direction but it can be elastically rotated by the ap-
plied field. This result is consistent with the idea of the
domain-anisotropy model. ' ' This claim has been sup-
ported by Sato' performing transverse ac susceptibility
measurements on the Ni77Mn23 alloy. However, the Chi-
cago group has shown that the anisotropy rotates
rigidly with the sample for all the applied field at lower

temperatures, but, at sufficiently high field, becomes ir-
reversibly (dissipatively} relative to the sample toward the
direction of the applied field H by means of rotational
magnetization-vector measurements (RVM). By this
technique the magnetization parallel, as well as perpen-
dicular, to H has been measured simultaneously. These
measurements, therefore, enable us to describe an angular
behavior of the unidirectional anisotropy. This technique
is discussed in several reports in detail. Using the
same technique, we have seen that the anisotropy rotates
elastically at lower temperatures (provided that the tem-
perature is much less than the spin-glass temperature
Tf ), as opposed to the claim of some authors.

We have also discussed the intrinsic nature of the an-
isotropy created during cooling the sample, considering
that it has only either the pure unidirectional character
or both the unidirectional and uniaxial character, in com-
parison to the theoretical results for each case with the
experimental data.

EXPERIMENTAL TECHNIQUE

The measurements were performed on a polycrystalline
Ni76Mn24 disordered alloy. The sample was prepared as
reported by our earlier studies'6 whose shape was disk-
like, 5 mm in diameter and 0.5 mm thick. It was an-
nealed at 850'C for several hours and quenched in water.
Our ac susceptibility measurements indicate a freezing
temperature of about 116 K and a Curie temperature of
about 240 K. Magnetization measurements were done
with the modified vibrating-sample magnetometer whose
sensitivity is about 10 emu. For such a study we have
mounted two identical sets of pickup coils in geometric
quadrature about the cryostat tail. Two coil sets allow us
to measure simultaneously the component parallel (ML ),
and perpendicular (Mr) to the applied field H in the sam-
ple disk plane. For this geometry, the demagnetization
eSects are very small. A magnetic field was provided by
Electromagnet (Varian-Model 3800) up to 23 kG. The
temperature was controlled by a helium Sow cryostat
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FIG. 1. Magnetic vector diagram for rotational measure-
ments on the sample in a high field, which saturates ther-
moremanence and then rotates by angle 8 relative to fixed exter-
nal field.

(Oxford Instruments} froin 4.2 to 300 K. The experimen-
tal situation is represented schematically in the vector di-
agram of Fig. 1, which also shows ML and Mz, the com-
ponents of M parallel and perpendicular to H, respective-
ly. We assume that the unidirectional anisotropy rotates
and its final direction relative to H is given by Hz. When
the sample is rotated by angle 0 relative to H, the vector
magnetization will be oriented along the direction of the
effective field H, fr, where P is the orientational angle of
Mz relative to H.

RESULTS AND DISCUSSION

Figure 2 shows the magnetization of this sample as a
function of the applied field after cooling the sample to 5

K in a magnetic field of about 10 kOe. Then the sample
was warmed up to 9 K; at this temperature the plot of M
versus H is also shown in Fig. 2. The total magnetization
M in the cooled field state can be represented by the
linear equation M =Ms+X(T)H, where Ms is the ther-
moremanent magnetization and X(T) is the reversible
susceptibility determined from outside the hysteresis
loop. The values of X (0.2 emu/g kOe and 0.4 emu/g kOe
for T =5 and 9 K, respectively) and the anisotropy fields
are needed for the analysis of the rotational mag-
netization data. The anisotropy fields can be deduced
from the hysteresis loop where the center of the loop is
calculated, which gives the unidirectional anisotropy H~
(550 Oe and 375 Oe for T =5 K and T =9 K, respective-
ly). The width of the hysteresis loop is determined twice
by the uniaxial anisotropy Hx (80 Oe and 190 Oe for
T=S K and T=9 K, respectively}. In fact, it is still
open to discussion whether the anisotropy for such a sys-
tem is purely unidirectional or not. We therefore assume
that either the anisotropy is purely directional, whose
value will be taken to be the sum of Hz and Hz, or con-
sisting of both the unidirectional component Hz and the
uniaxial component H&. There is another possible case
in which the hysteresis e8'ect is only governed by a possi-
ble incoherent domain (or cluster) rotation. This case
will be discussed below.

In RMV measurements, the sample was initially cooled
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FIG. 2. Magnetization-field hysteresis loop for Ni, 6Mn24 in a
Geld-cooled state (a) at 4.2 K and (b) at 9 K.

to 5 K in 10 kOe. The field was then reduced to a
measuring field of H, in which the sample was rotated
with the 10 steps starting from 8=0' up to 180' and was
brought back to its original position, using the same
steps. At each step, the longitudinal (MI ) and transverse
magnetization (Mz ) were measured simultaneously, each
of the ML values were corrected for a small isotropic con-
tribution linear in H (corrected ML =measured ML

XH). The m—easuring field H was indicated in the
figures (see Fig. 3). Here we have deliberately selected
the values of the measuring fields H such that one of
them is less than, the other one is higher than, and the
third one is close to the value of the unidirectional anisot-
ropy value for each temperature (T =5 and 9 K). The
values of Mz- and the corrected ML were then combined
to give its orientational angle P relative to H (see Figs. 4
and 5). We note that the rotational hysteresis is relatively
large for the measuring field being close to the unidirec-
tional anisotropy. Our results at 9 K are clearly similar
to those of T =5 K, except the former generally exhibits
relatively large hysteresis.

Regarding the variation of P for the lowest measuring
field, P rises almost linearly up to 150 for both tempera-
tures. The experimental curves for H~H~ starts out
linearly at 1ow 0 and then drops from a maximum to a
low but nonzero P at 0=180 and then returns with little
hysteresis as shown in Figs. 4 and 5. As can be seen from
these figures the curve for the highest field starts with relee

atively lower values of slope. It should be noted that
these nonzero P values for 9 K are always higher than
those of 5 K. Both are similar except hysteresis for the
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FIG. 3. For Ni76Mn2& at T =5 and 9 K, lon-
gitudinal and transverse magnetization

(ML, ,M&) vs sample rotation angle (8) for
different applied fields, where closed (open)
symbols are for increasing (decreasing) e.
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highest field is smaller.
So far, we have exhibited the experimental data. Now,

we want to give the theoretical results. We consider that
the unidirectional anisotropy field rotates rigidly with the
sample. When the sample is rotated by an angle 8 rela-
tive to H external field, H„and Hz exert the torques on
the vector magnetization M&. Thus the balancing torque
equation is given by

H„sin(8 P)+HE cos(8 ——P) sin(8 —P) =H sing .

This equation is equivalent to the condition that M& lies
parallel to the total effective field H,I as shown in Fig. 1.
Substituting our measured value of Hz and Hz, into Eq.
(l) we have computed the values of P for difFerent H and
0. We also consider two different cases; one of them cor-
responds to the case in which the anisotropy field is as-
sumed purely directional, i.e., the total unidirectional an-
isotropy field is the sum of H& and H&, the other case in
which the sample has both the unidirectional and uniaxi-
al components. On the other hand, one might expect
small incoherent domain (or cluster) rotation effects to
occur in our sample during the sample rotation in a field.

The rotational hysteresis (though small} may also be at-
tributed to possible incoherent domain rotations, which
could cause the hysteresis loop to be much wider. There-
fore, it seems quite natural to invoke this efFect. Such a
possibility should be included in the calculation, consid-
ering that the width of a displaced hysteresis loop does
not necessarily evidence a uniaxial component of the
spin-glass anisotropy. For simplicity, we assume that the
hysteresis loop is only governed by the unidirectional an-
isotropy Hz and the incoherent domain rotations
(H» =0}. The calculated results of each case for T=5
and 9 K are given in Figs. 4 and 5. (Each case is indicat-
ed in the figures. } As can be seen in the figures, for the
lowest field, the experimental results are slightly below
the corresponding computed result. The deviation from
each other is much higher at around 0=90 than that of
lower and higher values of 8. For the fields H ~H„, the
separation from each other is more remarkable. The
upper data points belong to the pure-directional case.
The experimental data lie markedly below the calculated
data for all cases. Similar disagreement was also ob-
served in the earlier experiments made on Ni75Mn25 al-
loy. This discrepancy leads us to suggest that the uni-
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directional anisotropy rotates elastically as opposed to a
claim of a rigid rotation by some authors. In order
to be sure about the elastic anisotropy rotation, we were
forced to repeat the following experiment introduced first
by the same group. In the experiment, the field-cooled
sample was rotated by 180 relative to different H (in our
experiment, the maximum H was about 23 kOe) and then
H was removed. Subsequently the parallel (ML ) and per-
pendicular (MT) components of M were measured simul-
taneously. Our experiments for both T=5 and 9 K
showed that the perpendicular components MT were alee

most zero up to 23 kOe. It means that the unidirectional
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anisotropy field is again directed toward its initial cooled
direction. This experimental fact can be attributed to one
of the two possible cases as follows: The anisotropy was
rotated rigidly with the sample as proposed by the same
researcher or the anisotropy first rotates elastically in the
field H and then comes to its initial direction after remov-
ing the external field. However, this research group has
overlooked the latter case. According to our experi-
ments, the latter case seems to be more appropriate to in-
terpret the experimental behavior of P with respect to 8.
If the former case had occurred, the values of P for
different H and 8 obtained from the experiments and the
balancing torque equation would have been in agreement
with each other. It is obvious that if the anisotropy field

Hz rotates elastically from its initial direction, the values
of (() will be less than those deduced from the balancing
equation based on the rigid anisotropy rotation. This
behavior will be discussed below in detail.

The observed hysteresis in the magnetization com-
ponents (ML, MT ) may be interpreted in terms of the an-

isotropy rotations. We believe that the multidomain
structure still persists even in the field-cooled state. Sup-
pose that a number of domains are distributed radially
along the directions limited to the area around the field-
cooled direction. Each domain has a unidirectional an-
isotropy field initially directed along its magnetization
vector Mz. When the sample is rotated by 8, each mag-
netization vector will restabilize due to counterbalancing
torques exerted on it by the anisotropy Geld H~ and the
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tational hysteresis. Symbols show calculated rotational
behavior from Eq. (1) for unidirectional anisotropy (UD) and
both unidirectional and uniaxial anisotropies (UA). Broken line
(IR) represents the case in which domains rotate incoherently.
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applied field H, while the anisotropy fields H„ tend to ro-
tate toward the field direction as long as the
Dzyaloshinsky-Moriya torque, exerted on Mz by the an-

isotropy field Hz, is balanced by the torque due to spin-
lattice coupling. The total change in the anisotropy field
directions takes place gradually over N steps (N is sup-
posed to be a very large number) during the sample rota-
tions. If one assumes that the directional change in each
step is proportional to the product MsH„sina or P sinu,
where a is the angle between H„and Ms, P is propor-
tionally constant as a characteristic of the sample, one
should observe a difference in the domain structure for
the forward and reverse direction of the rotation as it
passes from the same 0 angle. This difference becomes
more remarkable for a=90' occurring at angles of 8
greater than 90'. This is exactly what we observe in our
experiment. This picture of the anisotropy field distribu-
tion has been discussed in detail by means of ESR mea-
surements on the NiMn alloy in our recent work. '

To conclude the discussion, in view of the overall

agreement, the domain-anisotropy model' ' involving
the elastic anisotropy rotation appears to account for the
observed rotational behavior at sufBciently low tempera-
tures. The unidirectional anisotropy rotates elastically as
opposed to the claimed rigid rotation as long as the
measuring temperature is well below the freezing temper-
ature Tf.

In order to gain further insight on the dynamic
behavior of the unidirectional anisotropy field H&, it is
necessary to determine the time effect of the magnetiza-
tion components (ML, Mr) separately. We intend to
study them further in this alloy and other SG alloy sys-
tems under the conditions describe above.
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