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The nature of the macroscopic anisotropy in a classical Ruderman-Kittel-Kasuya-Yosida
(RKKY) spin-glass with weak Dzyaloshinskii-Moriya interactions is studied in a zero-temperature
numerical simulation. For rigid rotations of the spin system from a metastable state, we find the
expected unidirectional form for the anisotropy energy. Simulations of rotation and inversion of the
magnetization by a magnetic field show nearly rigid rotations of the spin system if the anisotropy
energy is much smaller than the RKKY energy. For stronger anisotropy, we find substantial devia-
tions from rigidity, especially for large-angle rotations and inversions, resulting in a behavior
characteristic of an anisotropy energy with both unidirectional and uniaxial terms. The simulations
qualitatively reproduce several features observed in hysteresis and torque experiments.

I. INTRODUCTION

The existence of a macroscopic anisotropy in
transition-metal spin-glass alloys (such as Cu-Mn and
Ag-Mn) at low temperatures has been observed in a large
number of experiments.! ™ Fert and Levy'®!! traced the
microscopic origin of this anisotropy to a Dzyaloshinskii-
Moriya (DM) interaction arising from spin-orbit scatter-
ing of the conduction electrons. This mechanism ex-
plained the dramatic enhancement®? of the anisotropy en-
ergy produced by the addition of nonmagnetic impurities
(such as Au and Pt) with strong spin-orbit coupling. Sub-
sequently, several authors>~'* developed a semi-
phenomenological description of the nature of the macro-
scopic anisotropy produced by the microscopic DM in-
teractions. These authors argue from general symmetry
considerations that when a weak DM interaction is
present, the increase in energy due to a rotation of the spin
system from a frozen metastable state with zero or small
remanent magnetization should be linear in the trace of
the SO(3) rotation matrix that describes, in an average
sense, the changes in the noncollinear spin directions.
Since the trace of the rotation matrix is equal to
(1 4 2 cos), where 6 is the rotation angle, the increase in
energy is expected to have the form

AE =K (1—cos0) , (1

with the anisotropy constant K independent of the direc-
tion of the rotation axis. The macroscopic anisotropy is
thus unidirectional in the sense that AE is a 2sw-periodic
function of 6. However, since the anisotropy energy de-
pends only on the rotation angle and not on the rotation
axis, no special directions are picked out.

This picture has been successful in explaining several
interesting experimental results on Cu-Mn alloys. There
are, however, some other experimental observations which
are in conflict with this description. Results of electron-
spin-resonance (ESR) experiments® on field-cooled sam-
ples of Cu-Mn agree with hydrodynamic calculations!3—1*
based on this picture if the angular displacement of the
remanent magnetization from the direction of the cooling
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field is small. However, the agreement deteriorates rapid-
ly for rotation angles larger than 90°. Recent measure-
ments® of the restoring torque during rotations of the
remanent magnetization by an external field in concentrat-
ed Cu-Mn are consistent with a purely unidirectional an-
isotropy. Measurements® of the transverse ac susceptibili-
ty of Cu-Mn alloys in a uniform field perpendicular to the
direction of the cooling field indicate a purely unidirec-
tional anisotropy for modest (<35°) angular displace-
ments of the remanent magnetization, whereas transverse
ac susceptibility measurements’ after the remanent mag-
netization is inverted by a magnetic field clearly indicate
the presence of a uniaxial (quadratic in cosf) component
of the anisotropy. Finally, in order to explain the experi-
mentally observed shape of hysteresis cycles' ™3 of Mn-
based spin-glass alloys, it is necessary to include both uni-
directional and uniaxial terms in the anisotropy energy.
Thus, it appears that the anisotropy energy has the form
of Eq. (1) for small deviations from the initial state,
whereas for large-angle deviations and inversions, a uniax-
ial term has to be included. At present, there is no clear
understanding of the origin of this uniaxial term. The
theoretical picture described above is expected to be valid
only if the changes in the spin orientations produced by an
external perturbation can be described as a uniform rota-
tion in the macroscopic sense. It has been suggested®®°®
that the experimentally observed deviations from this pic-
ture are due to nonrigid rotations of the spin system.

In this paper we report the results of a numerical study
of the zero-temperature anisotropy properties of a classi-
cal Ruderman-Kittel-Kasuya-Yosida (RKKY) spin-glass
with weak DM interactions. The system studied here cor-
responds to CuMn, T, where T represents a nonmagnetic
impurity that mediates the DM interaction, and x and y
denote concentrations. We have used the Walker-
Walstedt procedure'® to locate metastable equilibrium
configurations (EC’s) of the spin system, and studied the
nature of the anisotropy for rigid rotations from these
EC’s. We have also investigated how a particular EC
changes under the action of a uniform magnetic field that
tends to rotate or invert the magnetization. The main re-
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sults of this study are summarized below.

(a) A rigid rotation of the spin system through angle 6
from an EC increases the energy by an amount propor-
tional to 1—cos@ for all 6. The constant of proportionali-
ty is roughly independent of the direction of the axis of
rotation. These results are in agreement with the theoreti-
cal predictions mentioned above. However, the calculated
value of the anisotropy constant K for T=Pt turns out to
be more than an order of magnitude larger than the exper-
imental value.

(b) The evolution of an EC under the action of a mag-
netic field that tends to rotate or invert the magnetization
is well described by a rigid rotation only if the anisotropy
energy is much smaller than ( <0.1%) the RKKY energy.
For larger anisotropies, the changes in the spin system
show substantial deviations from a rigid rotation. The de-
viation from rigidity during a rotation of the magnetiza-
tion increases with the rotation angle, and EC’s corre-
sponding to inversions of the magnetization show the
largest amount of deviation from rigidity. The deviations
from rigidity lead to a behavior characteristic of an aniso-
tropy energy that has both unidirectional and uniaxial
components. The qualitative behavior observed in the
simulation of rotation and inversion processes is similar to
the results of torque and hysteresis experiments.

Recently, Morgan-Pond!” reported a numerical study
similar to the one described in this paper. In Morgan-
Pond’s study, the emphasis is on a calculation of ESR fre-
quencies in a field parallel to the remanent magnetization.
This study thus probes the nature of the anisotropy for
small deviations from the initial state, whereas in the
present work we have concentrated on the behavior for
large-angle deviations with a view towards understanding
some of the results of hysteresis and torque experiments.
Some of the general conclusions derived from our study
were also obtained by Morgan-Pond.

This paper is organized as follows. Section II contains
a definition of the model studied in this paper and a brief
description of the numerical procedure employed. In Sec.
IIT we present the results of our study of the nature of the

anisotropy energy for rigid rotations. The simulations of
]

%DM=—-V22 sin

i>j k

kp(Rij+Ry +Rj )+ ‘;’To_zd

In Eq. (4), 3, represents a sum over all sites occupied
by the spin-orbit scattering impurity 7, and Z; is the
number of d electrons in 7. We took Z;=9.4, a value ap-
propriate for T=Pt, and treated V as an adjustable param-
eter. To avoid multiple interactions arising from periodic
boundary condition, the interaction was set equal to zero
if any one of the distances R;;, Ry, and Ry was larger
than L /2. In the presence of a uniform magnetic field h,
aterm — >, h-S; was added to the Hamiltonian.

The numerical work in this study consisted of generat-
ing metastable EC’s of the spin system. An EC is a local
minimum of the energy surface in phase space. In an EC
the spin §,~ at each site 7 is parallel to the local field Hi at
that site, defined by

Ry 'ﬁjk(l—iik Xﬁjk )+(S; X§j)
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rotation and inversion processes are described in Sec. IV.
We present details of how the spin system behaves during
(a) a rotation of the magnetization through 180°, (b) a sub-
sequent rotation, through 180°, about an axis perpendicu-
lar to both the original direction of the magnetization and
the axis of the first rotation, and (c) a hysteresis cycle in
which a magnetic field applied in a direction opposite to
the magnetization is first increased from zero to a value
larger than that needed for a reversal of the magnetiza-
tion, and then decreased back to zero. In Sec. V we sum-
marize the main results and conclusions. Owing to the
smallness of the sample size used in this simulation, some
of the conclusions should be considered tentative.

II. MODEL AND NUMERICAL PROCEDURE

The model studied in this paper is appropriate for ter-
nary spin-glass alloys CuMn,7, where T represents a
nonmagnetic impurity that mediates'® the DM interaction
through spin-orbit scattering. It consists of a system of
classical Heisenberg spins interacting via isotropic RKKY
and weak DM interactions. We consider a L X L X L sec-
tion of a fcc lattice with periodic boundary conditions.
Spins are placed at N, =4xL3 randomly chosen sites and
spin-orbit scatterers are placed at N;=4yL> other sites,
also chosen at random. The interaction Hamiltonian is a
sum of two terms,

H =X Rkxy+7 DM - @)

For the RKKY term we used the well-known form

%RKKYz 2 %COS(ZkFR,'j)—S’,' .§j s (3

i>j Rij

where §,~ is the spin vector of unit length at site i and R;;
is the distance between sites i and j. For the lattice con-
stant and the Fermi wave number kr, we used values ap-
propriate for Cu. Following Walker and Walstedt!'® we
adopted a system of reduced units (r.u.) in which 4 /Ri; is
set equal to unity for i,j nearest neighbors. For the DM
part we used the form derived by Fert and Levy,'®

4)
Ri?ch;;cRij
[
o
hi= —F’ a=x,p,z . (5)
i

The EC’s were generated by using the algorithm of Walk-
er and Walstedt.'® In this procedure the spins are updated
one at a time. In the update of the spin at site i, one first
calculates the instantaneous local field I_f,-, and then sets §,~
parallel to h;. An iteration is defined as a block of N;
consecutive updates. We used both fixed and random se-
quences of updates. It is clear that each update decreases
the energy (unless one is already at an EC), and the system
is not allowed to go over any energy barrier during its re-
laxation. Thus this procedure is similar to a zero-
temperature Monte Carlo simulation. Convergence to an
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EC was determined from the rate of change of the total
energy. As the system closely approaches an EC, the en-
ergy decreases very slowly and it becomes difficult to dis-
tinguish the energy change in one iteration from computer
round-off errors. For better accuracy we calculated the
energy after every 200 iterations, and stopped the itera-
tions when the fractional charge in energy in the last 200
iterations was less that a convergence parameter §, taken
to be 10~ in most of our calculations. Except in one situ-
ation mentioned in Sec. IV, decreasing 8 to 10~7 did not
produce any noticeable change in the EC. As a further
check of convergence, we calculated for each EC the
quantity

1 i
A=— E 1— 6
“s i n; ’ ©

which is a measure of the average deviation of a spin from
the direction of its local field. The value of A was less
than 10~7 for all EC’s obtained with §=10"°,

III. ANISOTROPY FOR RIGID ROTATIONS

The results reported in this section were obtained from
simulations of ten samples, each containing 161 spins and
32 spin-orbit scatterers, distributed in a 20° lattice with
concentrations x =0.5 at.% and y=0.1 at.%. For the pa-
rameter V appearing in the DM interaction [Eq. (4)], we
used the value expected'® for T=Pt (V/4=0.2). Starting
from a random configuration the spins were updated
sequentially until convergence to an EC was obtained.
Typically, several thousand iterations were needed for
convergence. The energies of the EC’s showed variations
of ~20% from sample to sample, with an average value
of —0.06 r.u. per spin. This value is consistent with the
results obtained in other simulations!®!® of RKKY sys-
tems. Although no magnetic field was applied during the
relaxation process, the EC’s had a magnetization of order
1/v/'N,, arising from finite-size fluctuations.

After having located an EC, we calculated the energies
of configurations obtained by rigid rotations of the spins
from the EC. For each sample, we studied rotations about
six difference axes: one parallel to the magnetization, two
in the plane perpendicular to the magnetization, and the
remaining three along the principal axes of the lattice. In
all cases we found that the increase in energy per spin due
to a rigid rotation through angle 6 is well described by the
form

AE=K,(1—cosf) (7)

for all values of 6. A typical set of AE-vs-1—cosf plots is
shown in Fig. 1. For a particular EC the values of K, ob-
tained from rotations about different axes showed a varia-
tion of ~15%. Sample-to-sample variations were also of
the same order. We also calculated the energies of config-
urations obtained by applying a sequence of two rotations
to an EC, the first one through 180° and the second one
through angle 6 about an axis perpendicular to the axis of
the first rotation. It is easy to show’ that the rotation an-
gle associated with the rotation matrix that describes the
net rotation of the spin system is equal to 180° for all
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FIG. 1. Variation of energy with rotation angle for rigid rota-
tions. (a) Rotation about the magnetization, (b) and (c) rota-
tions about two mutually perpendicular axes perpendicular to
the magnetization, and (d) rotation about the axis of (c) after a
rotation of 180° about the axis of (b). r.u. represents reduced
units.

values of 6. Thus, if the anisotropy energy depends only
on the rotation angle, then the energy of the configuration
obtained in this way should be independent of 0. As
shown in Fig. 1, the calculated value of the energy was
found to be nearly constant during the second rotation,
with small variations arising from the fact that K, is not
completely independent of the direction of the rotation
axis in a finite system. We also carried out similar studies
of several smaller samples (60—100 spins) with larger con-
centrations of Pt. In all cases, we found good agreement
with Eq. (7). The calculated values of K, were consistent
(within rather large error bars) with a linear increase of
the anisotropy energy with the concentration of Pt. All
the numerical results for rigid rotations are thus in good
agreement with the theoretical prediction about the nature
of the macroscopic anisotropy.

The calculated value of the anisotropy constant, howev-
er, turned out to be much larger than the experimentally
observed value. Averaging the results obtained for the ten
161-spin samples, we obtained K, =(4.5+0.3)x10~* r.u.
per spin, which corresponds to ~2.7x 10~ erg per spin
if we use the value of the parameter 4 [Eq. (3)] given in
Ref. 16 to convert reduced units to ergs.”® In Ref. 11 the
experimental value of the anisotropy constant per spin for
0.1 at. % Pt in Cu-Mn was estimated to be ~9.5x 1019
erg. Thus the value of the anisotropy constant obtained
from the simulation is about 30 times larger than the ex-
perimental value. There are several factors which indicate
that the calculated anisotropy constant should be larger
than the experimental value. First, when the spin system
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is rotated from a metastable state by applying an external
perturbation, the changes in the individual spin orienta-
tions do not correspond to a perfectly rigid rotation. In
addition to the average rotation, the spins make readjust-
ments to the changes in the local anisotropy field. These
readjustments reduce the energy cost associated with the
rotation, leading to an anisotropy constant that is smaller
than the rigid-rotation value. The effects of these read-
justments are studied in detail in the next section. Second,
thermal relaxations which are always present in a real ex-
periment but which are not allowed in our simulation also
tend to reduce the value of the anisotropy constant. A de-
crease of the anisotropy constant with increasing tempera-
ture has been observed in experiments. Third, as pointed
out by Morgan-Pond,!” the anisotropy constant calculated
from simulations of small systems contains a contribution
coming from the fact that the DM energy of an isotropic
(RKKY only) EC is, in general, nonzero in a small sys-
tem. To estimate the size of this contribution, we calcu-
lated how the DM energy of the isotropic EC closest in
phase space to an anisotropic EC changes under rigid ro-
tations. We first located an isotropic EC by applying the
relaxation algorithm to an anisotropic EC, with the DM
interaction turned off. The resulting configuration was
then rotated by a SO(3) matrix chosen to maximize the
overlap of the rotated configuration with the anisotropic
EC. The DM energy of the isotropic EC’s obtained in this
way was found to be negative in all cases. Rigid rotations
increased this energy by amounts which were ~20—30 %
of the energy increases measured for the anisotropic EC.
If this contribution is subtracted off, the calculated value
of K, would be reduced by ~25%. Fourth, we note that
the experimental value of the anisotropy constant quoted
in Ref. 11 was obtained from hysteresis data. Anisotropy
energies derived from the hysteresis loop are known to be
somewhat smaller than those derived from experiments
involving rotations of the magnetization. Finally, the ex-
pression for the DM interaction [Eq. (4)] used in this
simulation did not include a correction term introduced in
later work of Levy and Fert.!! This term is expected to
produce a small reduction in the calculated value of K,.
All these factors indicate that the value of the anisotropy
constant obtained in our calculations should be larger than
the experimental value. However, it is not clear whether
these effects would be sufficient to account for the ob-
served discrepancy of more than an order of magnitude.

The theoretical estimate of Levy and Fert!! and the nu-
merical work of Morgan-Pond!” also showed a discrepan-
cy of a similar magnitude between calculated and experi-
mental values of the anisotropy constant. In Ref. 17, K,
was estimated from the relation

K,=%Epwm , (8)

where Epy; represents the DM energy per spin in an an-
isotropic EC. In our calculations, the value of K, ob-
tained from this formula agreed to within 5% with the
value obtained from the rigid-rotation data. However, we
did not find agreement with the prediction made in Ref.
17 that EY,,, the DM energy of the isotropic EC corre-
sponding to the anisotropic EC under consideration,
should be half of Epy. In our calculations, the ratio
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E%\v/Epy had values in the range 0.2—0.4, the smaller
values being obtained for larger samples.

IV. SIMULATION OF ROTATION AND INVERSION

The results obtained in the preceding section clearly
show that the macroscopic anisotropy in a RKKY spin
glass with DM interactions is purely unidirectional for
rigid rotations. Therefore, the origin of any departure
from unidirectional behavior in this system must lie in
nonrigid rotations of the spin system. We mentioned ear-
lier that a rotation or reversal of the magnetization by an
applied field does not correspond to a purely rigid rotation
in the microscopic scale. Thus, it is important to under-
stand under what circumstances the macroscopic behavior

" of the system is well decribed by a suitably averaged rigid

rotation. Another important question is how the nature of
the macroscopic anisotropy is affected by deviations from
rigidity. With a view towards gaining some insight into
these questions, we have simulated the response of the sys-
tem to external magnetic fields which tend to rotate or in-
vert the magnetization. The necessity of having to locate
EC’s for many different values and orientations of the
magnetic field restricted our study to small samples. In
these simulations, we used parameters different from
those described in the preceding section. For samples
with the parameters described in the preceding section,
one would need unphysically large fields to produce a
large-angle rotation or reversal of the magnetization. The
simulations were done on ten samples divided into two
groups. Each sample contained 81 spins and 20 spin-orbit
scatterers distributed in a 10° fcc lattice, with concentra-
tions x =2 at. % and y=0.5 at. %. The positions of the
spins and the nonmagnetic impurities were the same in the
two groups. The parameters V appearing in Eq. (4) was
adjusted between 0.024 and 0.14 to give K,~6X 107> r.u.
per spin for the samples of the first group, and
K,~3x10"* r.u. per spin for those in the second group.
The ratio of the DM energy (Epy) to the RKKY energy
(Ergky) was ~1/2000 in the first group and ~1/400 in
the second group. The results obtained from the simula-
tions are described below. Since the numerical procedure
used to locate EC’s did not allow transitions over energy
barriers, the simulations correspond to situations in which
the temperature and the time scale are such that thermally
activated processes are effectively frozen out.

A. Rotations

For each sample, we first located an EC in zero field,?!
and then calculated the values of K, for rigid rotations
about different axes. We then applied a magnetic field h
parallel to the magnetization M 9, and located the new EC.
The value of & was taken to be somewhat larger than
K,/M?. The reversible susceptibility X was calculated
from the increase in the magnetization. The values of X
obtained in this way were found to be consistent with oth-
er calculations.'® The field was then rotated by 180° in
steps of 30° about the axis perpendicular to IVI(,) for which
the value of K, was the smallest. We call this axis the x
axis, and IVI(,) defines the z axis. At each step the new EC
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was located using the EC obtained at the previous step as
the starting point. We used a random sequence of spin
updates in the relaxation. Test runs with different ran-
dom sequences were found to converge to the same EC.
For the samples of the first group, we also studied the
behavior during a subsequent rotation of the magnetic
field about an axis (the y axis) perpendicular to both IVI?
and the axis of the first rotation. Before describing the re-
sults, we briefly discuss the behavior expected for rigid ro-
tations and a purely unidirectional anisotropy. During the
first rotation, the equilibrium magnetization per spin, M,
is expected!* to be given by the relation

M=xh+R-M?, )

where the matrix R describes a rotation about the x axis
by an angle 6 which is obtained by balancing the anisotro-
py torque with the torque due to the magnetic field,

K sind=hM_sin(6;, —0) . (10)

Here 6, represents the angle between IT/I‘,) and h, and K is
the macroscopic anisotropy constant per spin. The
behavior expected during the second rotation has been
analyzed by Fert and Hippert.” If the system rotates
about the y axis from the state obtained by a 7 rotation of
the initial state about the x axis, then there should be no
anisotropy torque and M should remain parallel to h.
However, it is easy to show that a rotation about M would
reduce the anisotropy energy of the state obtained in this
way. Since such a rotation does not cost any magnetic en-
ergy, the system can lower the total energy by rotating
about M, ultimately reaching a state that corresponds to a
rotation of the initial state about the y axis. In a recent
experiment on concentrated samples of Cu-Mn, Fert and
Hippert® found that the torque is essentially zero for
small-angle rotations ( < 10°), whereas for larger angles
they found a torque corresponds to a rotation of the origi-
nal state about the y axis.

The results of our numerical experiments on the sam-
ples of the first group are in good agreement with these
predictions. In Fig. 2 we have shown the variation of 6,,

180 T T T T T
150 |- g
GM 120 ~ hn
(deg)
90 |- -

60 |- -

30 -1

0 | 1 1 L |
0 30 60 90 120 150 180

6, (deg)

FIG. 2. Variation of 6y, the angle of the total magnetization
with 8, the angle of the applied magnetic field during a rotation
about the x axis. The sample belongs to the first group (weak
anisotropy). The solid line is a fit toc Egs. (9) and (10).
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(the angle between M and M9), with 0, during a rotation
of one of the samples about the x axis. The magnetic field
used to rotate the magnetization was 1.2X1073 r.u.,
which corresponds to ~4 kG. The solid line represents
the best fit to Eqgs. (9) and (10) using the “experimental”
values of X (equal to 12.8 r.u./spin) and M_ (equal to
0.054), and treating K as an adjustable parameter. It is
clear that a purely unidirectional anisotropy fits the data
very well. The value of the anisotropy constant obtained
from the best fit (K =5.4X107° r.u./spin) was ~15%
smaller than the value obtained from a rigid rotation
about the same axis. As mentioned in the preceding sec-
tion, small readjustments of the spins to the changes in the
local anisotropy field are expected to produce such a
reduction in the value of the anisotropy constant. Similar
behavior was observed in all other samples in this group.
Simulations of rotations about the y axis after a 7 rota-
tion about the x axis showed behavior similar to that ob-
served in the torque experiment of Fert and Hippert® on
concentrated Cu-Mn samples. In Fig. 3 we have shown
the results for the same sample as in Fig. 2. Here, 0, and
6, are measured from the ~IVI(,) direction. For 6, <60°,
the magnetization remained nearly parallel to h. For
larger angles 0, jumped to a value appropriate for a rota-
tion of the initial state about the y axis. This changeover
can be seen more clearly in the inset where we have shown
the variation of the angle 0 associated with the SO(3) ro-

tation matrix R that maximizes the projection,

180 o
h
Ly
6g L
R\
\\
90 N
\\\
a
L oo
~
0 TR S T TR R
180 0 90 180
Qh //
e
- e —~
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120+ (o) —~
9M //
7
(deg) | e N
v
7
60 7
) .
/
;
!
It
0 1 1 1 ! 1
0 60 120 180
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FIG. 3. Variation of 6,; with 6, during a rotation about the y
axis after a rotation of 180° about the x axis. The angles 6,, and
6, are measured from the —Z direction. The sample is the same
as in Fig. 2. The solid line corresponds to 6, =6,. The inset
shows the variation of 0y (see text) with 6. The dotted lines
represent the expected behavior for a rotation of the initial state
about the y axis.
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where {S;} and {S;} represent the initial and new EC’s,
respectively. The angle 6z remained nearly constant at
~180° for 8, < 60°, and then changed over to a value cor-
responding to a rotation of the initial state about the y
axis. When 0, was increased from 60° to 90°, the system
first rotated about the y axis until M was nearly parallel to
h, then rotated by ~180° about h, and finally rotated
about the y axis to reach the equilibrium configuration.
This process was very slow, requiring more than 30000
iterations for convergence. The stabilization of the -
rotated state against a rotation about M for small values
of 6;, was partly due to small readjustments of the spins to
the new anisotropy fields. Since the first rotation was
made about the axis with the smallest K,, small variations
of the anisotropy constant with the direction of the rota-
tion axis also tended to stabilize the 7-rotated state. This
finite-size effect is probably the reason why the value of
6, at which the w-rotated state became unstable was
somewhat larger than the experimentally observed value.
The changes in the spin orientations during both the first
and the second rotation were well described by rigid rota-
tions, with values of P,,,, the maximum value of the pro-
jection defined in Eq. (11), close to 0.99 in all cases.

The results for the samples in the second group showed
some deviations from purely unidirectional behavior. In
Fig. 4 we have shown the results for a sample that dif-
fered from the one of Figs. 2 and 3 only in the value of
the DM interaction parameter ¥. The magnetic field used
to rotate the magnetization was 5x 1073 r.u. (~17 kG).
The solid line shows a best fit to Egs. (9) and (10). The
purely unidirectional form still provides a fairly good
description of the data. However, the quality of the fit is
clearly worse than that in Fig. 2. In particular, the value
of K obtained from a fit to the data for 8, <90° was found
to be larger than that obtained from the data for larger
values of 6, in all of the samples of this group. This indi-
cates an effective 6),-dependent anisotropy constant that

180 T T T T
150 - -
8y 120 4
(deg)
S0 —

60 -

30— —

fo) 1 | 1
o] 30 60 90
6y, (deg)
FIG. 4. Variation of 6, with 6, during a rotation of a sam-
ple of the second group (stronger anisotropy) about the x axis.
‘The solid line represents the best fit to Egs. (9) and (10).

| i
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decreases with increasing ). This behavior would be con-
sistent with the presence of a small uniaxial component in
the anisotropy energy. Comparison of the new EC’s with
the initial one showed increased derivations from rigid ro-
tations. The values of P_,, varied from ~0.99 for
0, =30° to ~0.95 for 6, =180, indicating an increase in
derivations from rigidity for larger rotation angles. A
spin-by-spin comparison of the rotated state with the ini-
tial state showed that the observed deviations from rigidi-
ty were not produced by one or more small clusters rotat-
ing differently from the rest of the system. The values of
K obtained from fits to the rotation data were found to be
~30—50 % smaller than the rigid-rotation values.

B. Inversion and hysteresis

In these simulations, a magnetic field applied in a direc-
tion opposite to M? was increased from zero in small
steps until the magnetization turned over. The field was
increased for a few more steps and then gradually de-
creased to zero. (In all samples the magnetization turned
back before the field was reduced to zero.) At each step,
the new EC was located using the EC at the previous step
as the starting point. In carrying out this procedure we
encountered a numerical difficulty. The calculated value
(hy) of | h,| at which the magnetization turned over, and
also the value (%,) at which it subsequently turned back,
were found to depend on the choice of the convergence pa-
rameter 8 that determined when to stop the iterations. In
particular, a change of 8 from 10~ to 107 produced a
decrease in the calculated value of #; and an increase in
the value of 4,. The reason behind this problem is not
difficult to understand. As an EC becomes unstable as a
result of increasing (or decreasing) |4, | beyond a critical
value h,, the rate at which the energy decreases under
iterations is an increasing function of |h,— |h,||. In
the numerical procedure used here a state is considered to
be stable if the rate at which the energy decreases under
iterations is less than the convergence parameter 8. Thus
it is not surprising that a state that appears stable in a cal-
culation with a particular value of 8 may turn out to be
unstable in a calculation with a smaller value of §. This is
precisely the behavior we found. The numerical difficulty

. is made worse by the fact that for 6, =180° the energy

varies very slowly with 6,, for 8,, close to zero. Monitor-
ing the rate of change of 6,, during iterations improved
the accuracy, but did not eliminate the problem. In simu-
lations of the samples of the first group, the numerical un-
certainties (estimated from the dependence on &) in the
values of 4 and h, were comparable to the difference be-
tween A, and h,. For this reason we cannot say anything
definite about the hysteresis behavior of these samples.
All samples of this group showed sharp one-step reversals
of the magnetization. The EC’s after inversion were relat-
ed to the initial ones through nearly rigid rotations, with
P.x >0.98. This result indicates that if a hysteresis loop
exists at all, it will be very narrow. Sharp hysteresis cycles
with small width have been observed in low-temperature
experiments? on pure Cu-Mn in which the anisotropy en-
ergy is known to be very small. However, we are not
aware of any experimental evidence indicating that ‘an in-
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version of the magnetization corresponds to a nearly rigid
rotation. Some of the experimentally observed properties
of the inverted state have been ascribed’ to a breaking up
of the system into domains which rotate by 180° about dif-
ferent axes. We find it difficult to reconcile this descrip-
tion with the sharp, one-step (or few-step) reversals of the
magnetization seen in some hysteresis experiments.
However, due to the smallness of sample size we cannot
draw any conclusion about the validity of this picture
from the results of this simulation.

The numerical problems were less severe in the simula-
tions of the samples of the second group, and we found
well-defined hysteresis loops of varying sharpness. The
results (obtained with §=10"") for the sample of Fig. 4
are shown in Fig. 5. The numerical uncertainty in deter-
mining A, and h, was less than 109% of the width of the
hysteresis cycle. In order to describe the shape of this
hysteresis loop it would be necessary to include an uniaxi-
al term in the anisotropy energy. Similar hysteresis loops
have been observed® for Cu-Mn samples containing small
amounts of spin-orbit-scattering impurities, and also for
pure Cu-Mn at relatively high temperatures. The inverted
state had values of P_,, between 0.7 and 0.9, indicating
larger deviations from rigidity than the w-rotated state.
The field needed to invert K/I? was always smaller than the
value expected from the analysis of the rotation data.
This is consistent with experimental observations. A
study of the spatial variation of the local relative rotation
matrix [defined as the SO(3) matrix that maximizes a pro-
jection similar to the one defined in Eq. (11), but with the
sum restricted to a small group of neighboring spins] did
not show any evidence of different clusters rotating by
180° about different axes. Both the angle and the direc-
tion cosines of the axis of the local rotation matrix showed
broad distributions, indicating a complicated rearrange-
ment of the spins during an inversion.

In a recent simulation of a Heisenberg spin-glass with
random nearest-neighbor exchange and DM interactions,
Soukoulis et al.??> found sharp magnetization reversals
only when the exchange interaction had a large ferromag-
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FIG. 5. Hysteresis cycle for the sample of Fig. 4. The circles
and the squares, represent, respectively, the variation of the
magnetization during an increase of | A, | from zero and a sub-
sequent decrease of | h; | to zero. r.u. represents reduced units.
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netic average. From this observation, they concluded that
a tendency towards ferromagnetism is necessary for main-
taining rigidity of the spin system during rotations and in-
version of magnetization. In all the samples studied in
our simulations, the average value of the exchange interac-
tion showed a slight tendency towards antiferromagne-
tism. The results obtained in the present work (especially
the results for the first group of samples) are thus in con-
tradiction with the conclusion of Soukoulis et al. We be-
lieve that this disagreement is primarily due to a large
difference in the values of the anisotropy parameters used
in these two calculations. In Ref. 22 the DM energy was
comparable to the isotropic exchange energy, whereas in
our calculation the ratio of these two energies was of order
1073, In view of the fact that we found substantial devia-
tions from rigidity when the ratio of DM to RKKY ener-
gy was ~2.5X 1073, it is not surprising that the calcula-
tion of Ref. 22 did not show any rigid behavior unless a
ferromagnetic tendency was imposed. It is interesting to
note here that there exist experimental results which show
a decrease in the sharpness of the hysteresis loop with in-
creasing anisotropy. Prejean et al.3 found sharp reversals
of the magnetization in CuMn, , 4 Pt, for y <100 ppm,
whereas for y=300 ppm, the reversal of the magnetization
was found to be smooth. Another important difference be-
tween the systems studied in Ref. 22 and in the present
work comes from the range of the exchange interaction.
The long-range nature of the RKKY interaction used in
our simulation correlates spins over long distances and
thus enhances the rigidity of the spin system.

V. SUMMARY

To summarize the main results obtained in this study
we have verified that the macroscopic anisotropy in a
classical RKKY spin-glass with weak DM interactions
has the theoretically predicted unidirectional form for rig-
id rotations. However, the estimated value of the aniso-
tropy constant for rigid rotations is ~ 30 times larger than
the experimental value. From simulations of the response
of the spin system to a magnetic field that tends to rotate
or invert the magnetization we have found that rotations
and inversions of samples with weak anisotropy
(Epm/Erkxy ~5X 10™#) are well described by rigid rota-
tions and a purely unidirectional anisotropy. In samples
with stronger anisotropy (Epy/Erxky ~2.5X1073) we
find substantial deviations from rigidity in large-angle ro-
tations and inversions. The deviations from rigidity cause
noticeable departures from purely unidirectional behavior.
The observed behavior is consistent with an anisotropy en-
ergy that has both unidirectional and uniaxial com-
ponents. Thus, we have shown that deviations from ri-
gidity may produce some uniaxiality in a system in which
the anisotropy for rigid rotations is purely unidirectional.
It is not necessary to invoke the presence of new micro-
scopic interactions (such as dipolar interaction) to explain
the presence of an uniaxial term in the anisotropy energy.
This work thus confirms previous suggestions®® that the
uniaxiality seen in torque and hysteresis experiments on
Cu-Mn is due to nonrigid rotations. We also find that the
amount of nonrigidity depends on the degree of deviation
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from the initial state and also on the manner in which this
deviation is produced. This may explain why different ex-
periments lead to different conclusions about the nature of
anisotropy in Cu-Mn. The trends found in our simula-
tions are consistent with the experimental results. The ob-
served increase in the deviation from rigidity with increas-
ing anisotropy implies that a description in which the
spin-glass state is represented by a single orthonormal
triad3~!° will break down for large anisotropy. The same
conclusion was reached in the numerical study of
Morgan-Pond.!’

In this study we have left out important contributions
to nonrigidity coming from thermally activated processes.
Because of this reason and the smallness of sample size, a
quantitative comparison of the results of these simulations
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with experiments would not be appropriate. However, we
expect the qualitative picture that emerges from this study
to remain valid in more realistic situations.
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