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Induced anisotropy in reentrant Ni77Mnz3 studied by transverse ac susceptibility
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The transverse ac susceptibility of Ni77Mn23 was measured in a dc field to analyze the field-

dependent anisotropy in the mixed spin-glass-ferromagnetic state. The results support a picture
that the field-induced Dzyaloshinsky-Moriya-type anisotropy field can be elastically rotated by an
applied dc field. The uniaxial field and the exchange field of coupling between adjacent domains
are also estimated at 4.2 K. The procedure of rotating a dc field in a plane perpendicular to the
ac field gave evidence indicating that there is multidomain configuration even in a dc field almost
suScient to saturate magnetization, which affects the rotation of the anisotropy. A plausible pic-
ture for motion of the anisotropy is proposed in connection with the domain configuration.

Field-induced anisotropy in a low-temperature spin-
glass-ferromagnetic (SG-F) mixed state of reentrant Ni-
Mn alloys has been intensively investigated through mea-
surements of magnetization, ' magnetoresistance, and
electron-spin resonance (ESR). Aspects in the mag-
netization reversal have been consistent with a macroscop-
ic unidirectional nature in the anisotropy. ' Recent ESR
studies proposed some evidence indicating that the uni-
directional anisotropy is not rigidly linked to the lattice
along its initial direction, but it can be elastically rotated
by the applied field. ' This result is consistent with the
idea of the domain-anisotropy model. ' However, infor-
mation has been scarce about rotation of the induced an-
isotropy in the SG-F mixed state with applied field except
for ESR studies.

One of the most effective and direct experimental
methods for characterizing the magnetic anisotropy is to
measure transverse ac susceptibility in a dc field. The uni-
directional and uniaxial terms in the anisotropy field in

pure spin-glass CuMn have been evaluated by measuring
the transverse ac susceptibility. " ' The former term
agreed well with that determined from nuclear magnetic
resonance (NMR), but there is significant discrepancy be-
tween the latter term and that determined from magneti-
zation data, which can be attributed to inadequate appli-
cation of the single domain picture of anisotropy energy to
practical multidomain configuration in the sample. "'
On the other hand, both terms of anisotropy in the SG-F
mixed state must be well evaluated from the transverse ac
susceptibility since the magnetization is easily saturated
using conventional apparatus. There is further merit in
characterizing the anisotropy using ac susceptibility mea-
surements, namely, the anisotropy field can be determined
as a function of applied field. However, there has been no
reported transverse ac susceptibility in the SG-F mixed
state of reentrant Ni-Mn alloys. In the present work, the
ac susceptibility of reentrant Ni77Mn23 was measured at
4.2 K in the dc field perpendicular to the ac field and the
induced anisotropy field was obtained as a function of the
dc field. I will also discuss the uniaxial term and the ex-
change field of coupling between adjacent domains, and
finally propose a plausible picture for motion of the aniso-

tropy in connection with domain configuration in the
mixed SG-F state.

The Ni77Mn23 alloy was prepared as reported by
Abdul-Razzaq and Kouvel. ' The resultant alloy sample
was shaped as a sphere 1.3 mm in diameter. The spin-
freezing temperature Tf and the Curie temperature T~
agreed well with those in Ref. 15. The ac susceptibility
measurement (frequency 210 Hz and field 4.5 Oe) was
performed as described in the previous paper. ' The accu-
racy of absolute value of the measured ac susceptibility
was about 5%, limited by deviation of the sample position.
The dc field is rotated by an angle 8H in the y-z plane per-
pendicular to the ac field as described in Fig. 1, where the
field-cooled (FC) procedure was performed at H,~L

3400 Oe with 80 0.
The ac susceptibility in the FC state was obtained at 4.2

K as a function of the internal dc field 0;„with 80 =0
(Fig. 2). There are some points of similarity between the
ac susceptibility and magnetization curve (see inset in Fig.
2), i.e., an irreversible behavior accompanied with magne-
tization reversal and a perfect reversibility at high field.
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FIG. 1. Geometry of transverse ac susceptibility measure-
ments. When the dc field H rotates away from the direction of
field cooling (z direction) by an angle ett in the y-z plane per-
pendicular to the ac field h, the magnetization rotates by an an-
gle 8 in the same plane. The angle p is defined in the x-M plane.
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FIG. 2. ac susceptibility measured at 4.2 K in the field-cooled state of Ni77Mnq3 as a function of the internal field H;, . Data were
obtained at fields between —2.5 and 2.5 kOe. The inset shows the magnetization curve of the same sample where an irreversibility
centered at 300 Oe is observed.

g+ =M, /[Hg+ H, +H;„+H,„(8=0)],
g'— M, /[ Hd+H, +H;„+H„(8=0)—l,

(2a)

(2b)

where Hd and H, correspond to the unidirectional and

This similarity has also been observed in pure spin-glass
Cu-Mn. ' Then, the following assumptions are made to
give an expression for transverse ac susceptibility in the
mixed SG-F state: (1) The saturation magnetization M,
takes the place of the induced magnetization in the FC
state in pure spin glass. " (2) The isotropic ac susceptibili-
ty independent of macroscopic magnetization is negligibly
small. (3) There is the exchange energy E,„of coupling
between adjacent domains, resulting in the eff'ective ex-
change field H,„which should depend on the angle 8
through the domain configuration. (4) The field-induced
anisotropy has triad symmetry and the 8 dependence of
the anisotropy field can be calculated based on the
Dzyaloshinsky-Moriya (DM) Hamiltonian. '

The total energy for rigid rotation of the spin system
would be written as

E = —,' Kg(3 —cos8 —cosp —cos8cosg)

+ —,
' K, (sin 8cosp —cosP)

M, H;„cos (8H —8—)cosp+ E,„(8,$),
where p is the angle in the x-M plane as shown in Fig. 1,
and the first and second terms correspond to the DM-type
and uniaxial terms, respectively. The ac susceptibility
with OH=0=0 for positive and negative internal field
enough to saturate almost magnetization would be given
separately based on Eq. (1) as follows:

uniaxial anisotropy fields, respectively. Figure 3 shows re-
ciprocals of g+ and g'- as a function of H;„, where the
data in the region with irreversibility are left out. The re-
ciprocal of g+ has linear dependence on H;„except for
several low-field data, and the slope corresponds to
M, 36.7 emu/g which is larger than the measured mag-
netization. If one notes the frustrated nature of spins ori-
ginated from spin-glass interaction and the difficulty of
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FIG. 3. The reciprocals of ac susceptibilities of Ni77Mn&3 at
angle HH 0 for positive and negative fields g~ ' and g'— ' as a
function of the absolute value of internal field. The sum of the
DM-type anisotropy field Hz++ Hz —is also shown, which is es-
timated from the ac susceptibility data at internal fields below 1

kOe where g'— ' shows linear relation with H;,. Sign of Hq-
reverses at the field H;, 1.7 kOe.
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uniting domains into a single one even in a quenched fer-
romagnetic sample, ' however, the value of M, is not in-
consistent with the magnetization data. The reciprocal of
g' also shows the linear relation with equal slope to that
of g+ at fields below 1 kOe, while g'—' starts to approach
g+ ' with increasing H;„ for H;„& 1 kOe. The lower field
data on g+ ' and g' ' yield Hp 290 Oe based on Eqs.
(2a) and (2b), which agrees well with the unidirectional
anisotropy field estimated from the magnetization reversal
(see inset in Fig. 2). On the other hand, the high-field be-
havior in g' ' must correspond to decrease in the effective
component of the DM-type anisotropy field due to the ro-
tation of the anisotropy with high negative field. The sum
of the DM-type anisotropy fields Hq+ and Hq deter-
mined from g+ and g' is also shown in Fig. 3. The field
dependence is perfectly reversible at fields with H;„&0.5
kOe when the field is applied up to H;„2.5 kOe and then
reversed, and the value of Hq becomes negative at fields
above 1.7 kOe. These results are consistent with the pic-
ture for the unidirectional anisotropy estimated from ESR
studies. ' Then, I claim that the detailed behavior of the
anisotropy with applied field and the reversible motion
consistent with the assumption of the elastic rotation are
well characterized by the transverse ac susceptibility mea-
surements.

An evaluation of the contribution from the other terms
in ac susceptibility is attempted. On the basis of Eqs. (2a)
and (2b), H, +H,„(8 0) 1250 Oe is obtained. The ir-
reversible feature in ac susceptibility reflecting the uniaxi-
al term gives H, 40 Oe as well as the magnetization
curve. The exchange field at 8 0 is finally given as
H,„(8 0) 1210 Qe. On the other hand, H,„ for zero-
Geld-cooled state can be also estimated based on the SG-F
domain model' as follows:

gzjc(Hin 0) (2M, /3)/(Hk +2H,„), (3)

Kqsin8+K, sin8cos8 —M, H;„sin(8H —8) 0. (4)

Using equilibrium values of 8, the transverse ac suscepti-
bility would be written as

M,
Hq(1+cos8)/2+H, cos 8+H;„cos(8~—8)+H,„

(5)

where @zoic(H;„0) is the zero-field-cooled (ZFC) ac
susceptibility at H;„0, and HI, Hg+H, . The mea-
sured @zoic(H;„0) is 13.6&10 emu/g at 4.2 K, which
yields H,„740 Oe. This diA'erence between both the
values of H,„suggests that a preferential domain
configuration is arranged in the FC process so that the
average exchange field becomes larger than that of ran-
dom configuration in the ZFC state.

The ac susceptibility was measured as a function of the
angle 8H to evaluate these estimated values. Figure 4
shows the experimental results after cooling down to 4.2 K
in the external field and using a field of H,„1.6 kOe to
rotate magnetization. Assuming that E,„ is independent
of the angle 8, the relation between 8 and 80 can be given
by the condition 8E/'d8 0 based on Eq. (1) as follows:
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FIG. 4. ac susceptibility in the field-cooled (FC) state of
Ni77Mnp3 in the field H;, 750 Oe at 4.2 K as a function of the
angle 8H. The calculated curves are shown based on Eq. (4) in

the following case: (1) with the conventional unidirectional an-

isotropy and the constant H„(solid line), (2) with the DM-type
anisotropy and the constant H„(dashed line), and (3}with the
DM-type anisotropy and H„(8) using Eq. (5) (dotted line).
Open circle shows rotation from 0' to 180' and closed circle
shows subsequent rotation from 180 and 0 .

H,„(8) 1110+100(8/90—1) (6)

in Oe. These results suggest a significant role of domain
configuration even in a field almost sufficient to saturate
magnetization, i.e., there are several domains with magne-
tization practically parallel to the applied field under the
present experimental condition.

Based on above discussion, I can propose a plausible
picture of the mixed SG-F state of reentrant Ni77Mnq3 as
follows: (1) There are randomly distributed domains in
the ZFC state, in which the anisotropy field lies along the
domain magnetization. (2) At zero internal field multi-
domain configuration with a preferential orientation of the
anisotropy field is arranged in the FC state. (3) When the
internal field, which is almost sufficient to saturate magne-

where the 8 dependence is obtained by calculating the
effective field along the magnetization M based on the p
dependence in Eq. (I). The calculated curve based on Eq.
(5) shows better quantitative agreement with the mea-
sured values in comparison with that assuming a conven-
tional unidirectional anisotropy (see Fig. 4). This feature
is also reflected in diA'erence between g' and g' at
80 180' in the same internal field. There is still
significant disagreement between the measured data and
the calculated curve with triad symmetry, however, which
must be attributed to the inadequate assumption for
H,„(8). It is difficult to estimate 8 dependence of H,„,
since there is little information about the domain
configuration in the FC state. Then, I can tentatively ob-
tain a calculated curve which gives better agreement with
the measured data as shown in Fig. 4, using the following
expression:
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tization, is applied with an angle of 80 there are still
several domains in which the magnetization are practical-
ly rotated to the direction of applied field, and then the
anisotropy field rotates away from the direction of field
cooling to that of the applied field.

In conclusion, my experimental results of the transverse
ac susceptibility of Ni77Mn23 support the picture that the
field induced DM-type anisotropy can be rotated elastical-
ly by applied field. Further, I obtained evidence that
domain configuration plays a significant role in motion of
the anisotropy even in a field which is almost enough to
saturate magnetization. A plausible picture for the

motion in anisotropy is proposed in connection with the
domain configuration.
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