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In this report, we present ferromagnetic-resonance (FMR) measurements on the reentrant
NizoMny; alloy as a function of temperature (4.2 K <7 <300 K), after cooling the sample
through the spin-glass—-ferromagnetic transition either in zero field (ZFC) or in high field (FC).
The FMR spectra were taken with the applied magnetic field both parallel and perpendicular to

the surface of the thin disklike sample.

The unidirectional anisotropy has been obtained by

analyzing the FMR data. The anisotropy effects appear at a much higher temperature than the
spin freezing temperature, Ty (~35 K). In addition to the usual FMR signal, when the applied
magnetic field is parallel to the cooling field direction, another resonance signal is observed at
lower magnetic field. However, this signal disappears completely when the field is reversed. We
interpreted this signal to be due to a new microscopic anisotropy created during the cooling.

The Ni-Mn system has continued to play a prototypal
role in various models concerning the unusual properties
of the reentrant systems. They show some characteristic
properties such as displaced hysteresis loops, frustration
effect, double magnetic transition, canting transition, and
so on.!"3 As it is well known, these properties arise from
the competing ferromagnetic interactions between Ni-Ni
or Ni-Mn atoms and the antiferromagnetic interactions
between Mn-Mn atoms.

Although different techniques such as magnetization,*
ESR,’ neutron diffraction,® and magnetoresistance’ have
been applied to Ni-Mn alloys over a wide range of concen-
tration of Mn, no ferromagnetic-resonance (FMR) study
on the Ni;gMn;,; alloy has yet appeared in detail. In this
report, we shall give the results of the FMR measure-
ments obtained with a conventional X-band EPR spec-
trometer, to gain new insights into spin-glass state (SG)
of Ni-Mn alloys and their dynamical characterization at
different temperatures in the range 4.2-300 K.

The samples were prepared by melting together high-
purity constituents in an rf furnace. To ensure a good
homogenization, each alloy was melted at least three
times and was homogenized by cold working. A disklike
sample of 3 mm diameter and 0.1 mm thickness was used
in the FMR measurements. This sample was encapsulat-
ed in a quartz tube (in vacuum) annealed 3 h at 900°C
and water quenched.

FMR studies were performed with a Varian Associate
reflection spectrometer at fixed frequency (~9.25 GHz).
The sample was attached to a thin quartz plate mounted
on a goniometer, so that it could be rotated relative to the
applied magnetic field in the cavity in which microwave
and dc fields were orthogonal. A standard field modula-
tion (100 kHz) and phase-sensitive detector techniques
were used, so that detected signal corresponded to the field
derivative of the absorbed power. The temperature was
controlled by a helium flow cryostat from 4.2 to 300 K.
The sample was cooled down to 4.2 K either in the pres-
ence of the external magnetic field of 17 kOe (FC) or in
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zero field (ZFC), and then warmed up to the measure-
ment temperature. In order to avoid the effect of the
remanent field of the magnet in the ZFC case, the surface
of the disklike sample was chosen parallel to the surfaces
of the poles of the magnet.

The FMR spectra obtained with the applied magnetic
field parallel and perpendicular to the surface of the disk-
like sample are shown in Figs. 1 and 2, respectively. The
figures show that all spectra, except those obtained for
parallel geometry in the FC case, have two main peaks in
addition to the diphenylpicrylhydrazyl (DPPH) signal
which we used as a g marker. One of these peaks appears
at higher fields and corresponds to the expected FMR col-
lective mode. The other one which appeared at relatively
low fields is unusual and was examined further. We ob-
tained FMR spectra with the applied field both parallel
and antiparallel to the cooling field direction for perpen-
dicular geometry. Examples of these spectra for some
selected temperatures are given in Fig. 3.

Concerning the effect of the demagnetizing fields and
the presence of a macroscopic unidirectional anisotropy
H,4(=K/M,), one gets Kittel’s well-known formulas for
the resonance condition of the thin disklike ferromagnetic
sample:

2
[%] =(H,+H,4)(H,+H4+DM) (1)

for the parallel geometry, and
®
—y—-H,+HA—DM )

for the perpendicular geometry. Here, M is the magneti-
zation of the sample in the internal field corresponding to
the resonance field (H, ), y(=ge/2mc) is the gyromagnet-
ic ratio of the processing moments, and D is the demag-
netizing factor for perpendicular geometry.?

It is evident that the peaks at higher fields for each
geometry correspond to the usual ferromagnetic absorp-
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FIG. 1. Field-derivative FMR spectrum of the NigMny; al-

loy observed after cooling the sample in H =0 (ZFC) down to §
K, for parallel geometry. Inset shows the spectra for the field
cooling case (FC). The resonance field of spectrum (b) is shift-
ed to the higher field due to the unidirectional anisotropy when
the field is reversed.

tion lines predicted by Kittel’s formulas [Egs. (1) and
(2)1. On the other hand, the peaks at lower fields are
different from the ferromagnetic absorption lines in every
respect; they are relatively smaller in amplitude and
broader in shape.

In order to obtain the anisotropy field (H,4) and simul-
taneous magnetization as a function of temperature, we
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FIG. 2. Temperature variations of the field-derivative FMR
spectra of the NizgMn;, alloy observed after cooling the sample
in H =0, for perpendicular geometry.
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used Kittel’s formulas [Eqgs. (1) and (2)] with the data
from FC and ZFC independently for parallel and perpen-
dicular geometry. Results are given in Fig. 4. By using
the technique of Moorjami et al.® and analyzing the data
obtained above the Curie temperature (270 K), we calcu-
lated a value of 2.01 for the g value. It is, however, as-
sumed that this g value is constant for all temperatures.

It is well known that, when some spin glasses and re-
entrant systems like Ni-Mn alloys are cooled in a magnet-
ic field through the ferromagnetic spin-glass transition
temperature, the M vs H curves shift towards negative
field. The amount of this displacement is called the uni-
directional anisotropy H,4 created during the cooling
whose direction is parallel to the cooling field. This effect
manifests itself as a shift in resonance field in our spectra
obtained for FC case as shown in Fig. 1(a).

The behavior of the anisotropy field for FC and ZFC
cases may be understood with the domain anisotropy
model.'® According to this model, the magnetic state of
the reentrant Ni-Mn at low temperature (T <Ty) is
characterized by frozen, random domains. Each domain
has a unidirectional anisotropy field directed along its ini-
tial magnetization vector. As long as the internal field
(H i) is smaller than the anisotropy field (H4), the mag-
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FIG. 3. Field-derivative FMR spectra of the NizgMn;y, alloy
observed at different temperatures. The sample was cooled in
H =17 kG perpendicular to its surface. Applied magnetic field
is (a). parallel to the cooling field direction and (b) antiparallel
toit. Notice the change in relative intensity of the two peaks be-
tween (a) and (b).
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FIG. 4. Temperature dependence of the anisotropy field
(H,) calculated from Kittel’s formulas for both ZFC and FC

cases.

netic domains will remain firmly fixed to the lattice. '
However, when Hiy reaches the anisotropy field by vary-
ing either H or T, the domains will no longer be locked to
the lattice and will rotate. On the other hand, because of
the gradually reduced coupling between the unidirectional
anisotropy field and the lattice, the anisotropy field will
start to follow the macroscopic magnetization with in-
creasing temperature, and its amplitude will decrease.
Behavior of the unidirectional anisotropy field (H4) for
both ZFC and FC cases are shown in Fig. 4. In the case
of ZFC, the anisotropy field (H 4) increases with tempera-
ture and reaches its maximum value at 15 K, then de-
creases with increasing temperature, and eventually goes
to zero at about 50 K. This behavior agrees well with that
of the magnetic losses against temperature deduced from
the magnetization measurements for the same alloy,
Senoussi.!! In the case of FC, the anisotropy field (H4)
which has been already directed along the cooling field de-
creases with temperature, and above 50 K remains con-
stant at a finite value.

Figure 5 shows the variation of the magnetization ob-
tained from Kittel’s formulas [Eqgs. (1) and (2)] with in-
creasing temperature. It is clear that there is an abrupt
jump of the magnetization at about 50 K, where the an-
isotropy field H4 goes to zero for ZFC case as shown in
Fig. 4. This behavior can be explained as follows. From
the measurements of the FC magnetization (Mgc) in SG
systems, we know that Mgc is essentially constant. This
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FIG. 5. Temperature dependence of the magnetization ob-
tained from Kittel’s formulas (see the text). Note that the mag-
netization shows a sudden increase at about 50 K for FC case.

suggests that the FC state is an equilibrium state. How-
ever, Lundgren, Svedlindh, Nordblad, and Beckman'?
showed that, even though Mgc may be constant, the FC
state may not be an equilibrium state. On the other hand,
as Campbell pointed out,® when 7 < Ty and the magneti-
zation is rotated at ESR frequencies, the system remains
within one well (in the metastable state) during the
effective observation time of 10 ~!0 sec. Therefore, the
magnetization calculated by Kittel’s formulas, will be less
than its equilibrium value below Tr. Then as T— Ty,
there will be a sudden shift of the distribution of relaxa-
tion times g(z) to much shorter times due to longer range,
cooperative interaction corresponding to the real equilibri-
um state. Indeed, this is the case that we observed on the
FC magnetization as T— T,. We, therefore, propose 50
K as the freezing temperature instead of 35 K suggested
by Senoussi* for the same sample.

The unusual resonance line appears for perpendicular
geometry, whether it has been cooled in magnetic field or
not, because the magnetization does not reach its satura-
tion value. However, it appears for parallel geometry in
the case of ZFC only. That is to say, it does not appear
for parallel geometry in the case of FC, because the mag-
netization has already reached its saturation value.

In order to examine the low-field resonance line in de-
tail, we observed the spectra for perpendicular geometry
as shown in Fig. 3. These spectra were recorded applying
magnetic field either parallel (H +) or antiparallel (H -)
to the cooling field (H¢) with increasing temperature (4.2
K <T <200 K). The preliminary results, we obtained,
from these curves are (i) at all temperatures, there are
two resonance lines for H + but there is only one line, the
usual collective ferromagnetic mode, for H —. (ii) For the
H _ case, the normal mode (NM) is stronger, but nar-
rower, than that for H + case, and its resonance field shift-
ed to the higher field due to the unidirectional anistropy
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Lower curves (a) show the FMR spectra of the FC sample observed at 5 K. — ,—— represent applied magnetic field is

parallel (H +) and antiparallel (H -) to the cooling field, respectively. Upper curves (b) show the FMR spectra of the same FC sam-
ple observed at 5 K, but in this case, the sample was warmed up to 300 K and the direction of the cooling field is reversed. — ,——
have the same meaning as (a). Note that it remembers its previous state.

up to 15 K. (iii) For the H + case, the low-field lines in-
crease in intensity and pass through a maximum at about
50 K, then gradually become weaker. It must be noticed
that the magnetization, the anisotropy, and the absorption
line show some changes at 50 K. We therefore suggest
that 50 K must be the freezing temperature of NijgMn,,
alloy.

There is another important point explored in Fig. 3. In
the case of H +, the spectra for perpendicular geometry
have two resonance lines up to the Curie temperature
(270 K). To understand whether this effect would follow
the cooling field direction, we reversed the cooling field
direction and repeated the experiment. We surprisingly
observed that the spectra still remember the first cooling
direction, but the resonance field of the normal mode for
H parallel to the new cooling field direction shifted to
lower field due to the unidirectional anisotropy as shown
in Fig. 6. To be sure, FMR experiments were repeated

several times choosing different samples taken from the
different ingots prepared in our laboratory in one hand,
and in the laboratory of Sheffield University (UK), on the
other hand. All of these samples and the FMR experi-
ments carried out by one of us (E.A.H.) in Sheffield Uni-
versity gave the same results.

In conclusion, we can say that Ni;gMn,, alloy has two
kinds of anisotropy. One of them is the well known uni-
directional anisotropy. The origin of the other has not
been understood yet. In addition to the observable dif-
ferences of the NM resonance line intensities, the ex-
istence of the low-field resonance line might be an impor-
tant clue to the magnetic nature of the reentrant systems.
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