
Eur. Phys. J. B 16, 287–293 (2000) THE EUROPEAN
PHYSICAL JOURNAL B
c©

EDP Sciences
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Abstract. Magnetism and transport properties of the semi-Heusler compound NiMnSb are re-examined in
great details. A wide set of experiments (elastic and inelastic neutron scattering, static magnetic measure-
ments, magnetoresistance, Hall effect, thermopower, FMR) have been performed on polycrystals, single
crystals or single-crystalline thin films, and the results are analysed. Special emphasis is given to the mag-
netic excitations and to the relaxation mechanisms in this metallic ferromagnet. At low temperatures, all
experimental results hint at the existence of a fully spin-polarized conduction band (half metallic state).
At higher temperature (T > 80 K), but well below the Curie temperature (730 K), a cross-over to a usual
metallic ferromagnetic state is evidenced and discussed.

PACS. 75.50.Cc Other ferromagnetic metals and alloys – 72.15.Gd Galvanomagnetic and other
magnetotransport effects – 76.50.+g Ferromagnetic, antiferromagnetic, and ferrimagnetic resonances;
spin-wave resonance

1 Introduction

NiMnSb is the first ferromagnet where the occurrence of
half-metallic character at low temperature was predicted
from band calculations [1]. This feature was proved later
experimentally by Hanssen et al. [2], by comparing the
angular correlations of positron annihilation with the-
oretical calculations. However, attempts failed to prove
the full polarisation of conduction electrons at the Fermi
level, either when studying the photoemission on thin
films [3] or studying spin valves or tunnel junctions based
on NiMnSb [4,5], or when measuring the Andreev reflec-
tion at the interface with a superconductor [6]. The prob-
able reason for such failures when using these surface-
sensitive techniques is to be found in the atomic disorder
in NiMnSb thin films or at the interfaces [7].

However, one can wonder if the half metallic character
can be maintained up to the Curie temperature or if the
half metallic gap closes before the disappearance of the fer-
romagnetic band splitting. Most probably NiMnSb should
turn to a normal ferromagnet below the Curie point. We
present in this paper experimental evidences which sug-
gest that changes in electronic properties happen near
80 K, far below the Curie point of NiMnSb (TC = 730 K)
and we try to demonstrate that these phenomena are due
to a cross-over from the half metallic phase at lower tem-
peratures to a normal ferromagnet at higher ones.
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2 Previous experimental data

Otto et al. [8,9] measured the magnetisation, resistivity,
Hall effect on polycrystalline NiMnSb samples in the tem-
perature range 4–800 K. They give a rather complete de-
scription and interpretation of the physical properties of
this compound, especially concerning the mechanism of
the Hall effect. Among many other features, they observed
in NiMnSb a rapid rise of the ordinary Hall coefficient
R0

H when lowering the temperature below 80 K, whereas
this coefficient was found almost constant between 100
and 300 K. They also found an anomaly in the ratio of
the anomalous Hall effect to the resistivity below 94 K.
However, they do not comment these anomalies. Moodera
and Mootoo [10] studied the transport properties of thin
films. In addition to an anomaly of R0

H below 40 K, they
found that below 100 K the resistivity ρ dropped under
the curve extrapolated from the temperature range 120-
300 K. They observed a nearly linear variation of ρ in
the range 2–15 K, which they related to the half metallic
character.

Hordequin et al. [11] re-examined the magnetisation
and resistivity of NiMnSb samples including single crys-
tals in the temperature range 1.5–300 K, and the spin wave
dispersion relation using neutron inelastic scattering. The
spontaneous magnetisation Ms reaches 4.025 ± 0.02 µB

per formula at 2 K. The excess above the integer value
may be due to a slight off-stoichiometry or to a polarisa-
tion of internal shells. A very weak magneto- crystalline
anisotropy favours the 〈110〉 axes, no change in the easy
axis can be detected up to 120 K where the anisotropy
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Fig. 1. Resistivity versus temperature for a NiMnSb
polycrystal.

becomes negligible. The regime of the spontaneous mag-
netisation Ms – followed along the 3 principal inequivalent
crystallographic directions – changes near 70–80 K: below
this temperature, Ms(T ) behaves as T 3/2, as it is the case
for Heisenberg ferromagnets at low temperatures. Con-
versely, above 100 K, M2

s is a linear function of T 2 up to
about 500 K, which is the classical behaviour for itinerant
ferromagnets.

A change in the resistivity behaviour was observed
near 80 K (Fig. 1). However, contrary to the observations
of Moodera and Mootoo, a nearly quadratic behaviour of
ρ was observed below 50 K, as well on different bulk sam-
ples as on thin films: ρ = ρ0 + BTα, with 1.7 < α < 2.2.
Let us note that the residual resistivity of the studied
samples (3 to 20 µ ohm cm) was much smaller than for
the samples of Moodera and Mootoo, which can explain
the difference in behaviour. Conversely, between 100 and
300 K, the resistivity follows the law: ρ = A2 + B2T

α2 ,
where 1.3 < α2 < 1.5 and the value A2 is larger than the
residual resistivity value ρ0. Let us note that the shape of
the resistivity-versus-temperature curve, with a negative
second derivative near 80 K, cannot be explained by the
superposition of a normal spin wave contribution and a
phonon Grüneisen-like contribution.

Finally, single crystal diffraction and polarised neu-
tron diffraction [12] showed a very good atomic order in
the samples, a very subtle change in the structure fac-
tors between 70 and 80 K, and allowed to determine
the moments on Mn and Ni (3.8 and 0.2 µB respec-
tively at 15 K) in agreement with the spin polarised band
calculations [13,14]. Neutron inelastic scattering ex-
periments were performed at Institut Laue Langevin,
using 3 different crystals on the thermal beam IN8 triple-
axis spectrometer and the high energy IN1 spectrome-
ter [11]. A spin wave dispersion curve was followed up to
about 100 meV. It begins with a quadratic dispersion law:
E = Ea +Dq2, with a very small anisotropy gap Ea (less
than 1 meV). From neutron data, the stiffness constant D
was obtained as 320± 20 meV Å2 at 25 K, in good agree-
ment with what can be deduced from the T 3/2 tempera-
ture dependence of the magnetisation (305± 40 meV Å2)
in the temperature range 4–70 K. Otto et al. [8] assumed a

Fig. 2. Normal and anomalous Hall coefficients for NiMnSb.

T 3/2 variation from 4 to 300 K and found a similar value:
D = 350± 40 meV Å2. In addition to the spin wave dis-
persion curve, a diffuse intensity of magnetic origin was
observed near the Brillouin zone boundaries for energies
larger than 60 meV, which has been attributed to a con-
tinuum of Stoner excitations and will be analysed in the
following sections.

3 New measurements

We measured the Hall effect, the magnetoresistance and
the thermopower in NiMnSb in the low temperature range
between 2 and 300 K, and reanalysed carefully a num-
ber of previous data in the low temperature range. The
linewidth of ferromagnetic resonance was also measured
on thin epitaxial films.

3.1 Hall effect

The Hall effect was measured by the AC current technique
and lock-in detection under magnetic fields from −5 to 5
T. The normal Hall coefficient R0

H (Fig. 2) varies precisely
as indicated by Otto et al. [9]. Its value between 120 and
300 K is nearly constant at about +0.12×10−10 ohm m/T,
and rises up to +0.75 × 10−10 ohm m/T at 4 K. The
positive sign indicates a dominant hole character. The
anomalous Hall effect µ0R

a
HMs, where Ms is the spon-

taneous magnetisation increases with temperature from
80 to 300 K. This behaviour is in line with the observa-
tions of Otto et al., who explained it in relation with the
mechanisms of Hall effect [9], i.e. skew scattering and side
jump phenomena. The amplitudes of these two contribu-
tions behave respectively as the resistivity and its square,
explaining the increase of the anomalous Hall coefficient
Ra

H with temperature from 100 K up to the Curie point.
However, we observe an additional upturn of the anoma-
lous term below 80 K (Fig. 2), which may correspond to
the anomaly in the ratio of Ra

H/ρ reported by Otto et al.
below 94 K. The increase in both Hall coefficients below
80 K should be attributed to a change in the electronic
structure and/or to an increase in the mobility of carriers.
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Fig. 3. Transverse and longitudinal magnetoresistances in
NiMnSb (slopes of MR curves between 1 and 5 T).

Fig. 4. Thermopower for NiMnSb.

3.2 Magnetoresistance

Longitudinal and transverse magnetoresistances (LG MR
and TR MR) were measured under fields up to 5 T.
After an initial weak drop of resistance in small fields
(below 20 mT) which is probably related to the techni-
cal magnetisation, the low temperature magnetoresistance
MR = (ρ(H) − ρ(0))/ρ(0) is positive and a rather linear
dependence on the field occurs between 1 and 5 T. At
high temperatures, the MR turns negative. The slopes
of MR curves between 1 and 5 T are reported in Fig-
ure 3 as function of temperature. We note that the trans-
verse MR is higher than the longitudinal one; both drop
rapidly from large positive values at low temperature to
almost zero near 90 K, then there is a sign reversal and
the LG MR turns negative above 100 K. These features
indicate that cyclotron magnetoresistance is dominating
at low temperatures. The TR magnetoresistance is known
to be larger, at least for cubic polycrystalline samples,

than the LG one, as the application of a transverse field
continuously changes the mean drift velocity of carriers
along the current axis. It is not possible to predict a ra-
tio of the TR MR to LG MR, as the MR is strongly
anisotropic for systems which, like NiMnSb, present open
orbits on the Fermi surface [2]. The cyclotron MR is also
expected to drop rapidly as the mean free path decreases,
that is when the resistivity increases. However the ampli-
tude drops more rapidly with temperature than would be
predicted by a Kohler scaling, where the MR is a temper-
ature independent function of H/ρ(0), ρ(0) being the zero
field resistivity.

Conversely, the negative value of the MR indicates
that the spin disorder contribution is dominating above
100 K; its amplitude should increase with temperature up
to the Curie point.

3.3 Thermopower

The thermopower of NiMnSb versus copper was measured
by a direct comparison to that of a copper-constantan
thermocouple. Its variations are given in Figure 4. The
Seebeck coefficient gets more and more negative when low-
ering the temperature down to about 100–120 K, then it
shows a rapid upturn and becomes positive below 40 K.
Thus there is a change from electron-dominant to hole-
dominant character as the temperature goes down. There
is a disagreement with the sign of carriers deduced from
the Hall effect data in the range 50–280 K; this comes
most probably from the complexity of the real electronic
structure which involves several bands, as we shall see.

3.4 Ferromagnetic resonance

Epitaxial thin films, corresponding to the sequence
NiMnSb(001)/Mo(001)/MgO (001), were grown using fac-
ing target sputtering at 400 ◦C. Details of the growth con-
ditions and film structure can be found elsewhere [15]. A
500 Å thick film with lateral dimensions of 4× 4 mm was
used for this study. Ferromagnetic resonance data with
the field perpendicular to the plane are consistent with
the theoretical value of the demagnetising field. A weak
in-plane anisotropy is observed, which may be related to
the shape or magnetocrystalline anisotropy. The following
data correspond to the case where the applied magnetic
field lies in the plane of the film, parallel to the [100] axis.

The resonance field for H ‖ [100] increases with tem-
perature from about 0.109 T at 15 K to 0.116 T at 300 K
(Fig. 5a), the rate of increase is much larger between 15
and 60 K than at higher temperature. Meanwhile the
linewidth (Fig. 5b) decreases from 9.5 mT at 15 K to
7.6 mT. at room temperature; this decrease is rather un-
common even if we are dealing with a ferromagnetic sys-
tem. The low value of the linewidth shows the very good
homogeneity of the film. The resonance field for the field
in the plane is given, neglecting the magnetocrystalline
anisotropy, by: (ω/γ)2 = H(H + Ms), where Ms is in
tesla, ω is the resonance frequency, and γ = 2πgµB/h
is the spectroscopic factor. When the spontaneous mag-
netisation Ms decreases from 0.95 T at 10 K, to 0.88 T
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Fig. 5. (a) Resonance field for H ‖ [001] in the plane of a NiMnSb 500 Å thick film. (b) Linewidth for the NiMnSb film.

(a) (b)

Fig. 6. Schemes (a) for the band structure of half metallic ferromagnets, and (b) for magnetic excitations.

at 300 K, the theoretical resonance field should increase
from 0.1034 T to 0.110 T, assuming g = 2. These values
are not far from the experimental ones, thus the mean
increase in resonance field can be reasonably accounted
for by the variation of magnetisation. However, the more
rapid variations of the resonance field and of the linewidth
below 60 K must be related to some extra phenomenon,
such as the anomalous variation of the magnetisation or
some particular kind of relaxation mechanism. We shall
develop this point in the discussion.

4 Discussion

4.1 Electronic structure

The half metallic character is due to the magnetic splitting
∆ between up and down-spin subbands [1]. At low tem-
peratures, the Fermi level for up-spins (majority spins)
falls into a gap of the down-spin (minority) subband, as
revealed by numerous band calculations which give the
electronic structure at 0 K. Rising the temperature, the

magnetic splitting ∆ (about 2 eV at low temperatures)
should decrease following the decrease in magnetisation.
The energy difference δ between the Fermi level and the
conduction band for down spins (Fig. 6a), which may be
called the half-metal gap is a fraction of the gap for the
down-spin semiconducting band. It will decrease faster
than ∆, and the Fermi level will intersect the bottom of
the down-spin conduction band at some temperature T ∗,
inducing a cross-over to a normal itinerant ferromagnet.

Most of the theory for itinerant magnets has been de-
rived for weak ferromagnets [16], and only few theoretical
studies have been devoted to the opposite case of strong
(saturated Hubbard) ferromagnets. The relations between
the magnetisation and density of states in NiMnSb have
been worked out theoretically by Kulatov and Mazin [17],
which predict that the compound should turn to a normal
ferromagnet for a low decrease in magnetization. Irkhin
and Katsnelson [18] examine the consequences of the spin
splitting and the influence of spin wave excitations on the
magnetisation, thermodynamic properties, relaxation rate
of half metals. Otto et al. [19] treat these systems in a
strong coupling model, they particularly state that “below
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some temperature T ∗, spin flip scattering is not possible”,
and that “the onset of spin flip will lead to a rapid increase
of the resistivity between T ∗ and the Curie point”.

4.2 Magnetic excitations

Let us examine first the magnetic excitations in the low
temperature half metallic phase. First transverse coher-
ent spin wave excitations (magnons) occur, with a rather
small energy gap Ea due to the anisotropy: according to
neutron data, the gap is smaller than 1 meV (or 11.6 K).
This gap should give a low temperature dependence of
the magnetization as: T 3/2 exp(−Ea/kT ) instead of the
T 3/2 classical spin wave law. However, no deviation from
a T 3/2 law has been detected on the magnetisation curves
along the 3 principal axes down to 2 K. It is also diffi-
cult to detect a T 4/3 correction to the magnetisation law,
as calculated by Irkhin and Katsnelson [18], because this
term would probably become important only at tempera-
tures larger than the cross-over temperature to a normal
ferromagnet. Let us note that a T 3/2 law has also been ob-
served in the half-metallic CrO2 compound between 1 K
and 100 K [20].

Magnons are coherent intraband excitations, they can
be described as excursions on the dispersion curves cross-
ing the Fermi level, and at low temperature only low-q
values (long wavelengths) are excited. Only weak relative
deviations of the first neighbours moments occur, and lo-
cally all the spins including those of carriers remain in
the up-direction, whereas the long range correlation func-
tion decreases. In the absence of anisotropy (Goldstone
theorem), the magnetisation can rotate as a whole in any
direction without energy barrier, the spin of current car-
riers follows and only a majority spin density still exists
at the Fermi level. This rules out the apparent paradox
between the occurrence of a vanishing down-spin density
and that of spin excitations.

One magnon, corresponding to ∆S = −1 for the whole
lattice, scatters as well neutrons as current carriers, giv-
ing rise to a magnetic resistivity. As it was established
by Mills and Lederer [21], the scattering of current carri-
ers due to coherent spin waves in a ferromagnet varies as
T 2 at low temperatures, which is in agreement with our
observations. The T 2 behaviour is not restricted to this
class of compounds, but also applies for instance to heavy
fermions. In the half metal range, the resistivity channels
corresponding to ρ↓ and ρ↑↓ are negligible: ρ↓ corresponds
to the resistivity of the semiconducting down-spin band,
the gap of which may arise from charge transfer, hybrida-
tion or crystal field splitting, that is on binding energies.
The ρ↑↓ spin flip scattering corresponds to inelastic tran-
sitions across the gap δ which cannot be excited at low
temperatures, but should only appear when kT becomes
comparable to δ(T ), that is just below T ∗.

Besides spin wave scattering, there is also phonon scat-
tering. In a temperature range well below the Debye tem-
perature (estimated between 250 and 300 K), the phonon
resistivity should behave as T β, where the exponent de-
pends on the nature of conduction electrons and on the

shape of the Fermi surface. Generally 3 < β < 5. The
phonon contribution cannot be separated correctly from
the magnetic one for NiMnSb, but in the isomorphous
non magnetic compound NiTiSb the observed phonon ex-
ponent is 4 ± 0.2 for T < 30 K. The corresponding term
becomes negligible at low temperatures compared to the
observed T 2 one, which can be safely attributed to the
spin wave contribution in the half-metallic system.

A second type of excitations, i.e. Stoner excitations,
will arise at higher temperatures and superimpose a ρ↑↓
contribution to the previous ones. They are interband
and incoherent spin-flip excitations which have a more
local character and form a continuum as a function of
energy [22]. In normal ferromagnets, they occur at low
temperature – and have been observed by neutron scatter-
ing down to less than 20 meV in the case of Fe [23] –, but
their intensity is more significant at higher energies. In the
case of half metals, their minimum energy is the distance
δ between the Fermi level and the bottom of the conduc-
tion band for down-spin, as defined before (Fig. 6b). This
minimum energy of the Stoner continuum occurs for a
wave vector defined by the q-difference between the Fermi
wavevector(s) of the majority band(s) and the reciprocal
lattice vector corresponding to the bottom of the minor-
ity band (the X point of the Brillouin zone in the case of
NiMnSb). For NiMnSb, these excitations should appear
for a q-vector which is at about half the Brillouin zone
boundary, which fairly corresponds to the neutron obser-
vations [11]. From neutron data, the maximum intensity
of Stoner excitations occurs for an energy of about 60 meV
for T = 300 K, but no direct measurement of the gap δ
could be made as a function of temperature, as their cross
section becomes much weaker at low energies, and as an
intense flat optical phonon branch prevents their observa-
tion below 30 meV.

4.3 Interpretation of the anomalies in the physical
properties

We now pretend that a cross-over from half-metal to nor-
mal ferromagnet occurs near 80 K. This will be justified by
the variations in regime of the magnetisation and different
galvanomagnetic properties.

First we can exclude, from the single crystal study,
the fact that the various effects occurring near 80 K are
due to a crystallographic change, or to a change in the
magnetisation easy axis. The magnetisation regime above
80 K is that of itinerant magnets subject to spin fluc-
tuations, and indicates a non-vanishing density of down-
spin states. A similar explanation arises for the resistivity.
Ueda and Moriya [24] have shown that the resistivity for
spin fluctuation magnets varies as T 5/3 in an intermedi-
ate temperature range. This exponent is smaller than for
the spin wave contribution, and is slightly larger than the
one found experimentally (about 1.35). Note that in this
range of temperature, the phonon contribution is much
more significant than in the low temperature range and
varies quite linearly with T , thus the observed exponent
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should be intermediate between those for the phonon, spin
wave and spin fluctuation contributions.

It is interesting to note that the magnetisation is
only slightly reduced at the transition temperature, be-
ing about 99.5% of Ms(0). This reduction is the conse-
quence of spin wave excitations only, it shows that the
half metallic state in NiMnSb is extremely sensitive to the
quasi-integer value of the magnetisation. The mean split-
ting ∆ between up-and down-spin subband should vary in
nearly the same proportions as the magnetisation, being
thus slightly reduced at 80 K. However, the gap δ which is
a small fraction of this splitting may vanish quite rapidly
with the decrease of magnetisation.

The magnetoresistance turns negative near 100 K,
when the spin flip scattering channel is opened, and the ex-
trapolated residual resistivity A2 in the high temperature
range is higher than the value ρ0 in the low temperature
range due to this extra scattering. Finally, we note that
both the thermopower and Hall effect turn to positive (or
more positive) values when the temperature decreases: the
minority electron pocket around the X-point in the Bril-
louin zone is shifted above the Fermi level and becomes
unoccupied, thus reducing the electron character in the
transport properties. Also the mobility of carriers should
increase, as there is no more spin-flip scattering, which
may explain the upturns observed for the Hall effect. How-
ever, there are still three bands of majority spin crossing
the Fermi level [2], one of electron character, the two oth-
ers correspond to open surfaces. This prevents any precise
calculations of an effective density of carriers or mobil-
ity from the Hall effect and resistivity data, as previously
recognised by Otto et al.

Concerning now the ferromagnetic resonance data, we
observed anomalies on the temperature dependences for
the resonance field and the linewidth. The peculiar varia-
tion ofHres can be partly explained by the more rapid vari-
ation of Ms below the cross-over temperature. A puzzling
point is the temperature dependence of the linewidth,
which also presents a more rapid variation in the half-
metallic range. Lofland et al. [25] have studied the FMR
in some magnetoresistive manganites. They observe in the
case of La0.67Ba0.33MnO3 annealed films a rather small
linewidth, which slightly decreases with temperature as
in the present case. These manganites are known to be
highly polarised, or even half-metallic, and may behave in
a similar manner concerning the linewidth.

The relaxation may be due to several causes: the
Landau-Lifshitz-Gilbert relaxation, the spin-lattice relax-
ation, the spin-spin relaxation between local moments
and conduction electrons (Korringa term), the exchange-
conductivity effects. The first term gives a peak-to-peak
width ΓLLG = 2/

√
3ωG/γ2M , where G is the Gilbert

damping parameter [26]; this contribution does not vary
in the right direction, as it should increase with decreas-
ing magnetisation. The second term is generally taken as
negligible in metals at low temperatures and should also
increase with temperature.

Irkin and Katsnelson [18] have shown that the Kor-
ringa contribution to the longitudinal nuclear relaxation

rate: 1/T1 ≈ Tn↑(EF)n↓(EF) should be absent in a half-
metal, and that the relaxation should be due to two-
magnon processes which give a T 5/2 contribution. The
Korringa relaxation is one of the most important con-
tribution to the linewidth in metals; its absence should
also lead to a reduction of the linewidth in electron res-
onance experiments. Indeed the linewidth is particularly
narrow for the present metallic system. Nevertheless, the
third mechanism should also lead to an increase of the
linewidth with increasing temperature.

The fourth term can be expressed as Γ = C(Dωσ)1/2,
where D is the spin wave stiffness and σ the conductivity.
This term can be another important factor, asD and σ are
quite large; it goes in the right direction as the resistivity
increases with temperature, and with a larger rate below
the cross-over temperature. Finally, the effects of some
kind of bottleneck may be of importance, but the influence
of such effects has not yet been investigated for half-metals

5 Conclusions

A coherent explanation of the anomalies encountered in
various physical properties of NiMnSb near 80 K has
been given in terms of a cross-over from a half metallic
state to a normal metallic ferromagnet. Other experiments
should be performed to complement these data, such as
NMR experiments which so far have been performed only
at rather high temperatures [27]. Efforts have been re-
cently undertaken in order to apply half metals, includ-
ing some ferromagnetic manganites, to spin electronics
devices [4,5,28,29]. One of the shortcomings of such exper-
iments is the loss of a full polarisation of electrons at high
temperatures, which reduces the spin dependent scatter-
ing -or tunneling- amplitude. Besides problems related to
the modification of the band structure at the interfaces,
the cross-over to a normal metal at rather low temper-
atures may explain these facts. Despite a magnetisation
value which is not much reduced compared to the satu-
ration value (92% in NiMnSb at room temperature), the
polarisation at the Fermi level may be considerably low-
ered once the minority spin subband becomes populated.
One solution may be to find a compound where, on one
hand, the Curie temperature is high (large ∆), on the
other hand, the Fermi level falls at the bottom of the gap
for the minority band (large δ). In this case, the half metal-
lic character would perhaps last up to a higher tempera-
ture compared to the Curie point. A weak upturn on the
Hall effect in PtMnSb below 100 K [9] seems to show that
the half metallic character may also disappear at low tem-
peratures in this similar Heusler compound, and thus the
situation should not be better than for NiMnSb concern-
ing room temperature applications. Perhaps a different
behaviour may be expected in other types of half metal-
lic systems, which undergo a metal-insulator transition at
the Curie point [30,31].
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is acknowledged.

References

1. R.A. de Groot, F.M. Mueller, P.G. van Engen, K.H.J.
Buschow, Phys. Rev. Lett. 50, 2024 (1983).

2. K.E. Hanssen, P.E. Mijnarends, Phys. Rev. B 34, 5009
(1986).

3. G.L. Bona, F. Meier, M. Taborelli, E. Bucher, P.H.
Schmidt, Sol. State Comm. 56, 391 (1985).

4. C. Hordequin, J.P. Nozières, J. Pierre, J. Magn. Magn.
Mater. 183, 225 (1998).

5. J. Caballero, A.C. Reilly, Y. Hao, J. Bass, W.P. Pratt Jr,
F. Petroff, J.R. Childress, J. Magn. Magn. Mater. 198, 55
(1999).

6. R.J. Soulen et al., Science 282, 85 (1998).
7. D. Orgassa, H. Fujiwara, T.C. Schulthess, W.H. Butler,

Phys. Rev. B 60, R13237 (1999).
8. M.J. Otto, R.A. van Woerden, P.J. van der Valk, J.

Wijngaard, C.F. van Bruggen, C. Haas, K.H.J. Buschow,
J. Phys. Cond. Matter 1, 2341 (1989).

9. M.J. Otto, R.A. van Woerden, P.J. van der Valk, J.
Wijngaard, C.F. van Bruggen, C. Haas, J. Phys. Cond.
Matter 1, 2351 (1989).

10. J.S. Moodera, D.M. Mootoo, J. Appl. Phys. 76, 6101
(1994).

11. C. Hordequin, J. Pierre, R. Currat, J. Magn. Magn. Mater.
162, 75 (1996); Physica B 234, 605 (1997).

12. C. Hordequin, E. Lelièvre-Berna, J. Pierre, Physica B 234,
603 (1997).

13. S.J. Youn, B.I. Min, Phys. Rev. B 51, 10436 (1995).

14. K. Kaczmarska, J. Pierre, J. Tobola, R.V. Skolozdra, Phys.
Rev. B 60, 373 (1999).

15. D. Ristoiu, J.P. Nozières, L. Ranno, (submitted to J.
Magn. Magn. Mater.).

16. T. Moriya, J. Magn. Magn. Mater. 14, 1 (1979).
17. E. Kulatov, I.I. Mazin, J. Phys. Cond. Matter 2, 343

(1990).
18. V.Yu. Irkhin, M.I. Katsnelson, J. Phys. Cond. Matter 2,

7151 (1990).
19. M.J. Otto, H. Feil, R.A. van Woerden, J. Wijngaard, P.J.

van der Valk, C.F. van Bruggen, C. Haas, J. Magn. Magn.
Mater. 70, 33 (1987).

20. A. Barry, J.M.D. Coey, L. Ranno, K. Ounadjela, J. Appl.
Phys. 83, 7166 (1998).

21. D.L. Mills, P. Lederer, J. Phys. Chem. Solids 27, 1805
(1966).

22. F. Gautier, in Magnetism of metals and alloys, edited by
M. Cyrot (North Holland, Amsterdam 1982), p. 1.

23. H.A. Mook, in Spin waves and magnetic excitations,
edited by A.S. Borovik-Romanov, S.K. Sinha (Elsevier
Science Publ., 1988), p. 425.

24. K. Ueda, T. Moriya, J. Phys. Soc. Jpn 39, 605 (1975).
25. S.E. Lofland, S.M. Bhagat, H.L. Ju, G.C. Xiong, T.

Ventakesan, R.L. Greene, S. Tyagi, Phys. Rev. B 52, 15058
(1995); J. Appl. Phys. 79, 5166 (1996).

26. W. Platow, A.N. Anisimov, G.L. Dunifer, M. Farle, K.
Baberschke, Phys. Rev. B 58, 5611 (1998).

27. C.C.M. Campbell, J.A. Cameron, J. Phys. F 6, L221
(1976).

28. J.Z. Sun, W.J. Gallagher, P.R. Duncombe, L.
Krusin-Elbaum, R.A. Altman, A. Gupta, Y. Lu, G.Q.
Gong, G. Xiao, Appl. Phys. Lett. 69, 3266 (1996).

29. M. Viret, M. Drouet, J. Nassar, J.P. Contour, C. Fermon,
A. Fert, Europhys. Lett. 39, 545 (1997).

30. M. Isoda, Y. Takahashi, T. Sakai, J. Phys. Soc. Jpn 63,
1889 (1994).

31. M.S. Park, S.K. Kwon, S.J. Youn, B.I. Min, Phys. Rev. B
59, 10018 (1999).


