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NiMnSb half Heusler alloy films were prepared by molecular beam epitaxy~MBE! on InP~001!. The
dc and rf magnetic properties were investigated by ferromagnetic resonance~FMR!. The effective
uniaxial anisotropy fields increased with increasing film thickness and reached nonzero asymptotic
values. FMR linewidths rapidly increased with the film thickness due to the presence of two magnon
scattering. Bulklike uniaxial anisotropies and two magnon scattering were caused by a
self-assembled network of lattice defects. Gilbert damping parameter and spectroscopicg factor
were found to be 3.13107 and 2.03, respectively, indicating a weak role of spin orbit
interaction. © 2004 American Institute of Physics.@DOI: 10.1063/1.1687274#

INTRODUCTION

The progress of semiconductor spintronics depends on
the availability of suitable materials. Half metallic ferromag-
nets meet the demand of high spin polarization at the Fermi
level. The NiMnSb half Heusler material is especially attrac-
tive due to its high Curie temperature and the possibility to
grow it on semiconductor templates. In this work the sub-
strates consist of a semiinsulating InP~001! wafer covered by
a 200 nm (In0.53Ga0.47 As! buffer layer which is lattice
matched to InP. The NiMnSb films investigated in this paper
had thicknessesd55, 10, 15, 20, 30, 42, and 85 nm. High
resolution x-ray diffraction confirmed very good crystalline
quality of the NiMnSb~001! films with the lattice constant
a55.9160.005 Å which implies a lattice mismatch to
InP~001! of only 0.6%. Further structural details can be
found in Ref. 1. Ferromagnetic resonance~FMR! was used to
investigate the magnetic properties of the NiMnSb films. The
measurements were carried out at 24 and 36 GHz. FMR was
measured with the magnetic field applied in the sample plane
~parallel configuration!, and with the field inclined from the
sample plane~out-of-plane configuration!.

MAGNETIC ANISOTROPIES

The dependence of the in-plane FMR field on the angle
w between the applied field and the@100# crystallographic
axis allows one to determine the in-plane uniaxial anisotropy
field 2KU

i /Ms , fourfold in-plane anisotropy field 2K1
i /Ms ,

and effective demagnetizing field 4pMeff54pMs22KU
'/Ms.

The energy densities2KU
i (nU"m)2, 2K1

i /2@cos4(wm)
1sin4(wm)# describe explicitly the angular dependence of
the in-plane uniaxial and fourfold magnetic anisotropies.n
andm are the unit vectors along the in-plane uniaxial anisot-
ropy axis and the magnetizationM , respectively.wm is the
angle betweenm and the@100# direction.KU

' is the effective
perpendicular uniaxial anisotropy andMs is the saturation

magnetization. 2KU
i /Ms as a function of the film thickness is

shown in Fig. 1. The perceived asymptotic value (d→`) of
2KU

i /Ms is 2200 Oe with the hard axis along the@11̄0#
direction of the InP~001! wafer. The uniaxial anisotropy in
the thick films arises most likely from an in-plane anisotropic
strain.2 A well defined 1/d dependence for the samples thin-
ner than 15 nm indicates that the NiMnSb films possess an
in-plane uniaxial interface anisotropy,KUs

i
50.08 erg/cm2.

Its origin is most likely associated with the interface chem-
istry between NiMnSb~001! and InGaAs~001!. The fourfold
in-plane and perpendicular uniaxial fields as a function of the

FIG. 1. The in-plane uniaxial anisotropy field, 2KU
i /Ms as a function of 1/d,

where d is the NiMnSb~001! film thickness. Note that the films in the
intermediate thickness range have nearly zero uniaxial anisotropy. The in-

plane uniaxial anisotropy axis is along the@11̄0# direction with respect to
the InP~001! template. The inset shows the temperature dependence of the
magnetic moment per NiMnSb formula unit in Bohr magnetons for the 42
nm thick film. The solid line represents aT3/2 fit. A good fit to the data
indicates that thermal excitations of three-dimensional spin waves are re-
sponsible for the decrease of the magnetic moment with an increasing tem-
peratureT.
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film thickness were not well described by constant~bulklike!
and 1/d ~interface! contributions. Superconducting quantum
interference device~SQUID! magnetometery~quantum de-
sign! was used to determine the magnetic moment of the 42
nm sample, see inset of Fig. 2. The thickness of this sample
was determined by an x-ray interference technique. The
magnetic moment was found to be (3.360.1)mB and (3.6
60.1)mB per NiMnSb formula unit at 300 K and 4 K, re-
spectively. The theoretical magnetic moment is expected to
bemB54.0 ~Ref. 3! and was observed in bulk samples.4 The
lower value of the magnetic moment observed in our films is
most likely caused by growth induced lattice defects, see
below and Ref. 5. The perpendicular uniaxial field increases
with increasing film thickness, see Fig. 2, asymptotically ap-
proaching constant value of;1.1 kOe indicating bulklike
tetragonal distortions due to the lattice strain. The out-of-
plane dependence of the FMR field on the angleu allows one
to determine the fourfold perpendicular anisotropy field
2K1

'/Ms and the gyromagnetic ratiog with its corresponding
g factor. u is the angle between the applied magnetic field
and the sample normal.2K1

' cos4(um) describes the angular
dependence of the fourfold perpendicular anisotropy. The
dotted line in Fig. 3~a! shows that a perfect cubic symmetry
(K1

'5K1
i ) does not represent the data well when the magne-

tization is inclined under a large angle with respect to the
film surface. The best fit is obtained by using 2K1

'/Ms

52517 and2295 Oe for the 42 and 15 nm thick films,
respectively. Note, that even the sign of 2K1

'/Ms is different
from the corresponding in-plane field 2K1

i /Ms . Obviously,
the films have built in increasing tetragonal lattice distortion
with increasing film thickness. Theg factor was found to be
2.03 and 2.02 for the 42 and 15 nm thick films, respectively.
The parameterDg5g22;0.02 is very small indicating
weak spin orbit interaction.

MAGNETIC DAMPING

Significant information can be obtained by investigating
the FMR linewidth,DH. The angular dependence ofDH is
shown in Fig. 4. One can identify angular independentDH0 ,

fourfold DH4 cos2(2wm), and twofoldDH2 cos2(wm) contri-
butions.DH increased rapidly with increasing film thickness,
see Fig. 4. For the thinnest sample (d55 nm), the lowest
value of the FMR linewidth was 20 Oe at 24 GHz along the
^100& crystallographic directions. This FMR linewidth scaled
linearly with the microwave frequency with no zero fre-
quency offset. Therefore, the magnetic damping with the
magnetization alonĝ100& is caused by Gilbert damping. The
Gilbert damping parameter has a remarkably low value,G
53.13107 s21. The smallest Gilbert damping in the 3d
transition element metals was observed for bcc Fe,G56
3107 s21 ~Ref. 6!. The Gilbert damping parameter in
NiMnSb is even appreciably smaller than that in Fe. In me-
tallic samples the Gilbert damping parameter is caused by
spin orbit interaction.7 The small deviation of theg factor

FIG. 2. The in-plane fourfold anisotropy field 2K1
i /Ms ~!! and the effective

demagnetizing field 4pMeff ~.! as function ofd. The dashed vertical line
indicates the value of 4pMs determined by SQUID magnetometery in Fig.
1. Note that with increasing film thickness the uniaxial field 2KU

'/Ms ac-
quires bulklike character due to lattice strain.

FIG. 3. ~a! The dependence of the FMR field for the out of plane FMR
measurements at 24 GHz on a 42 nm thick sample. The applied dc field is
held in ~110! plane.u590° correspond to the in-plane FMR~the magnetic
moment along the@110# direction!; u50 corresponds to the perpendicular
FMR with the magnetization along the@001# direction. The dotted line rep-
resents the calculated dependence of the FMR field using 2K1

'/Ms

52K1
i /Ms577 Oe, g52.05, 4pMeff56.5 kG. The best fit~solid line!

breaks the in-plane/out-of-plane symmetry and required 2K1
'/Ms52517

Oe, g52.03, and 4pMeff56.65 kG. ~b! The angular dependence of the
FMR linewidth. The solid line represents the calculated angular dependence
of the intrinsic damping,G53.13107 Hz. The difference between the data
and solid line shows the effectiveness of two magnon scattering as a func-
tion of the angleu. Note the perfect agreement between the calculation and
the data foru,20°.

FIG. 4. The FMR linewidth as a function of the anglewm between the
magnetization and the in-plane crystalline@100# axis. The measurements
were carried out at 24 GHz.~j!, ~c!, and~!! correspond to the thickness 5,
42, and 85 nm, respectively. Note a pronounced angular dependence.
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from 2 and the small Gilbert damping consistently indicate
that the role of spin orbit interaction is rather weak in
NiMnSb.

Out-of-plane FMR measurements on the 15, 42, and 85
nm thick films strongly suggest that a rapid increase ofDH
with an increasing film thickness~see Fig. 4! is caused by
lattice defects. The FMR linewidth with the direction of the
magnetic moment close to the film normal decreased rapidly
to the value that corresponds to the intrinsic Gilbert damp-
ing, see Fig. 3~b!. This behavior is a hallmark of two magnon
scattering.8 In the perpendicular configuration no magnons
have the precessional frequency equal to that of the FMR
mode~applied microwave angular frequencyv!, and conse-
quently two magnon scattering is absent. It follows that the
additional FMR line broadening in the NiMnSb films is
caused by two magnon scattering relaxation.

Work by Heinrich’s group at Simon Fraser University
~SFU! ~Refs. 9–11! has shown that lattice defects in crystal-
line epitaxial structures can result in extrinsic damping
which has an appreciable angular dependence. In our recent
studies of Pd/Fe/GaAs~001! structures we found11 that a rect-
angular network of misfit dislocations leads to a large angu-
lar dependent two magnon scattering. The FMR linewidth
reached a maximum with the magnetization oriented along
the lines of misfit dislocations and was very weak at 45°
away from these lines. A similar behavior inDH was found
in the NiMnSb films discussed in this paper.

Plan view TEM studies on the NiMnSb films carried out
by Kavanagh’s group at SFU fully support this picture. The
TEM studies have shown that in the NiMnSb films the lattice
defects consist of two rectangular networks of lattice defects
with defect lines parallel to thê100& and ^110& in-plane
crystallographic axes.5 The measured angular dependence of
the FMR linewidth, see Figs. 3 and 4, allows one to draw
several conclusions.

~i! Figure 3~b! shows that the effectiveness of the two
magnon scattering mechanism is very weakly dependent on
the angle of the magnetic moment with respect to the sample
surface until the magnetization is close to the film normal
where it rapidly collapses to zero. This was found to be a
common feature of two magnon scattering in recently stud-
ied systems.8,11

~ii ! A large angle independent contributionDH0 indi-
cates that thick NiMnSb films are affected by a sizeable iso-
tropic in-plane lattice disorder.

~iii ! A noticeableDH2 cos2(wm) indicates that the distri-
bution of lattice defects is not equivalent along two mutually
perpendicular crystalline axes, e.g.,^100& and ^010&. This
means the network of defect lines does not satisfy fully the

square symmetry of the~001! template. This is in accord
with the increasing in-plane uniaxial anisotropyKU

i with in-
creasing film thickness.

The presence of crystallographic defects also strongly
affects the width of hysteresis loops. With an increasing de-
fect density the coercive field increased from 3 Oe to 60 Oe.

SUMMARY

The FMR measurements have shown that the NiMnSb
films grown by MBE on InP~001! wafers are accompanied
by defects with a decreased lattice symmetry. A self-
assembled network of lattice defects increases its promi-
nence with an increasing film thickness. Consequently it is
hard to identify the intrinsic properties of NiMnSb corre-
sponding to a perfect cubic lattice. Theg factor is very close
to the free electron value and the intrinsic damping is the
smallest among all known ferromagnetic metals indicating
that the role of spin orbit interaction is weak in NiMnSb. A
self-assembled defect network generates a strong two mag-
non scattering which can surpass significantly the intrinsic
Gilbert damping. The two magnon scattering has a pro-
nounced angular dependence which reflects the angular sym-
metry of the magnetic defect scattering in the reciprocal
space.11 In our view the presence of angular dependent
damping is in general a ‘‘smoking gun’’ indicating the pres-
ence of extrinsic damping.
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