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NiMnSb half Heusler alloy films were prepared by molecular beam epitdBE) on INnR001). The

dc and rf magnetic properties were investigated by ferromagnetic reso(fe@&. 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 spectrasdapior

were found to be 3X10° and 2.03, respectively, indicating a weak role of spin orbit
interaction. © 2004 American Institute of Physic§DOI: 10.1063/1.1687274

INTRODUCTION magnetization. B|,/M as a function of the film thickness is

The progress of semiconductor spintronics depends Oﬁhown in Fig. 1. The perceived asymptotic value=) of

I . ; ; ET;
the availability of suitable materials. Half metallic ferromag- 2Ky/Ms is —200 Oe with the hard axis along td 10]

nets meet the demand of high spin polarization at the Fernffiréction of the Inf001) wafer. The uniaxial anisotropy in

level. The NiMnSb half Heusler material is especially attrac-"€ thick films arises most likely from an in-plane anisotropic

. 2 . .
tive due to its high Curie temperature and the possibility toStrain- A well defined 14 dependence for the samples thin-

grow it on semiconductor templates. In this work the sub"er than 15 nm indicates that the NiMnSb films possess an

ial i : I _
strates consist of a semiinsulating (091 wafer covered by ~N-Planeé uniaxial interface anisotrop),;=0.08 erg/crh.
a 200 nm (IgsGa s As) buffer layer which is lattice Its origin is most likely associated with the interface chem-

matched to InP. The NiMnSb films investigated in this paperSt"Y Petween NiMnS001) and InGaAg001). The fourfold
had thicknessed=5, 10, 15, 20, 30, 42, and 85 nm. High in-plane and perpendicular uniaxial fields as a function of the

resolution x-ray diffraction confirmed very good crystalline
quality of the NiMnSK001) films with the lattice constant
a=5.91+0.005 A which implies a lattice mismatch to
INP(001) of only 0.6%. Further structural details can be
found in Ref. 1. Ferromagnetic resonafE®IR) 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 configuratiop and with the field inclined from the
sample pland€out-of-plane configuration
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MAGNETIC ANISOTROPIES

The dependence of the in-plane FMR field on the angle -200 : : : :
¢ between the applied field and th&00] crystallographic 0.00 0.05 0.10 0.15 0.20 0.25
axis allows one to determine the in-plane uniaxial anisotropy 1/(d[nm])
field 2K|,/My, fourfold in-plane anisotropy field R}/M,, 1 The i axial anisotropy field<h/M, s a functon of
H H . 1 1 € In-plane uniaxial anisotro 1el0K s as aiunction o ,
and effective demagqet|2|n% erIWZEﬁ:MT'}AS_ZKU/MS' where d is thepNiMnStﬁOOJ.) film thic??;less. Note that the films in the
The energy densities — KU(nU°m) v K1/2[CO§(¢m) intermediate thickness range have nearly zero uniaxial anisotropy. The in-

. 4 . . . _
+S|r_‘ (em)] despnpe explicitly the angular dependenpe Of plane uniaxial anisotropy axis is along the10] direction with respect to
the in-plane uniaxial and fourfold magnetic anisotropies. the InR001) template. The inset shows the temperature dependence of the

andm are the unit vectors a|0ng the in-plane uniaxial anisot-magnetic moment per NiMnSb formula unit in Bohr magnetons for the 42
ropy axis and the magnetizatiov, respectively.e,, is the nm thick film. The solid line represents B2 fit. A good fit to the data

- 1 m . indicates that thermal excitations of three-dimensional spin waves are re-
angle betweem and the[100] direction.Ky, is the effective  sponsible for the decrease of the magnetic moment with an increasing tem-
perpendicular uniaxial anisotropy amM; is the saturation peratureT.
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FIG. 2. The in-plane fourfold anisotropy field/M (x) and the effective [O]

_demagnetizing field #M ¢ (V) as function ofd. The dashed vertica_l Iin_e FIG. 3. (@) The dependence of the FMR field for the out of plane FMR

indicates the value of #M determined by SQUID magnetometery in Fig. measurements at 24 GHz on a 42 nm thick sample. The applied dc field is

1. Note that with increasing film thickness the uniaxial fleMtZMs ac- held in (110) p|ane.0= 90° Correspond to the in_p|ane FMEhe magnetic

quires bulklike character due to lattice strain. moment along th¢110] direction; #=0 corresponds to the perpendicular
FMR with the magnetization along th801] direction. The dotted line rep-
resents the calculated dependence of the FMR field usiKg/Mi

film thickness were not well described by consténilklike) :2K”1/Ms:_77 Oe, g=2.05, 47M¢;=6.5kG. The best fit(solid line)

and 16 (interface contributions. Superconducting quantum bréaks the in-plane/out-of-plane symmetry and requireg /M = —517

interference devicéSQUID) ma netometer;( uantum de- Oe, g=2.03, and 4rM;=6.65 kG. (b) The angular dependence of the

'r.] er - 9 A q FMR linewidth. The solid line represents the calculated angular dependence

sign was used to determine the magnetic moment of the 43t the intrinsic dampingG=3.1x 10" Hz. The difference between the data

nm sample, see inset of Fig. 2. The thickness of this sampland solid line shows the effectiveness of two magnon scattering as a func-

was determined by an x-ray interference technique. Thdion of the anglef. Note the perfect agreement between the calculation and

. the data ford<20°.
magnetic moment was found to be (28.1)ug and (3.6

+0.1)ug per NiMnSb formula unit at 300 K and 4 K, re-

spectively. The theoretical magnetic moment is expected t?ourfold AH, co2(2¢,), and twofoldAH, co(g,) contri-

E)e He ;'Oe(ﬁftfhs) rf]‘;d was ‘;:’j;g’ftdo'l’)‘;;‘:”‘esarf‘g%ﬁﬂﬁqs _butions AH increased rapidly with increasing film thickness,

Wt lvklIJ d bg ! th induced | ;/t Id ;J tl Ssee Fig. 4. For the thinnest samplé=5 nm), the lowest
most likely caused by growih induced latlice delects, Seq, o of the FMR linewidth was 20 Oe at 24 GHz along the
below and Ref. 5. The perpendicular uniaxial field increase

with increasing film thickness, see Fig. 2, asymptotically ap?lOO) crystallographic directions. This FMR linewidth scaled

: Y : linearly with the microwave frequency with no zero fre-
T e e i s o uency offset. Therloe, e magnel camping wih e
plane dependence of the FMR field on the arigdlows one magnetization alongl00 is caused by Gilbert damping. The

to determine the fourfold perpendicular anisotropy fieldGllbert damping parameter has a remarkably low vage,

L . =3.1x10" s1. The smallest Gilbert damping in thed3
1

2K1/Msan.d the gyromagnetic ratipwith 'ts. correspondmg transition element metals was observed for bcc Ge;6
g factor. 4 is the angle between the applied magnetic field

f . x10" s7! (Ref. 6. The Gilbert damping parameter in
and the sample normak Ky cos'(6y) describes the angular NiMnSb is even appreciably smaller than that in Fe. In me-

T . fallic samples the Gilbert damping parameter is caused by
dotted line in Fig. &) shows that a perfect cubic symmetry spin orbit interactior. The small deviation of the factor

(K= K”l) 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<(g/Mg 250 — , —
=—517 and—295 Oe for the 42 and 15 nm thick films, ** * Y A
respectively. Note, that even the sign d¢2/ M is different 200‘* * Y o * ** ]
from the corresponding in-plane fieIdQlMs. Obviously, 150
the films have built in increasing tetragonal lattice distortion o

o L . o
with increasing film thickness. Thg factor was found to be T 1001 |
2.03 and 2.02 for the 42 and 15 nm thick films, respectively. < ST I ddddad 28
The parameterAg=g—2~0.02 is very small indicating 50 1
weak spin orbit interaction. oL " EGRS S N m g E AN SEEE—
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MAGNETIC DAMPING o [

P . - : : ; - ~FIG. 4. The FMR linewidth as a function of the angg, between the
Significant information can be obtained by InVEStlgatmgmagnetization and the in-plane crystallif®00] axis. The measurements

the FM_R ”'?IGWidth:AH- The angmaf depgndence A&H is were carried out at 24 GHzM), (»), and(x) correspond to the thickness 5,
shown in Fig. 4. One can identify angular independght, 42, and 85 nm, respectively. Note a pronounced angular dependence.
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from 2 and the small Gilbert damping consistently indicatesquare symmetry of th€001) template. This is in accord
that the role of spin orbit interaction is rather weak in with the increasing in-plane uniaxial anisotro;ﬁﬂ‘[J with in-
NiMnShb. creasing film thickness.

Out-of-plane FMR measurements on the 15, 42, and 85 The presence of crystallographic defects also strongly
nm thick films strongly suggest that a rapid increasé\bf  affects the width of hysteresis loops. With an increasing de-
with an increasing film thicknes&ee Fig. 4 is caused by fect density the coercive field increased from 3 Oe to 60 Oe.
lattice defects. The FMR linewidth with the direction of the
magnetic moment close to the film normal decreased rapidligUMMARY

to the value that corresponds to the intrinsic Gilbert damp- The EMR h h hat the NiMnSb
ing, see Fig. &). This behavior is a hallmark of two magnon € measurements have shown that the NiMn

scatterind® In the perpendicular configuration no magnons'cIImS grown by MBE on InR001) wafers are accompanied

have the precessional frequency equal to that of the FMIJ-\Qy defects with a decre:?\sed lattice .symmetry.. A seIf-'
mode (applied microwave angular frequenay, and conse- assembled network of lattice defects increases its promi-

quently two magnon scattering is absent. It follows that the'"'¢€ W.ith an increa?sin.g f'ilm thicknfass. Coqsequently itis
additional FMR line broadening in the NiMnSb films is ard to identify the intrinsic properties of NiMnSb corre-

caused by two magnon scattering relaxation. fp(:ﬁd'?g to al p?rfeCt CLIJb'C Iaté'ctf]‘ T_g?‘e_lctqr 'j very CIO_S eth
Work by Heinrich’s group at Simon Fraser University 0 the free electron vaiue an € Intnnsic damping 1S the

(SFU) (Refs. 9—1] has shown that lattice defects in crystal- sf:nallﬁst almo?cg a." kng.w.n ferromaghetlc nlze_tallfl_ll\;dgzgtlzg
line epitaxial structures can result in extrinsic dampingt at the role of spin orbit interaction is weak in NIMnSb.

which has an appreciable angular dependence. In our receﬁ?lf-assemt_)led defect network generatgs a strong t.wo.mgg—
non scattering which can surpass significantly the intrinsic

studies of Pd/Fe/GaAB01) structures we founld that a rect- Gilbert d - Th ina h
angular network of misfit dislocations leads to a large angu- lbert damping. The two magnon scattering has a pro-

lar dependent two magnon scattering. The FMR Iinewidthnounced angular depe;ndence which reflect; the angu'lar sym-
reached a maximum with the magnetization oriented alon etry 1°f the magnetic defect scattering in the reciprocal
the lines of misfit dislocations and was very weak at 45° pace_l. Ir_' our-view the:‘ presence OT, _an_gulgr dependent
away from these lines. A similar behavior AH was found damping is n general a smoking gun” indicating the pres-
in the NiMnSb films discussed in this paper. ence of extrinsic damping.
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