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Infrared probe of the electronic structure and carrier scattering in NiMnSb thin films
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We report the use of infrared reflectance spectroscopy to examine the electronic structure of epitaxial,
sputter deposited thin films of the predicted half-metallic ferromagnet NiMnSb. The contribution of the inter-
band transitions to the optical conductivity, as well as the spectral weight of conducting carriers, agree with the
band structure calculations predicting a half-metallic state in NiMnSb. The intraband response of conducting
carriers is different from that of a Drude metal and is consistent with a partial gap in the minority-spin density
of states[S0163-18209)51542-7

Band-structure calculations indicate the ordered comearrier contribution to the complex conductivity suggests a
pound NiMnSb is a half-metallic ferromagnet, with a metal- strong frequency dependence of the carrier scattering rate. A
lic majority-spin band and an insulating minority-spin characteristic threshold in the scattering rate spectra found at
band'? Half-metallic electronic structure implies a complete approximately 90 meV can be associated with a lack of spin-
spin polarization of the electronic states at the Fermi energflip carrier scattering below this energy and is therefore sug-
P=(N;—N)/(N;+N,)=100%, whereN, is the density of gestive of a highly spin polarized electronic structure.
states of electrons of spim. Half-metallic ferromagnets are Epitaxial films of NiMnSb on AJO; (0001 substrates
of fundamental interest and may be of practical value forwere grown by cosputtering. The preparation and character-
magnetic information storage applications, such as gianation of such NiMnSb films were described previouSty?
magnetoresistance spin valves and spin polarized tunnélor the purpose of the optical measurements, we have pre-
junctions. Several experimental studies performed orpared films with a thickness of 5000 A. Using a Drude
NiMnSb crystals and films have shown properties consistertheory, we found that a 5000 A film with a dc resistivity
with the predicted half-metallic structure. The saturationbelow 40u() cm (the typical resistivity of our NiMnSb film
magnetization, necessarily integral for a half metal, was meaat 300 K) shows transmission less than f0and therefore
sured as nearly 4g per Mn atont The low-temperature can be regarded as being completely opaque within the ex-
resistivity for NiMnSb does not show th&2 dependence perimental frequency range 30—20 000 cn4—2500 meV.
seen for typical ferromagnets due to spin-flip scattering fromSymmetric x-ray diffraction shows small amourts1%) of
magnons, as expected for a half-metallic ferromagnet iradditional phases besides NiMnSb present in the film, due to
which an absence of spin-down states at the Fermi energy drift in the sputter sources over the extended deposition
prohibits such scatterintP Spin-resolved positron annihila- time required for the large film thickness. To measure abso-
tion experiments on bulk NiMnSb also indicate a half- lute values oR(w), we usedn situ coating of the NiMnSb
metallic staté’. However, other direct probes of half-metallic with gold in the optical cryostat to produce a reference
character in NiMnSb have not revealBd- 100%, including  spectrumt® The inset to Fig. 1 shows the NiMnSb reflec-
spin-polarized photoemissiband superconductor-insulator- tance spectr&(w) measured at 80 and 300 K in the far-
ferromagnet tunnel junctiorfs. Recent superconducting infrared regionR(w) decreases with increasingat all tem-
point-contact spectroscopy measurements determined a 5@eratures, a behavior characteristic of a metal. For
58% spin polarizatio*° Continued experimental study of temperatures down to 10 K(w) displayed little tempera-
the electronic structure in NiMnSh, particularly for thin film ture dependence, maintaining roughly the same form as the
samples as required for magnetoelectronic devices, can fuglata shown at 80 K. Our results in the visible part of the
ther examine the possible half-metallic state and its usefulspectra at 300 Ksolid line in Fig. 3 agree well with the
ness in applications. ellipsometric data by Kirillovaet al. (dotted ling.1*

In this paper, we investigate the electronic structure of Kramers-Kronig(KK) analysis ofR(w) was used to ob-
NiMnSb films using reflectivity measurements over a broadain the complex conductivity(w) = o1(w) +io,(w). For
energy rangdéfrom the far infrared to the visibje One ad- the analysisR(w) was extrapolated to high energy using the
vantage of this optical experiment is that the bulk of thedata from Ref. 14. A standard Hagen-Rubens low-energy
sample is probed and therefore the data are less affected lextrapolation uses the measured dc resistivity in the NiMnSh
any imperfections at the surface. We find that the contribufilms (p4.~20 and 37u2 cm for T=80 and 300 K At low
tion of interband transitions to the dissipative part of theenergies[Fig. 2(@)], the coherent response of free carriers
optical conductivity, as well as the spectral weight associateteads to a Drude-like peak i, (w) centered atv=0. As the
with the free-carrier absorption, agree with expectations fotemperature is lowered from 300 to 80 K, the peak narrows
half-metallic NiMnSb. Moreover, the analysis of the free-and o;(w—0) increases in accord with the dc results
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energy [eV] from these two experimental techniques are in good agree-
0.1 1 10 ment in their overlapping energy range. Our data are consis-
WO T tent with previous measurements for other single crystals and

300K films X4~ including both the positive slope of the conduc-
tivity spectrum ath w>1 eV as well as two shallow peaks at
2.2 and 3 eV. These peaks are also present in the theoretical
o1(w) curve(dotted ling that is based on the band-structure
calculations suggesting half-metallic ferromagnetism in
NiMnSb !’ The interband features at 2.2 and 3 eV have been
associated with electron transitions of the type(Sb)
—d;(Mn) across a minority-spin energy gap at thendIl’
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ool wavenulmber fem™] Attempts to fit the intraband response ®f(w) in Fig.
" S ; — """'4 S 2(a) using a Drude termo(w)=o0g4./(1—iw7) show the
10 10 10, 01(w) data fall off more slowly than this simple form. To
wave number [cm ] quantify this deviation, we determined the frequency depen-

dence of the scattering rate using the extended Drude model

FIG. 1. Reflectanc&®(w) at 300 K (solid line) over extended n‘see Ref. 19 for a review

energy range, including high-energy extrapolation using data fro

Ref. 14 (dotted ling. Inset: TheR(w) of NiMnSb film at 80 and

300 K decreases with in far infrared. 2 1
. - Ur(w)= —pRe( —) (1)

marked by arrows. Figure(B) shows the conductivity at 300 A (o)

K over a broader energy range up to whetg w) is domi-

nated by interband transitions, including data from the KK , 2

analysis(solid line) as well as previous ellipsometry mea- 1 N€ Qplasma frequencyw, is calculated from wj

surements on our NiMnSb filmis(dashed ling The curves =8/o01(w)dw, where the chosen cutoff frequendy

=8100cm ! corresponds to the end of the region dominated

® eneray [eV] o energy [eV] by the intraband response, leading ¢g~36000cm™* at

010 020 030 0 05 10 15 20 25 30 300 K, with less than a 1% increase at 80 K. We find that the
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50000 L=, spectra of 1{w) show a pronounced frequency dependence
[Fig. 2(c)]. Except for the lowest frequencies, the absolute
L value of the scattering rate is smaller than which is in
accord with the Fermi-liquid theory. Notably,A&) reveals
nearly linearo dependence between 1000 and 4500 tm
300K which is in disagreement with the? behavior expected in a
500 1000 1500 2000 2500 3000 00 ‘ 100‘00‘ 200‘00‘ metalzo The SC,altterlng rate SpeCtra at 80 and 300 K ShOW a
wave number fom’ ] energy [ey]  Wave mumber fem’) kink at 700 cm~ (90 meV), with 1/1(w) at 80 K remaining

(©) 0 o1 02 03 04 05 06 07 nearly flat up to this threshola [inset to Fig. Zc)]. As will

so00 b — be discussed, the unusual quasilinear increase dwjlas
: 1200-/ well as the kink can be attributed to a peculiar electronic
o 4000 b structure of NiMnSh. Also, I w) in the limit of v—0 de-
creases with lower temperature, consistent with the dc trans-
port.

A threshold structure in the 4/w) spectrum of a conduct-
ing material is suggestive of an abrupt increase of scattering.
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80K For a ferromagnetic metal such as NiMnSb, such an increase
T can t_)e attributed to the energy differenAebeftween the
wave number [cm''] Fermi energyEr and the onset of the conduction band for

the spin-down electrons. In a half-metallic ferromagnet at
FIG. 2. (@) Frequency dependence of the real part of complexIOW temperatures anflo<A [~700 cmt or 90 meV for

conductivityo,(w) at 80 K(dashed lingand 300 K(solid line) for NiMnSb as determined in Fig.(@], spin-flip scattering is

the intraband region obtained through Kramers-Kronig analysis . X :
The conductivity from standard dc transport measurements, jorbidden due to the lack of available spin-down states at

a ot .
marked by arrows, is consistent with (w—0). (b) oy(e) at 300 ﬁwat energy. These spin-flip eyents may result from scattering
K, extended into the interband ranggolid line). The dashed line PY Magnons or other magnetic impurities, such as local de-
presents previous ellipsometry data for a similar NiMnSb fitm, Viations in magnetic ordering due to atomic site disorder or
The dotted line shows theoreticat(w).2” (c) The spectra of the ~Nonstoichiometry in the NiMnSb compound. Note that the
scattering rate calculated from conductivity at 80 and 300 K aghreshold in 1K) also persists in the 300 K spectrum, as
described in the text. The pronounced frequency dependence 68N be expected for a ferromagnet with a Curie temperature
1/7(w) reveals that the intraband response is different from simpleédbove room temperature. Recent experimental study of
Drude behavior. Inset: Scattering rate curves at low energies sho@rQ,, another half-metallic ferromagneh, also observed
threshold increase at700 cnit (90 me\) for 80 and 300 K. such a threshold increase inrld).??
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energy [eV] ) energy [¢V] produce correctly the frequency location of the threshold fea-
-1.0 -0.5 0.0 0.5 0 0.2 04 0.6 . . . . .

' - T - - - - ture in the 1K w) data. Following this shiftE still remains
closer to the minority-spin conduction band than to the va-
lence band, as theoretically calculafeBinally, the scatter-
ing rate simulations also include a proportionality factor and
a constant offset added to Eq. 2.

The simulated Ww) from Eq. 2 using the modified
N;(w) andN,(w) from Fig. 3a) is shown with the dashed
line in Fig. 3b). The simulation reproduces the general
shape of the 80 K experimentaldda) (solid ling). However,
the experimental scattering rate is nearly flatdopelow the
threshold, as expected for R=100% half-metallic ferro-
magnet withh <A, and increases sharply above the thresh-
old. The simulated X w), though, shows a slight positive
T R S ST 06002000 3000 4a00. 3000 slope for loww, since the pseudogap used fy(w) gives

wave number [em’'} wave number [om '] P=50%, which allows limited spin-flip scattering even be-
low A. Since reproduction of the flat region inrlé) at low
w using Eq. 2 requires a complete spin polarization, we ex-
amine possible explanations for this discrepancy in the sup-
the frequency location of the observed scattering rate threshoIBrF"sse‘_j S"?pe of ,ﬁ“’)' We note that the e!ectromc structurg
structure at~700 cm'® (90 meV). The pseudogap il (w) shown in Fig. 3 will also Iead_to suppression of nonmagnetic
(dashed ling is set to produce the 50% spin polarization at the SCattering due to the lack of final states fap<<A. Equation
Fermi level from the Andreev reflection suppression d&ef. 10. 2 does not account for these processes, though. Also, the
(b) The frequency dependence of scattering rate at okd ling.  Andreev reflection technique may yield a polarizatiBg
The dashed line shows the result of spin-flip scattering rate simula=—50% that is artificially lowered due to local disruption of
tion using Eq. 2 withN,; () andN,(w) with pseudogap fronta).  the idealC1, NiMnSb unit cell by damage from insertion of
(c) The smooth features iN|(w) were approximated with rectan- the superconducting point contact tip. Finally, due to the
gular steps(dashed ling The lowered pseudogap gives enhanceddifferent definitions ofP and P, ,?*?%a Fermi velocity ratio
spin polarizationP>50% resulting from settingt/vL=3 for scat- vi/vE>1 would giveP>P.=50%, thus producing a lower
tering rate simulation(d) The scattering rate dafsolid line) and N, (o) pseudogap level and a flatter simulated(@) below
simulation (dashed ling using N;(w) and rectangular steps for the frequency threshold. An improved correspondence with

N,(w) from (c). the curvature of the Hw) data over the range up te

i , i i ~6000cm ! is obtained using an approximation of the fea-

In Fig. 3, we .S|mulate the behqwor Ofﬂ'@ using &  tyres in N|(w) with rectangular stepgdashed line in Fig.
_model proposed in Ref. 23 suggesting that spin-flip scatterB(C)]. For thisN (), we also include a pseudogap which
ing processes lead to the following frequency dependence (P'fas a relatively low level determined by usiRg=50% and
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FIG. 3. (@) Spin-dependent density of stat@0S) N, (w) and
N, (w) (solid lineg are taken from Ref. 2. The position bf (w)
has been shifted down i@ by 1470 cmi* (0.18 eV} to reproduce

the scattering rate: setting v,L:/vF=3. The resulting X w) simulation [dashed
wl2 line in Fig. 3d)] almost completely reproduces the experi-
]_/TSf(w)ocJ [N| (0 —w/2)N; (0 + w/2) mental spectrum, including a highly suppressed slope at low
—l2 w as a result of an enhanc@ddue to the lowered pseudogap

level. A similar simulation using the rectangular steps for
N|(w) but with the pseudogap level set W/v,:zl and

In Eq. 2, N;(w) and N|(w) denote the density of states P=P.=50% also agrees with the7/) data at highw but
(DOS) for the majority and minority spins, respectively. As contains a noticeably greater slope ofr(&) below the
expected, the model yieldsA(w)=0 forAw<A in a half  threshold than observed. Finally, as a comparison with the
metal. In Eq. 2, we usBl; () andN|(w) for NiMnSb from  NiMnSb data, we are not aware of any previous experimental
the theoretical calculations of Ref[&olid lines in Figs. 8)  1/7(w) analysis for an elemental ferromagnet with
and(c)], with two modifications. First, the complete energy <100%. However, we have used Eq. 2 and the theoretical
gap, for whichN (w)=0 aroundEg as calculated, is re- N;(w) andN () for ferromagnetic F¢Ref. 27 to produce
placed with a pseudogdgdashed line in Fig. @], introduc-  a simulated 1#{w) spectrum, which as expected does not
ing a constant, nonzer®(w) over the gap range. This show any threshold for suppression of(1J) at low .
pseudogap reduces the spin polarizatio&katfrom the half We also discuss the carrier densityn NiMnSb in con-
metallicP=100% down to~50% in accord with recent An- junction with our result for the plasma frequenay,zj
dreev reflection measurements with a superconducting point 47ne?/m*, wherem* is the effective mass of conducting
contact®?*Such a suppression of the spin polarization maycarriers ande is the electron charge. Our result fov,
result from atomic disorder or defects in the NiMnSb =36000cm? includes approximately a 10-15% uncer-
lattice?® As a second modification to the theoretical DOS, tainty in the value of then/m* ratio. This uncertainty is
we shift N|(w) in energy with respect tdN,(w) and the related to the somewhat ambiguous choice of the cutoff fre-
Fermi levelw=0. The chosen extent of the shift adjusts thequency 2=8100 cm! in the integral of the conductivity
position of Ex within the pseudogap iN,(w) so as to re- o;(w). Contributions to this integral due to interband tran-

+N|(0'+0/2)Ni(0'—w/2)]do’. (2)
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sitions that extend below the cutofd are calculated and dependent carrier scattering rate indicates a deviation from
removed using a description of the interband conductivity inideal Drude behavior in the intraband region. The scattering
terms of Lorentz oscillator®, giving a decrease fow, of  rate increases sharply above a threshold frequency, suggest-
~2%. Assuming the free-electron mass ffof, thew, value  ing the onset of an additional scattering channel which can
corresponds tm~ 0.7 conducting carriers per NiMnSb for- Pe connected to spin-flip processes. A model to describe the
mula unit. This estimate is in reasonable agreement witl§XPerimental scattering rate spectrum uses a realistic spin-
band-structure calculations that suggest the conducting statdéPendent density of states. Therefore, both interband and
are holes in a partially occupied Stp%and! with an ex- mtraband contrlbu_tlons to the optlc_al condu_ctlvny are indica-
pected concentration of one hole per NiMnSb formula unit!V€ Of an electronic structure for NiMnSb with a high degree
for the half-metallic stat8. of spin polarization.

In summary, we investigated the electronic structure of Financial support from the NSF through the Stanford
thin films of the predicted half-metallic ferromagnet NiMnSb Center for Materials Research MRSEC and the Fannie and
using optical reflectance spectroscopy. For energies in th@ohn Hertz FoundatiofF.B.M.) is acknowledged. Work at
region of interband transitions, the optical conductivity UCSD was supported through the NSF Grant No. DMR-
agrees with results for bulk NiMnSb understood in terms 0f9875980. D.N.B. received funding from the Research Cor-
the theoretical half-metallic band structure. The frequencyporation.
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