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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 interband 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. 关S0163-1829共99兲51542-7兴

Band-structure calculations indicate the ordered compound NiMnSb is a half-metallic ferromagnet, with a metallic majority-spin band and an insulating minority-spin
band.1,2 Half-metallic electronic structure implies a complete
spin polarization of the electronic states at the Fermi energy
P⫽(N ↑ ⫺N ↓ )/(N ↑ ⫹N ↓ )⫽100%, where N  is the density of
states of electrons of spin . Half-metallic ferromagnets are
of fundamental interest and may be of practical value for
magnetic information storage applications, such as giant
magnetoresistance spin valves and spin polarized tunnel
junctions. Several experimental studies performed on
NiMnSb crystals and films have shown properties consistent
with the predicted half-metallic structure. The saturation
magnetization, necessarily integral for a half metal, was measured as nearly 4  B per Mn atom.3 The low-temperature
resistivity for NiMnSb does not show the T 2 dependence
seen for typical ferromagnets due to spin-flip scattering from
magnons, as expected for a half-metallic ferromagnet in
which an absence of spin-down states at the Fermi energy
prohibits such scattering.4,5 Spin-resolved positron annihilation experiments on bulk NiMnSb also indicate a halfmetallic state.6 However, other direct probes of half-metallic
character in NiMnSb have not revealed P⫽100%, including
spin-polarized photoemission7 and superconductor-insulatorferromagnet tunnel junctions.8 Recent superconducting
point-contact spectroscopy measurements determined a 50–
58% spin polarization.9,10 Continued experimental study of
the electronic structure in NiMnSb, particularly for thin film
samples as required for magnetoelectronic devices, can further examine the possible half-metallic state and its usefulness in applications.
In this paper, we investigate the electronic structure of
NiMnSb films using reflectivity measurements over a broad
energy range 共from the far infrared to the visible兲. One advantage of this optical experiment is that the bulk of the
sample is probed and therefore the data are less affected by
any imperfections at the surface. We find that the contribution of interband transitions to the dissipative part of the
optical conductivity, as well as the spectral weight associated
with the free-carrier absorption, agree with expectations for
half-metallic NiMnSb. Moreover, the analysis of the free0163-1829/99/60共18兲/12565共4兲/$15.00
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carrier contribution to the complex conductivity suggests a
strong frequency dependence of the carrier scattering rate. A
characteristic threshold in the scattering rate spectra found at
approximately 90 meV can be associated with a lack of spinflip carrier scattering below this energy and is therefore suggestive of a highly spin polarized electronic structure.
Epitaxial films of NiMnSb on Al2O3 共0001兲 substrates
were grown by cosputtering. The preparation and characterization of such NiMnSb films were described previously.11,12
For the purpose of the optical measurements, we have prepared films with a thickness of 5000 Å. Using a Drude
theory, we found that a 5000 Å film with a dc resistivity
below 40 ⍀ cm 共the typical resistivity of our NiMnSb film
at 300 K兲 shows transmission less than 10⫺4 and therefore
can be regarded as being completely opaque within the experimental frequency range 30–20 000 cm⫺1 共4–2500 meV兲.
Symmetric x-ray diffraction shows small amounts 共⬃1%兲 of
additional phases besides NiMnSb present in the film, due to
a drift in the sputter sources over the extended deposition
time required for the large film thickness. To measure absolute values of R(  ), we used in situ coating of the NiMnSb
with gold in the optical cryostat to produce a reference
spectrum.13 The inset to Fig. 1 shows the NiMnSb reflectance spectra R(  ) measured at 80 and 300 K in the farinfrared region. R(  ) decreases with increasing  at all temperatures, a behavior characteristic of a metal. For
temperatures down to 10 K, R(  ) displayed little temperature dependence, maintaining roughly the same form as the
data shown at 80 K. Our results in the visible part of the
spectra at 300 K 共solid line in Fig. 1兲 agree well with the
ellipsometric data by Kirillova et al. 共dotted line兲.14
Kramers-Kronig 共KK兲 analysis of R(  ) was used to obtain the complex conductivity  (  )⫽  1 (  )⫹i  2 (  ). For
the analysis, R(  ) was extrapolated to high energy using the
data from Ref. 14. A standard Hagen-Rubens low-energy
extrapolation uses the measured dc resistivity in the NiMnSb
films 共 dc ⬃20 and 37 ⍀ cm for T⫽80 and 300 K兲. At low
energies 关Fig. 2共a兲兴, the coherent response of free carriers
leads to a Drude-like peak in  1 (  ) centered at  ⫽0. As the
temperature is lowered from 300 to 80 K, the peak narrows
and  1 (  →0) increases in accord with the dc results
R12 565

©1999 The American Physical Society

RAPID COMMUNICATIONS

R12 566

MANCOFF, CLEMENS, SINGLEY, AND BASOV

FIG. 1. Reflectance R(  ) at 300 K 共solid line兲 over extended
energy range, including high-energy extrapolation using data from
Ref. 14 共dotted line兲. Inset: The R(  ) of NiMnSb film at 80 and
300 K decreases with  in far infrared.

marked by arrows. Figure 2共b兲 shows the conductivity at 300
K over a broader energy range up to where  1 (  ) is dominated by interband transitions, including data from the KK
analysis 共solid line兲 as well as previous ellipsometry measurements on our NiMnSb films11 共dashed line兲. The curves

FIG. 2. 共a兲 Frequency dependence of the real part of complex
conductivity  1 (  ) at 80 K 共dashed line兲 and 300 K 共solid line兲 for
the intraband region obtained through Kramers-Kronig analysis.
The conductivity from standard dc transport measurements, as
marked by arrows, is consistent with  1 (  →0). 共b兲  1 (  ) at 300
K, extended into the interband range 共solid line兲. The dashed line
presents previous ellipsometry data for a similar NiMnSb film.11
The dotted line shows theoretical  1 (  ). 17 共c兲 The spectra of the
scattering rate calculated from conductivity at 80 and 300 K as
described in the text. The pronounced frequency dependence of
1/ (  ) reveals that the intraband response is different from simple
Drude behavior. Inset: Scattering rate curves at low energies show
threshold increase at ⬃700 cm⫺1 共90 meV兲 for 80 and 300 K.

PRB 60

from these two experimental techniques are in good agreement in their overlapping energy range. Our data are consistent with previous measurements for other single crystals and
films,14–16 including both the positive slope of the conductivity spectrum at ប  ⬎1 eV as well as two shallow peaks at
2.2 and 3 eV. These peaks are also present in the theoretical
 1 (  ) curve 共dotted line兲 that is based on the band-structure
calculations suggesting half-metallic ferromagnetism in
NiMnSb.17 The interband features at 2.2 and 3 eV have been
associated with electron transitions of the type p ↓ (Sb)
→d ↓ (Mn) across a minority-spin energy gap at the L and ⌫
points for the NiMnSb band structure.14,16,18
Attempts to fit the intraband response of  1 (  ) in Fig.
2共a兲 using a Drude term  (  )⫽  dc /(1⫺i   ) show the
 1 (  ) data fall off more slowly than this simple form. To
quantify this deviation, we determined the frequency dependence of the scattering rate using the extended Drude model
共see Ref. 19 for a review兲:

1/ 共  兲 ⫽

冉 冊

 2p
1
Re
.
4
共  兲

共1兲

The plasma frequency  p is calculated from  2p
⫽8 兰 ⍀
0  1 (  )d  , where the chosen cutoff frequency ⍀
⫽8100 cm⫺1 corresponds to the end of the region dominated
by the intraband response, leading to  p ⬃36 000 cm⫺1 at
300 K, with less than a 1% increase at 80 K. We find that the
spectra of 1/共兲 show a pronounced frequency dependence
关Fig. 2共c兲兴. Except for the lowest frequencies, the absolute
value of the scattering rate is smaller than , which is in
accord with the Fermi-liquid theory. Notably, 1/共兲 reveals
nearly linear  dependence between 1000 and 4500 cm⫺1
which is in disagreement with the  2 behavior expected in a
metal.20 The scattering rate spectra at 80 and 300 K show a
kink at 700 cm⫺1 共90 meV兲, with 1/共兲 at 80 K remaining
nearly flat up to this threshold  关inset to Fig. 2共c兲兴. As will
be discussed, the unusual quasilinear increase in 1/共兲 as
well as the kink can be attributed to a peculiar electronic
structure of NiMnSb. Also, 1/共兲 in the limit of  →0 decreases with lower temperature, consistent with the dc transport.
A threshold structure in the 1/共兲 spectrum of a conducting material is suggestive of an abrupt increase of scattering.
For a ferromagnetic metal such as NiMnSb, such an increase
can be attributed to the energy difference ⌬ between the
Fermi energy E F and the onset of the conduction band for
the spin-down electrons. In a half-metallic ferromagnet at
low temperatures and ប  ⬍⌬ 关⬃700 cm⫺1 or 90 meV for
NiMnSb as determined in Fig. 2共c兲兴, spin-flip scattering is
forbidden due to the lack of available spin-down states at
that energy. These spin-flip events may result from scattering
by magnons or other magnetic impurities, such as local deviations in magnetic ordering due to atomic site disorder or
nonstoichiometry in the NiMnSb compound. Note that the
threshold in 1/共兲 also persists in the 300 K spectrum, as
can be expected for a ferromagnet with a Curie temperature
above room temperature. Recent experimental study of
CrO2, another half-metallic ferromagnet,21 also observed
such a threshold increase in 1/共兲.22
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FIG. 3. 共a兲 Spin-dependent density of states 共DOS兲 N ↑ (  ) and
N ↓ (  ) 共solid lines兲 are taken from Ref. 2. The position of N ↓ (  )
has been shifted down in  by 1470 cm⫺1 共0.18 eV兲 to reproduce
the frequency location of the observed scattering rate threshold
structure at ⬃700 cm⫺1 共90 meV兲. The pseudogap in N ↓ (  )
共dashed line兲 is set to produce the 50% spin polarization at the
Fermi level from the Andreev reflection suppression data 共Ref. 10兲.
共b兲 The frequency dependence of scattering rate at 80 K 共solid line兲.
The dashed line shows the result of spin-flip scattering rate simulation using Eq. 2 with N ↑ (  ) and N ↓ (  ) with pseudogap from 共a兲.
共c兲 The smooth features in N ↓ (  ) were approximated with rectangular steps 共dashed line兲. The lowered pseudogap gives enhanced
spin polarization P⬎50% resulting from setting  F↓ /  F↑ ⫽3 for scattering rate simulation. 共d兲 The scattering rate data 共solid line兲 and
simulation 共dashed line兲 using N ↑ (  ) and rectangular steps for
N ↓ (  ) from 共c兲.

In Fig. 3, we simulate the behavior of 1/共兲 using a
model proposed in Ref. 23 suggesting that spin-flip scattering processes lead to the following frequency dependence of
the scattering rate:
1/ s f 共  兲 ⬀

冕

 /2

⫺  /2

关 N ↓ 共  ⬘ ⫺  /2兲 N ↑ 共  ⬘ ⫹  /2兲

⫹N ↓ 共  ⬘ ⫹  /2兲 N ↑ 共  ⬘ ⫺  /2兲兴 d  ⬘ .

共2兲

In Eq. 2, N ↑ (  ) and N ↓ (  ) denote the density of states
共DOS兲 for the majority and minority spins, respectively. As
expected, the model yields 1/ s f (  )⫽0 for ប  ⬍⌬ in a half
metal. In Eq. 2, we use N ↑ (  ) and N ↓ (  ) for NiMnSb from
the theoretical calculations of Ref. 2 关solid lines in Figs. 3共a兲
and 共c兲兴, with two modifications. First, the complete energy
gap, for which N ↓ (  )⫽0 around E F as calculated, is replaced with a pseudogap 关dashed line in Fig. 3共a兲兴, introducing a constant, nonzero N ↓ (  ) over the gap range. This
pseudogap reduces the spin polarization at E F from the half
metallic P⫽100% down to ⬃50% in accord with recent Andreev reflection measurements with a superconducting point
contact.10,24 Such a suppression of the spin polarization may
result from atomic disorder or defects in the NiMnSb
lattice.25 As a second modification to the theoretical DOS,
we shift N ↓ (  ) in energy with respect to N ↑ (  ) and the
Fermi level  ⫽0. The chosen extent of the shift adjusts the
position of E F within the pseudogap in N ↓ (  ) so as to re-
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produce correctly the frequency location of the threshold feature in the 1/共兲 data. Following this shift, E F still remains
closer to the minority-spin conduction band than to the valence band, as theoretically calculated.2 Finally, the scattering rate simulations also include a proportionality factor and
a constant offset added to Eq. 2.
The simulated 1/共兲 from Eq. 2 using the modified
N ↑ (  ) and N ↓ (  ) from Fig. 3共a兲 is shown with the dashed
line in Fig. 3共b兲. The simulation reproduces the general
shape of the 80 K experimental 1/共兲 共solid line兲. However,
the experimental scattering rate is nearly flat for  below the
threshold, as expected for a P⫽100% half-metallic ferromagnet with ប  ⬍⌬, and increases sharply above the threshold. The simulated 1/共兲, though, shows a slight positive
slope for low , since the pseudogap used for N ↓ (  ) gives
P⫽50%, which allows limited spin-flip scattering even below ⌬. Since reproduction of the flat region in 1/共兲 at low
 using Eq. 2 requires a complete spin polarization, we examine possible explanations for this discrepancy in the suppressed slope of 1/共兲. We note that the electronic structure
shown in Fig. 3 will also lead to suppression of nonmagnetic
scattering due to the lack of final states for ប  ⬍⌬. Equation
2 does not account for these processes, though. Also, the
Andreev reflection technique may yield a polarization P c
⬃50% that is artificially lowered due to local disruption of
the ideal C1 b NiMnSb unit cell by damage from insertion of
the superconducting point contact tip. Finally, due to the
different definitions of P and P c , 24,26 a Fermi velocity ratio
v F↓ / v F↑ ⬎1 would give P⬎ P c ⫽50%, thus producing a lower
N ↓ (  ) pseudogap level and a flatter simulated 1/共兲 below
the frequency threshold. An improved correspondence with
the curvature of the 1/共兲 data over the range up to 
⬃6000 cm⫺1 is obtained using an approximation of the features in N ↓ (  ) with rectangular steps 关dashed line in Fig.
3共c兲兴. For this N ↓ (  ), we also include a pseudogap which
has a relatively low level determined by using P c ⫽50% and
setting v F↓ / v F↑ ⫽3. The resulting 1/共兲 simulation 关dashed
line in Fig. 3共d兲兴 almost completely reproduces the experimental spectrum, including a highly suppressed slope at low
 as a result of an enhanced P due to the lowered pseudogap
level. A similar simulation using the rectangular steps for
N ↓ (  ) but with the pseudogap level set by v F↓ / v F↑ ⫽1 and
P⫽ P c ⫽50% also agrees with the 1/共兲 data at high  but
contains a noticeably greater slope of 1/共兲 below the
threshold than observed. Finally, as a comparison with the
NiMnSb data, we are not aware of any previous experimental
1/共兲 analysis for an elemental ferromagnet with P
⬍100%. However, we have used Eq. 2 and the theoretical
N ↑ (  ) and N ↓ (  ) for ferromagnetic Fe 共Ref. 27兲 to produce
a simulated 1/共兲 spectrum, which as expected does not
show any threshold for suppression of 1/共兲 at low .
We also discuss the carrier density n in NiMnSb in conjunction with our result for the plasma frequency  2p
⫽4  ne 2 /m * , where m * is the effective mass of conducting
carriers and e is the electron charge. Our result for w p
⫽36 000 cm⫺1 includes approximately a 10–15% uncertainty in the value of the n/m * ratio. This uncertainty is
related to the somewhat ambiguous choice of the cutoff frequency ⍀⫽8100 cm⫺1 in the integral of the conductivity
 1 (  ). Contributions to this integral due to interband tran-
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sitions that extend below the cutoff ⍀ are calculated and
removed using a description of the interband conductivity in
terms of Lorentz oscillators,16 giving a decrease for  p of
⬃2%. Assuming the free-electron mass for m * , the  p value
corresponds to n⬃0.7 conducting carriers per NiMnSb formula unit. This estimate is in reasonable agreement with
band-structure calculations that suggest the conducting states
are holes in a partially occupied Sb 5p band,1 with an expected concentration of one hole per NiMnSb formula unit
for the half-metallic state.4
In summary, we investigated the electronic structure of
thin films of the predicted half-metallic ferromagnet NiMnSb
using optical reflectance spectroscopy. For energies in the
region of interband transitions, the optical conductivity
agrees with results for bulk NiMnSb understood in terms of
the theoretical half-metallic band structure. The frequency

dependent carrier scattering rate indicates a deviation from
ideal Drude behavior in the intraband region. The scattering
rate increases sharply above a threshold frequency, suggesting the onset of an additional scattering channel which can
be connected to spin-flip processes. A model to describe the
experimental scattering rate spectrum uses a realistic spindependent density of states. Therefore, both interband and
intraband contributions to the optical conductivity are indicative of an electronic structure for NiMnSb with a high degree
of spin polarization.
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