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Dielectric tensor for magneto-optic NiMnSb
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The diagonal component«xx and off-diagonal component«xy of the complex dielectric tensor for the
ferromagnetic compound NiMnSb are determined usingex situspectroscopic ellipsometry and magneto-optic
analysis over the spectral range from 0.7 to 6.2 eV. The effects of the overcoat on the raw data are removed by
the analysis. First, the complex«xx of thin-film NiMnSb were determined byex situspectroscopic ellipsom-
etry; then«xy was determined by analyzing Kerr rotation and ellipticity data using the determined«xy data.
Lorentz oscillators were used to model peaks seen in the«xx spectra. The diagonal dielectric component«xx is
dominated by free-carrier effects below 1.15 eV, and dominated by interband transitions above 2.0 eV. The
center energies of the Lorentz oscillators are consistent with the calculated band structure and minority-spin
optical conductivity of NiMnSb. Joint density of states and optical conductivity calculated from«xx(2) data
with free-carrier effects removed shows onset energies at;0.6 and;0.2 eV, respectively. From a study of the
«xx and«xy spectra, the Kerr rotation peak at lower energy is determined to be due to combined contributions
from: ~1! a crossover between the free-carrier effect and interband transitions, and~2! transitions involving
spin-orbit coupling. The high-Kerr rotation peaks at higher energies result exclusively from transitions involv-
ing spin-orbit coupling.@S0163-1829~99!13615-4#
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I. INTRODUCTION

Ferromagnetic compounds like NiMnSb and PtMn
have been studied as magneto-optic~MO! materials for more
than a decade.1–20 Both compounds are predicted to be ha
metallic materials.2 The half-metallic nature was confirme
by spin-polarized measurements~positron annihilation stud-
ies! for NiMnSb,9 and transport measurements for NiMnS
and PtMnSb.8,11 Accurate values for diagonal and of
diagonal components of the dielectric tensor are impor
for magneto-optic studies as well as band-structure stud
The «xx spectrum~diagonal part of the dielectric tensor! for
NiMnSb was published for bulk materials,4 and the off-
diagonal part«xy was derived from the Kerr responses~ro-
tations and ellipticities! and the«xx spectrum.6 Smaller Kerr
rotations and ellipticities were found for NiMnSb compar
to PtMnSb.1 Different possible origins of the Kerr respons
have been suggested in spin-orbit coupling,3 plasma-edge
enhancement,5,16 and scalar relativistic effects.7 Ab initio the-
oretical calculations have been performed for«xx , and
«xy .12–16Kerr rotation and ellipticity were in turn calculate
and compared to available experimental data.

Recently, thin-film NiMnSb has attracted considerable
terest due to its half-metallic nature—metallic for majorit
spin electrons and semiconductive for minority-sp
electrons—which leads to the 100% spin polarization
the Fermi level. This means it potentially can be used
‘‘spin filter’’ layers in multilayer systems to produce stron
ger conventional or tunneling giant magneto-resista
PRB 590163-1829/99/59~15!/9965~7!/$15.00
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effects.10,17–20Large magnetoresistance was found in eva
rated NiMnSb/Al2O3/NiFe multilayer structures due to
spin-polarized tunneling effect.19 MO Kerr responses ove
the range from 0.8 to 5.0 eV for sputter-deposited NiMn
thin films have been published.20 Also, the diagonal part of
the dielectric tensor~in terms of complex optical constantsn
and k! for sputter deposited thin-film NiMnSb and PtMnS
were measured in the spectral range from 1.4 to 5 eV.18

In this paper, a precise method for measuring the die
tric tensor of thin-film NiMnSb over the range from 0.7 t
6.2 eV is used: a combination ofex situspectroscopic ellip-
sometry~SE! and magneto-optic analysis, based on elect
magnetic theory,21,22 which works effectively for multilayer
structures.23 Since NiMnSb easily oxidizes, direct measur
ments of both the diagonal and the off-diagonal parts of
dielectric tensor are not possible in air. Multilayer analy
on samples with a protective cover layer is necessary to
cisely determine the intrinsic dielectric tensor of the und
lying magnetic materials.

Results are compared with recent calculations of«xx ,
sxy(2), and calculated band structure by V. N. Antono
et al.15 Further, the spectrally dependent«xx data are fitted in
regression analysis using a phenomenological Lorentz o
lator model with four oscillators plus a Drude term. The fi
are excellent, and the relative contributions of interband tr
sitions and free-carrier effects~Drude! to «xx are determined.
Optical conductivity and joint density of states~JDOS! were
then calculated exclusively for the four oscillators, and t
results are compared to results of Ref. 4.
9965 ©1999 The American Physical Society
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II. THEORY

A Jones matrixJ is used to describe the optical system f
MO material structures, given by21,22

J5S Rx Ky

Kx Ry
D . ~1!

The reflected electric fieldEr is related to the inciden
electric fieldEi by the Jones matrix:Er5J–Ei . Kerr rotation
and ellipticity are defined by:uk5Re(Kx /Rx) and hk
5Im(Kx /Rx), respectively. In this paper where the incide
light beam is at normal angle, the Jones matrix is a funct
of wavelength, the individual layer thicknesses, and the sp
trally dependent dielectric tensors of the individual laye
With layer thicknesses and measuring wavelengths pred
mined, the dielectric tensor for each individual layer is t
only parameter to be determined.

For an MO layer, the dielectric tensor is given by

«5S «xx «xy 0

2«xy «xx 0

0 0 «xx

D . ~2!

The magneto-optic Kerr response is determined by b
diagonal and off-diagonal components in the dielectric t
sor. By normalizing Eq.~2! the dielectric tensor can be ex
pressed as

«5«xxS 1 2 iQ 0

iQ 1 0

0 0 1
D , ~3!

whereQ ~Voigt parameter! is defined as

Q5Q11 iQ25 i«xy /«xx . ~4!

Here, ‘‘1’’ and ‘‘2’’ denote the real and imaginary part
of the complexQ. This will be the same for complex«xx and
«xy .

To determine the dielectric tensor,ex situspectroscopic
ellipsometry analysis was first used to measure the ellip
metric parametersC andD, and«xx was then found by re-
gression fits to the SE data. In our analysis, the dielec
function «xx for materials other than NiMnSb@MgO,24

vanadium,25 and Al2O3 ~Ref. 26!# in the multilayer structure
were taken as fixed, using published data, and the th
nesses for all layers were predetermined during molecu
beam epitaxy growth. Thus, the«xx for NiMnSb is the only
parameter necessary to be fitted for in the regression,
may be precisely determined without correlation to oth
variables.

Secondly, since«xx has been determined andQ values are
zero for the nonmagnetic layers in the analyzed multila
structures,Q for the NiMnSb magnetic layer can be me
sured using a simple procedure similar to that for find
«xx : regression fittingQ to the measured magneto-optic Ke
rotation and ellipticity data. Here,Q for NiMnSb is the only
variable; therefore, it is also determined precisely and w
no correlation to other variables.«xy is then determined us
ing Eq. ~4! from the determined«xx andQ values.
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A phenomenological Lorentz oscillator~LO! model was
used to fit the diagonal dielectric tensor element«xx . The
LO model is given by27

«xx5«`1(
j

Aj

~Ej
22E2!2 iE•Bj

, ~5!

where Aj54pne2\/mj* , Bj5\/t j , Ej5\v j , and E
5\v. Ej is the center energy of oscillatorj, which could
potentially correspond to one of the critical-point transitio
of the material. More likely, each oscillator might be due
an integrated combination of transitions from different pa
of the band structure. In any case, such a phenomenolog
analysis should be helpful to theorists in making compa
sons with experiment. In the oscillator analysis«` is a con-
stant. mj* is the effective mass andt j the relaxation time of
oscillator j. n is the carrier density for the material ande is
the electron charge.Aj andBj are defined as the amplitud
and the broadening factor of each individual oscillator, a
Aj , Bj , Ej , plus«` are the fit parameters in the regressio
When Ej is zero, the corresponding oscillator has the sa
form as the classic Drude model for free carriers.

The dielectric tensor can be converted to the conductiv
tensor through

sxx5 iv~12«xx!/4p , ~6.1!

sxy52 iv«xy/4p. ~6.2!

We compare thevsxy(2) spectra to the calculated spect
published in Ref. 15.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Optical spectra

The single-crystal NiMnSb sample was grown on a~100!
MgO substrate at 200 °C by molecular-beam epitaxy. T
NiMnSb layer was sandwiched between a vanadium s
layer and an Al2O3 protective layer. The atomic compositio
ratio for Ni:Mn Sb is 33.8:33.2:33.0, determined from Rut
erford back-scattering spectroscopy. Layer thicknesses foV,
NiMnSb, and Al2O3 layers are 5, 83.4, and 4 nm, respe
tively, which are determined using anin situ quartz-crystal
monitor with 61% precision.

Ex situ SE data are shown in Fig. 1~a! taken with three
different incidence angles. The dielectric function«xx of the
NiMnSb layer was then determined by regression fitting
«xx from the SE data, as described in the previous sect
During the fit, published values of the dielectric functions f
MgO, V, and Al2O3 were used,24–26 with thicknesses of the
layers fixed at predetermined values. The«xx data for
NiMnSb are shown in Fig. 2, as well as published theoreti
«xx data for NiMnSb~Ref. 15!.

By inspection of the«xx spectra, a Drude edge is seen
the lower energy range. However, in the higher energy ran
the features are more semiconductorlike. Comparing exp
mental«xx data in Fig. 2 to previously published theoretic
results~Ref. 15!, reasonably good agreement~especially in
the real part of«xx) is found with respect to the peak pos
tions, which are at roughly the same photon energies. H
ever the peaks in the experimental data are generally m
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weaker and smoother. Differences are probably due to:~1!
the imperfections~defects and grain boundaries! in the ex-
perimentally grown layers;~2! the thermal conditions~room
temperature measurements!; ~3! roughness at the surface
and interfaces of the experimental materials; and~4! the fi-
nite experimental thickness for the NiMnSb compared to
infinite bulk crystal used in theoretical calculations.

To quantify the contributions from both the free-carri
effect and the interband transitions, the«xx data were fit

FIG. 1. ~a! Experimental SE data taken from the sample with
structure shown in~b! and the regression model fit for«xx of the
NiMnSb layer. The published«xx data were used for MgO~Ref.
24!, vanadium~Ref. 25!, and Al2O3 ~Ref. 26!.

FIG. 2. Diagonal dielectric component«xx of the NiMnSb layer
obtained from the fit of Fig. 1 and the Lorentz oscillator fit for t
«xx . Also shown are the theoretically calculated data duplica
from Ref. 15.
e

using the LO model@Eq. ~5!#. The fit is also shown in Fig. 2
and results of the Lorentz parameters are given in Tabl
The model fit was excellent with one Drude term and fo
oscillators. It can be seen in the figure that the experime
data and LO fits are overlapped. The Drude term has a la
amplitude and much smaller broadening factor compare
the four other oscillators in the model. Center energies
the other oscillators are 1.77, 2.28, 3.05, and 4.42 eV,
spectively. Using more/fewer oscillators was tried, but t
‘‘goodness of fit’’ parameter was always worse. Furthe
more, the correlation coefficients among floating oscilla
parameters of the fits for the five oscillators were all acce
ably low ~high correlation indicates lack of uniqueness!. The
degrees of uncertainty~from the 90% confidence limits! on
each parameter, provided by the regression procedure
listed in Table I. Note that the uncertainties on the cen
energies are low for all five oscillators. The uncertainties
the amplitudes of four oscillators are higher than other
rameters, but generally uncertainties are low.

Comparison of contributions from the free-carrier effe
and other oscillators are shown in Fig. 3. One can see f
the figure that the Drude effect dominates in the lower
ergy range and the oscillator effects dominate in the hig
energy range. The crossover energy between the Drude
fect and the interband transitions is at 1.15 eV in the«xx(2)
spectra. The Drude effect approaches zero with increa
photon energies in both the«xx(1) and «xx(2) spectra;
meanwhile, the oscillator contributions to the«xx(1) de-
crease to zero with increasing energies, but the contribut
to «xx(2) are significantly higher in the higher energy rang

The crossover between the Drude contribution and
oscillator contributions creates positive«xx(1) data over the
range from;1.4 to;2.5 eV, and also creates a minimum
«xx(2) at;1.3 eV. This result has a significant effect on t
Kerr spectra, which will be discussed in Sec. III B.

The optical conductivitys and joint density of states fo
interband transitions were calculated from the«xx(2) data
determined by LO parameters~excluding the Drude term!
over the spectral range from 0.02 to 6.2 eV, as shown in F
4. The relation between JDOS and«xx(2) is given by4

JDOS5E dkd@Ef~k!2Ei~k!2\v#5v2«xx~2!,

~7.1!

wheref an i denote the final and initial states, and the relati
betweens and«xx(2) is given by

d

TABLE I. The Lorentz oscillator fit results for«xx of NiMnSb.
~90% confident limits are shown behind the ‘‘6’’ signs!

«xx(1) ~inf.! 1.2360.04
Center Energy

~eV!
Amp.
~eV!

Broadening factor
~eV!

Oscillator #0 0~Drude! 7.160.1 0.2760.01
#1 1.7760.02 9.4361.36 1.0260.05
#2 2.2860.01 7.4261.56 0.8860.09
#3 3.0560.01 14.362.5 1.1660.08
#4 4.4260.07 10365 4.6260.15
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s5v«xx~2!. ~7.2!

The relatively broadened onset energy fors from our
work is ;0.2 eV. This is smaller than the 0.7 eV onset e
ergy fors determined in Ref. 4. The difference is due main
to the fact in Ref. 4 the Drude contribution was obtained
fitting experimentals data only in a small energy range in
stead of over the entire wide energy range used in this w
The result reported in Ref. 4 is a larger Drude-effect con
bution and a smaller interband-transition contribution to
optical conductivity values, which in turn leads to a high
onset energy than found in the present paper.

The onset energy for the JDOS is;0.6 eV from our re-
sults, as can be observed in Fig. 4.

FIG. 3. The Drude term~solid line!, total oscillator contribution
~a! and ~b!, and separated oscillators contributions~c! and ~d! for
«xx of the NiMnSb layer.
-

y

k.
i-
e
r

The corresponding direct interband transitions at 1.8, 2
and 3.1 eV~for oscillators #1, #2, and #3, respectively! in-
volve theL point andG point from the calculated relativistic
spin-polarized energy band structure for NiMnSb publish
in Ref. 15. Sharp density of states peaks were seen in
sides of the Fermi level for 2.2 and 3.1 eV transitions. F
the 1.8 eV transition, a peak in the upper band, and a sh
der in the lower band were seen. Oscillator #4 is so bro
ened that it has less meaning in a band-gap corresponde

The maximum in the minority-spin optical conductivit
spectrum shown in Ref. 4~calculated from the band structur
given in Ref. 2! has peaks near 1.95 eV~extends from 1.8–
2.3 eV! and near 3.03 eV~extends from 2.4–3.7 eV!. This is
also consistent with our results.

It should be pointed out that in Ref. 18, the author su
gested a 1.1 eV band gap for NiMnSb from the onset p
position of the transmission spectrum. Transmission d
were generated from our results using the LO model fo
40-nm thick NiMnSb layer~the nominal thickness from Ref
18!, producing a very similar spectrum except for an app
ent onset energy at 1.3 eV. That is to say, the transmis
peak at lower energy is due to the crossover between
broadening of the interband transitions at higher energy
the onset of free-carrier effects at lower energy. This res
demonstrates that it is inadequate to obtain the band
from the onset energy of the transmission data. The fr
carrier Drude-effect dominance in the lower energy ran
makes it impossible to see the band gap for NiMnSb, wh
is predicted to be indirect at;0.6 eV.15

Conclusions from LO model fits are as follows: Th
broadened interband transitions contribute to the«xx spec-
trum in the range from,0.7 to .6.2 eV. The oscillator
positions are consistent with the band structure calculate
Ref. 15, and with the predicted minority-spin optical condu
tivity in Ref. 4. The free-carrier Drude effect dominates
the lower energy range and interband transitions dominat
the higher energy range.

B. Magneto-optic spectra

By modifying the same ellipsometer used forex situspec-
troscopic ellipsometry, MO polar Kerr rotation and ellipticit
data were taken over the same spectral range. However,
response signals became much noisier in the UV ran
Therefore only the best data~from 0.7 to 5.4 eV! are pre-
sented. Kerr responses are shown in Fig. 5. The MO anal
was also done using a regression fit, as described in

FIG. 4. The joint density of states and the optical conductivitys
calculated from the four oscillators obtained from the LO fit, e
cluding the free-carrier Drude effect.
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theory section. As a result, the Voigt parameter was de
mined, as shown in Fig. 6. The off-diagonal component«xy

for the same NiMnSb layer was then calculated using Eq.~4!
and is shown in Fig. 7.

The off-diagonal conductivity componentsxy for
NiMnSb was converted from«xy using Eq. ~6! and the
imaginary part of thevsxy spectrumvsxy(2) was com-
pared to the theoretically calculatedvsxy(2) spectrum pub-
lished in Ref. 15 over the same spectral range, as show
Fig. 8. There is rough qualitative agreement. However,
experimental data have more peaks in the spectra, and
maximum position in the low-energy range is 1.6 eV, co
pared to 2.1 eV calculated in Ref. 15. In the higher ene
range, two peaks~;3.9 and;4.8 eV! were found compared
to one at;4 eV in the calculated spectrum. The negati
points in the experimentalvsxy(2) data correspond to th
zero crossing in the Kerr-rotation spectrum.~This is also
seen in previously published Kerr responses for NiMnSb.1,20!
However, the zero crossing is not seen in the theoretic
calculated Kerr rotation~Ref. 15!.

Comparing«xy ~Fig. 7! or vsxy(2) ~Fig. 8!, to «xx ~Fig.
2! reveals that more, and sharper peaks are found in the«xy
spectra than in the«xx spectra between 1 and 6 eV, esp

FIG. 6. The measured Voigt parameterQ for NiMnSb.

FIG. 5. Kerr rotation and ellipticity data taken for the NiMnS
sample, and the fit for the complexQ values for the magnetic
NiMnSb layer.
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cially at ;3.9 and;4.8 eV where the«xx spectra are flat.
The peaks in the«xy spectra come from transitions involvin
spin-orbit coupling.28,29

The relationship between Kerr rotationuk , ellipticity hk ,
«xy , and«xy is given by

uk1 ihk52«xy /@~«xx21!«xx
1/2#. ~8!

The largest Kerr rotation peak is at;1.5 eV, as shown in
Fig. 5. One can see that maxima can be found in both«xy(1)
and «xy(2) spectra around;1.5 eV, as shown in Fig. 7
Also, «xx(1) is close to 1 and«xx(2) has a minimum in the
same region, both due to the broadened interband trans
crossover with the Drude effect. That is to say, the K
rotation peak at 1.5 eV is related to transitions involvi
spin-orbit coupling@a maximum in the numerator in Eq.~7!#,
along with the combination of free-carrier effects and int
band transitions~a minimum in the denominator!.

Notice that thevsxy(2) peak is at 2.1 eV in Ref. 15~1.6
eV from our measurements!. Based on this, the authors con
cluded that the 1.5 eV Kerr rotation peak is dominated by
minimum in the denominator, which differs from our concl
sion.

Other Kerr response peaks occur in the higher phot
energy range where the Drude effect is almost zero. T
local minimum at 2.4 eV is due to the zero crossing
«xy(1) near this energy and the local minimum of«xy(2) at
the same energy. Both higher energy peaks in Kerr respo
at ;3.9 and;4.8 eV are related to peaks in the«xy spectra
~recall that«xx spectra are very flat in this range!. This re-
sults in the Kerr peaks in the higher energy range be
determined almost entirely by the off-diagonal part of t
dielectric tensor, which in turn is determined by transitio
involving spin-orbit coupling.

FIG. 7. Off-diagonal dielectric component«xy for the NiMnSb
layer.

FIG. 8. Comparison of experimentally measuredvsxy(2) to
theoretically calculated data duplicated from Ref. 15.
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C. Intrinsic figure of merit for NiMnSb

An intrinsic figure of merit~FOM! for certain materials
with known dielectric tensors is given by30

FOM5
u«xyu

2•Im~«xx!
. ~9!

The intrinsic FOM spectrum was determined for NiMnS
using the experimental data and Eq.~9! as shown in Fig. 9. It
shows that the FOM is relatively small for NiMnSb over th
entire spectral range~see Ref. 30!. The wavelength with the
largest Kerr rotation is also that with the best FOM point
a photon energy of;1.5 eV. This peak was determined b
both a maximum in the«xy spectrum, as well as a minimum
in the «xx(2) spectrum. The other peaks in the FOM ar
almost exclusively from oscillations in the«xy spectra.

IV. CONCLUSIONS

The full dielectric tensor for the ferromagnetic compou
NiMnSb was precisely determined by the combination ofex

FIG. 9. Measured intrinsic figure of merit for NiMnSb.
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situ spectroscopic ellipsometry and magneto-optic analy
on thin film grown by MBE. This is known to be a powerfu
method for the study of intrinsic magneto-optic properties
multilayered structures. The diagonal dielectric compon
«xx was well fit using the phenomenological Lorentz oscil
tor model with four oscillators, and a Drude term. The cen
energies of the oscillators are consistent with the calcula
band structures for NiMnSb discussed in Ref. 15, and w
the calculated minority-spin optical conductivity in Ref.
We find the onset energy for optical conductivity fo
NiMnSb to be smaller than reported previously~Ref. 4!. The
onset energy for the joint density of states is;0.6 eV from
the result of this paper. Results also show that: free-car
effects dominate the«xx spectra in the lower photon-energ
range~below 1.15 eV!; and interband transitions dominate
the higher photon-energy range~above 2.0 eV!. More and
much sharper features were found in the measured«xy spec-
tra. The highest Kerr rotation peak~also FOM peak! is due to
combined contributions from:~1! crossover between th
free-carrier effect and interband transitions, and~2! transi-
tions involving spin-orbit coupling. The high Kerr and FOM
peaks at higher energies result from transitions involv
spin-orbit coupling.
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