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Spin-orbit effects on the band structure and Fermi surface of ErAs and ErxSc12xAs
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Band structures of ErAs and ErxSc12xAs alloys~treated in virtual crystal approximation! calculated by the
linear muffin-tin orbital method including spin-orbit coupling as well as spin polarization are presented.
Corrections to the local spin density approximation are included by a constant upwards shift of the Er-5d
derived conduction bands adjusted to yield the observed carrier concentration. Fermi-surface and effective
mass parameters are presented and used to simulate the Shubnikov–de Haas spectrum which is shown to be in
good agreement with the experimental spectrum.@S0163-1829~97!05215-6#
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ErAs and related materials~e.g., ErxSc12xAs alloys! have
recently been grown epitaxially on GaAs~Ref. 1! and incor-
porated in novel semiconductor/semimetal dev
structures.2,3 The magnetotransport properties of these ma
rials which are semimetals were studied in several paper4–9

The electronic band structure of these materials was stu
by Petukhov, Lambrecht, and Segall10–12 and used to inter-
pret these data. An important result from those studies10,11

was that the local spin density approximation~LSDA! ~Refs.
13 and 14! overestimates the overall dimensions of the Fe
surface. It was shown that this could be corrected for b
small rigid upwards shift of the lowest mostly unoccupi
D28 Er-5d derived band. This is analogous to the ‘‘gap’’ co
rection required for semiconductors. Although fairly go
agreement with the reported Shubnikov–de Haas~SdH!
frequencies6 was thereby obtained, the agreement involve
different assignment of some of the experimental frequen
to hole ~nearG) and electron~nearX) orbits from the one
given originally by the experimentalists. Subseque
studies7,8 have in fact lent support to the original interpret
tion, and, in addition, found an extra peak at;600 T. The
purpose of the present paper is to show that this issu
resolved by including spin-orbit interaction, as was su
gested earlier.11 The spin-orbit interaction was also found
be crucial in understanding resonant tunneling throu
ErAs.12

The band-structure calculations were performed wit
the LSDA as parametrized by von Barth and Hedin.14 The
linear muffin-tin orbital ~LMTO! method was used in th
atomic sphere approximation~ASA!.15 The essential differ-
ence from the previous work is the inclusion here of t
spin-orbit coupling.16 The spin-orbit interaction parameter
obtained by solving the intrasphere Dirac relativistic eq
tion as discussed by Andersen.17 As in our previous work,
the Er-4f bands are treated as corelike states, an approx
tion which was justified in detail in Ref. 11. The Ferm
surface orbit areas were calculated using a linear interp
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tion of the bands on a triangular mesh in the appropri
planar cross sections, i.e., using an approach similar in s
to the tetrahedron method18,19 for the Fermi-surface volume
The Sc alloying effects were incorporated by averaging
LMTO potential parameters in the appropriate proportio
The bandwidth parameters15 DRl were averaged multiplica
tively „DRl(ErxSc12xAs)5@DRl(ErAs)#

x@DRl(ScAs)#
12x

…

while the center of the bandCRl and band shapegRl and
pRl parameters were additively mixed, e.g
CRl(ErxSc12xAs)5xCRl(ErAs)1(12x)CRl(ScAs). Here,
R stands for the various atomic sites andl the angular mo-
mentum components. The experimental lattice consta
were used in the present work. The metald potential param-
eters were shifted up so as to yield an effective quasipart
self-energy correction of;0.4 eV to the LSDA gap as dis
cussed in Ref. 10.

We recall that in this material spin-polarization effects a
important because an external magnetic fieldB orients the
localized 4f moments, which in turn polarize the valenc
and conduction states by the exchange mechanism. Whe
spin-orbit interaction is switched on, the hole exchange sp
tings depend strongly on the relative orientation of the sp

FIG. 1. ErAs hole bands along the@100# and@001# directions for
a magnetic field~or spin-polarization direction! parallel to@001#.
9239 © 1997 The American Physical Society
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~or B) and thek vector. This was shown previously using th
Kohn-Luttinger Hamiltonian in the spherically symmetr
approximation.12 In particular, it was found that the ex
change splitting of the light-hole bands is significantly low
for B'k than for Bik. This is consistent with the obse
vation of a spin-dependent and magnetic-field-orientati
dependent resonant tunneling12 and with the SdH measure
ments discussed here. In fact, a sizable spin splitting in
tunneling resonance was observed only for the magnetic

FIG. 2. LSD band structure of ErAs~a!, and adjusted band
structure of Er0.6Sc0.4As ~b!. The symmetry labels~neglecting
magnetic-field-dependent spin polarization but including dou
group representations! following notation of Elliott~Ref. 21! for the
lower bands in increasing energy order are atL, 61, (41,51)
~time reversal degenerate!, 61, 61,(41,51), 61; at G, (61,
81) derived fromG15 As-p-like, (81, 71) derived fromG258 Er-
d-like, 81 derived fromG12 Er-d-like, 61 derived fromG1 Er-
s-like; atX, 61, 71, 71, 61, 71. The labels forL andD are the
same as forL or X, respectively, but without the6 distinction.
r

-

e
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parallel to the quantization axis of the wave vector, i.e., p
pendicular to the interface of the ErAs quantum well in t
tunneling device. In the SdH experiments,9 where the mag-
netic field is always perpendicular to the quantized hole
bit, only a small exchange splitting~10.960.6 meV! of the
hole bands was detected.

The band structures along@001# and@100# directions with
Bi@001# are displayed in Fig. 1. It shows that the exchan
splitting of the hole states forBik ~40 meV at the Fermi
level! is indeed much larger than forB'k ~4 meV!. The
latter is even smaller than suggested by the experiment,9 but
we note that the experiments do not pertain to bulk samp

The band structures presented in Fig. 2 correspond
Bi ẑ while theD[G2X axis displayed is in thexy plane.
The considerable splitting of the hole bands~e.g., along the
L5G2L direction! is mostly due to theBik component.
The corresponding extremal Fermi-surface cross sections
shown in Fig. 3. The orbits shown are perpendicular to
B field so as to correctly represent the spin splittings for
hole states appearing in SdH measurements. For the ele
orbits nearX we are concerned with the large ‘‘longitudinal
cross section in theGXW plane labeledB, and the small
‘‘transverse’’ cross section in theXWU plane labeledA. The
spin polarization for both can readily be observed. For
hole orbits nearG, we are concerned with the heavy-, light
and spin-orbit split-off-hole band orbits. As can be seen,
spin splitting of the hole sheets of the Fermi surface is rat
small, as discussed in the preceding paragraph.

The top panel of Fig. 2 presents the bands for ErAs in
LSDA while the bottom panel shows the adjusted band str
ture of Er0.6Sc0.4As. We note in Fig. 3 the overall reductio
in Fermi-surface dimensions introduced by our correction
the LSDA as well as the shape change in the electron sur
which becomes more ellipsoidal as a result of the reduc
of hybridization between the crossing bands nearX.

The SdH frequencies are proportional to the areasA of
the extremal cross sections. The oscillating part of the tra
verse magnetoconductivity was calculated following Ada
and Holstein20 as

e

FIG. 3. Fermi surface of ErAs in LSD appromixation~a! and of
Er0.6Sc0.4As with adjusted band structure~b!. Solid and dashed
lines correspond to different spin. Wave vectors along the axes
in units of 2p/a.



ar

-
de-
gle

n

e-

and
nd
e

nd
eory
ad-
s of

tron
the
the

n
par-

in-
fre-
-

ex-
size
e-
el.
in-
d
ad-
fre-

for

r

55 9241BRIEF REPORTS
Ds

s0
55p(

i
(
r51

`

~21!rA B

2pr f i

3expS 2
2p2mikTDir

\eB D 2p2rmikT/\eB

sinh~2p2rmikT/\eB!

3cosS 2pr f i
B

2
p

4 D , ~1!

wherei labels the various orbits whose SdH frequencies
given by f i5Ai\/e and masses mi by mi
5(\2/2p)(]Ai /]E)EF, B is the magnetic field, andT the

TABLE I. Fermi-surface parameters of ErAs and Er0.6Sc0.4As.

ErAs Er0.6Sc0.4As
LSDA Adjusteda LSDA Adjustedb Expt.c

Shubnikov–de Haas frequencies~Tesla!

eA1 550 486 510 388 386
eA2 414 360 386 323 328
eB1 1887 1581 1570 1206 1111
eB2 1477 1213 1202 1018 941
hh1 1926 1635 1480 1246 1273
hh2 1875 1604 1477 1237 1222
lh1 1071 846 888 645 612
lh2 1044 826 876 637 589
sh1 333 165 239 44 150
sh2 317 158 235 43 150

Cyclotron masses~electron mass!d

eA1 0.17 0.16 0.19 0.16 0.17
eA2 0.15 0.14 0.18 0.15 0.17
eB1 0.45 0.42 0.50 0.43 0.47
eB2 0.42 0.39 0.47 0.42 0.47
hh1 0.50 0.47 0.40 0.41 1.0
hh2 0.49 0.46 0.39 0.41 1.0
lh1 0.32 0.28 0.27 0.25 0.5
lh2 0.31 0.28 0.26 0.25 0.5
sh1 0.14 0.16 0.14 0.17
sh2 0.13 0.15 0.13 0.16

Carrier concentrations (1020 cm23)e

total n5p 5.54 4.14 4.89 2.795 3.3~3.33!e

e2 3.38 2.57 3.05 1.625
e1 2.16 1.57 1.84 1.173
hh1 1.96 1.55 1.74 1.03 2.5
hh2 1.70 1.38 1.48 0.98 2.5
lh1 0.88 0.62 0.79 0.40 0.83
lh2 0.79 0.57 0.70 0.39 0.83
sh1 0.11 0.01 0.09 0.00
sh2 0.10 0.01 0.08 0.00

aEr-5d shifted up by 0.82 eV as for ErxSc12xAs.
bEr-5d–Sc-3d shifted upwards so as to adjusteA SdH frequencies.
cDeduced by a fit of Eq.~1! to the experiment for a 71 monolaye
sample of Er0.57Sc0.43As. ~Ref. 9!.
dNote thatmB5Amtml andmA5mt in an ellipsoidal model.
eThe value in parentheses isp, the other isn.
e

temperature. Thef i and mi are obtained from our band
structure calculations. The remaining parameters which
scribe the broadenings of the various peaks are the Din
temperaturesTDi5\/2pkt i which are determined by the
lifetimes t i . Approximate values for the lifetimes are give
by t i5mim i /e with mobilities m i deduced from Hall
measurements.8 The values used in the simulation corr
sponding toT54.2 K wereme'5969,mei5126,m lh5767,
andmhh5856 cm2/V s.8

The calculated SdH frequencies, cyclotron masses,
carrier concentrations are given in Table I for pure ErAs a
for Er0.6Sc0.4As with and without the corrections to th
LSDA along with experimental values.8 The Fourier trans-
form of Eq. ~1!, which is nearly periodic in 1/B, for the
calculated parameters for ErxSc12xAs is shown in Fig. 4
along with its decomposition into separate contributions a
the experimental spectrum. The agreement between th
and experiment is quite good considering that the only
justed parameters in the theory are the rigid upward shift
~minority! spin-up (1) and majority spin-down (2) Er-5d
bands. The poorest agreement occurs for the elec
B-orbit SdH frequencies which are overestimated by
theory by about 100 T. We note that this is sensitive to
precise shape of the Er-d derivedD7 band (D28 in single
group notation! which is slightly more susceptible to error i
our calculations because of the uncertainties in the quasi
ticle correction.

The present calculations strongly support the original
terpretation of the experiment which assigns the highest
quency~above 1200 T! to the heavy-hole orbit and the spin
split peaks at 930 T and 1110 T to theB cross sections of the
electron pockets. The spin-orbit split-off band~sh! can be
seen to barely contribute any carriers. Its contribution is
pected to disappear completely in thinner samples due to
quantization effects which would further lower the corr
sponding energy levels relative to the Fermi lev
Experimentally,9 a peak at 150 T was assigned to the sp
orbit split-off band. It is more pronounced in Hall data an
indeed only detectable in sufficiently thick samples. The
justed calculation underestimates the corresponding SdH

FIG. 4. Shubnikov–de Haas Fourier transform spectrum
Er0.6Sc0.4As alloy. Upper panel: experiment~solid line! compared
to theory ~dotted line!; bottom panel: separate electronA ~solid
line!, B ~dotted line!, and hole~dashed line! orbit contributions to
theory.
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quency. This and the remaining small discrepancies for
other SdH frequencies perhaps indicate the need for non
form shift and mass corrections for the hole bands bey
local spin density approximation~LDA !.

The major change from our earlier work resulting fro
the inclusion of the spin-orbit interaction involves the ho
surfaces. In particular, the area of the heavy-~split-off! hole
orbit is significantly increased~decreased! while the differ-
ence between the hh and lh areas is increased. These ch
can easily be understood in terms of the lowering of
split-off band and the increased interaction between the
and lh bands. The former requires a shift of the Fermi le
versus the top of the As-p bands atG in order to maintain the
same Fermi volume as without spin-orbit coupling. The lat
results from the lifting of degeneracies along symmetry lin
in the double group.

The hole mass parameters extracted independently f
the experiment8 for which the discrepancy appears to
quite large were noted earlier8 to be rather uncertain becaus
the experimental derivation is based on the temperature
pendence of the SdH signal over a very narrow tempera
range~1.4 – 4.2 K!. The ratio of the light- to heavy-hole
contribution to the carrier concentrationplh /phh (50.40 cal-
s
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culated! is in good agreement with the experiment~0.33–
0.38!. In a parabolic band model this determines the light-
heavy-hole density of states mass ratio throu
mlh /mhh5(plh /phh)

2/3. The directly calculated value fo
mlh /mhh is 0.60 while the above relation yields 0.54.

In conclusion, the present band-structure study includ
spin-orbit coupling resolves the difference in the interpre
tions of the Shubnikov–de Haas spectra of ErxSc12xAs. It
supports the original interpretation6–9 rather than the inter-
pretation of Ref. 10 in which heavy-hole and longitudin
electron assignments were interchanged. The main con
sion from the earlier work that the overall Fermi-surface
mensions are overestimated by the LSDA remains
changed. With the introduction of a constant energy ‘‘g
correction’’ our calculations for Er0.6Sc0.4As yield Fermi-
surface parameters which are in excellent agreement
experiment. A similar gap correction in the calculations f
ErAs provides corresponding predictions for that materia
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