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Spin-orbit effects on the band structure and Fermi surface of ErAs and EfSc, _,As
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Band structures of ErAs and B¢, _,As alloys(treated in virtual crystal approximatipealculated 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 tde Er-5
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 spectr[80163-1827)05215-¢

ErAs and related materiale.g., E;Sc;_,As alloyg have tion of the bands on a triangular mesh in the appropriate
recently been grown epitaxially on Ga&Ref. 1) and incor-  planar cross sections, i.e., using an approach similar in spirit
porated in novel semiconductor/semimetal  deviceto the tetrahedron meth84*for the Fermi-surface volume.
structure:® The magnetotransport properties of these mateThe Sc alloying effects were incorporated by averaging the
rials which are semimetals were studied in several papérs. LMTO potential parameters in the appropriate proportions.
The electronic band structure of these materials was studiebhe bandwidth parametérsAg, were averaged multiplica-
by Petukhov, Lambrecht, and Sed3i2and used to inter- tively  (Agr((ESG_xAs)=[Ag|(ErAS)]*[Agi(ScAs)* )
pret these data. An important result from those stdfiids while the center of the ban@g, and band shapeg, and
was that the local spin density approximati?w8DA) (Refs. pri  parameters  were  additively  mixed, e.g.,
13 and 14 overestimates the overall dimensions of the FermiCr|(Er,Sc, - xAs)=XxCg|(ErAs)+ (1—x)Cg|(ScAs). Here,
surface. It was shown that this could be corrected for by &R stands for the various atomic sites anthe angular mo-
small rigid upwards shift of the lowest mostly unoccupied mentum components. The experimental lattice constants
A Er-5d derived band. This is analogous to the “gap” cor- were used in the present work. The metgtotential param-
rection required for semiconductors. Although fairly good eters were shifted up so as to yield an effective quasiparticle
agreement with the reported Shubnikov—de H#8sH)  self-energy correction of-0.4 eV to the LSDA gap as dis-
frequencieSwas thereby obtained, the agreement involved e&ussed in Ref. 10.
different assignment of some of the experimental frequencies We recall that in this material spin-polarization effects are
to hole (nearI") and electronnearX) orbits from the one important because an external magnetic fiBlarients the
given originally by the experimentalists. Subsequentiocalized 4 moments, which in turn polarize the valence
studied® have in fact lent support to the original interpreta- and conduction states by the exchange mechanism. When the
tion, and, in addition, found an extra peak-a600 T. The  spin-orbit interaction is switched on, the hole exchange split-
purpose of the present paper is to show that this issue i#ngs depend strongly on the relative orientation of the spins
resolved by including spin-orbit interaction, as was sug-
gested earliet! The spin-orbit interaction was also found to

be crucial in understanding resonant tunneling through 0.8 1
El"/A\S.l2 0.6 1
The band-structure calculations were performed within —
the LSDA as parametrized by von Barth and HetfiThe T 041
linear muffin-tin orbital (LMTO) method was used in the & 0.2 1 /\
atomic sphere approximatio®SA).'®> The essential differ- g 0
ence from the previous work is the inclusion here of the
spin-orbit coupling'® The spin-orbit interaction parameter is 0.2 \
obtained by solving the intrasphere Dirac relativistic equa- 04
tion as discussed by AndersEhAs in our previous work, 100 r 001

the Er-4f bands are treated as corelike states, an approxima-
tion which was justified in detail in Ref. 11. The Fermi-  FIG. 1. ErAs hole bands along thi£00] and[001] directions for
surface orbit areas were calculated using a linear interpolaa magnetic fieldor spin-polarization directionparallel to[001].
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FIG. 3. Fermi surface of ErAs in LSD appromixati® and of
ErpeScoAs with adjusted band structurg). Solid and dashed
lines correspond to different spin. Wave vectors along the axes are
in units of 27/a.

parallel to the quantization axis of the wave vector, i.e., per-
pendicular to the interface of the ErAs quantum well in the
tunneling device. In the SdH experimenRtahere the mag-
netic field is always perpendicular to the quantized hole or-
bit, only a small exchange splittin@d.0.9+ 0.6 me\) of the
hole bands was detected.

The band structures alon§01] and[100] directions with
B||[001] are displayed in Fig. 1. It shows that the exchange
splitting of the hole states foB||k (40 meV at the Fermi
level) is indeed much larger than f@Lk (4 meV). The
latter is even smaller than suggested by the experitheat,
we note that the experiments do not pertain to bulk samples.

The band structures presented in Fig. 2 correspond to

B||z while the A=T"— X axis displayed is in thexy plane.

The considerable splitting of the hole banésg., along the
A=T—L direction is mostly due to theB||lk component.
The corresponding extremal Fermi-surface cross sections are
shown in Fig. 3. The orbits shown are perpendicular to the

B field so as to correctly represent the spin splittings for the
hole states appearing in SdH measurements. For the electron

FIG. 2. LSD band structure of ErA&), and adjusted band . . “ T
: orbits neatX we are concerned with the large “longitudinal
stiucture of EeSco,As (b). The symmetry labelsneglecting cross section in thd XW plane labeledB, and the small

magnetic-field-dependent spin polarization but including double; " .
group representatiopfollowing notation of Elliott(Ref. 27 for the transverse” cross section in théWU plane labeled. The

lower bands in increasing energy order areLat6+, (4+,5+) spin polarization for both can readily be observed. For the

(time reversal degenerates+, 6+ ,(4+,5+), 6+: at T, (6+ hole orbits neal’, we are concerned with the heavy-, light-,
8+) derived fromI';5 As-p-like, (8+, 7+) derived fromI'}s Er-  @nd spin-orbit split-off-hole band orbits. As can be seen, the

d-like, 8+ derived fromT';, Er-d-like, 6+ derived fromT, Er- spin splitting of the hole sheets of the Fermi surface is rather
s-like; atX, 6+, 7+, 7+, 6+, 7+. The labels forA andA are the Sma”! as discussed in the preceding paragraph-
same as fot. or X, respectively, but without the- distinction. The top panel of Fig. 2 presents the bands for ErAs in the
LSDA while the bottom panel shows the adjusted band struc-
(or B) and thek vector. This was shown previously using the ture of Er ¢Scq JAS. We note in Fig. 3 the overall reduction
Kohn-Luttinger Hamiltonian in the spherically symmetric in Fermi-surface dimensions introduced by our correction to
approximationt? In particular, it was found that the ex- the LSDA as well as the shape change in the electron surface
change splitting of the light-hole bands is significantly lowerwhich becomes more ellipsoidal as a result of the reduction
for BLk than for B|k. This is consistent with the obser- of hybridization between the crossing bands néar
vation of a spin-dependent and magnetic-field-orientation- The SdH frequencies are proportional to the ardasf
dependent resonant tunnelfAgaind with the SdH measure- the extremal cross sections. The oscillating part of the trans-
ments discussed here. In fact, a sizable spin splitting in theerse magnetoconductivity was calculated following Adams
tunneling resonance was observed only for the magnetic fieldnd HolsteiR® as
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TABLE I. Fermi-surface parameters of ErAs andyE8c, 4As.

ErAs

Erp.65C0.AAS
LSDA Adjusted LSDA Adjusted

Expt?®

€a+
eA7

eg_
hh,
hh_

Ih_
sh,
sh_

€a+

€g+
eg_
hh,
hh_

Ih_
sh,
sh_

totaln=p
e—

e+

hh,

hh_

Ih,

Ih_

sh,

sh_

Shubnikov—de Haas frequenci€gesla

550
414
1887
1477
1926
1875
1071
1044
333
317

0.17
0.15
0.45
0.42
0.50
0.49
0.32
0.31
0.14
0.13

5.54
3.38
2.16
1.96
1.70
0.88
0.79
0.11
0.10

486
360
1581
1213
1635
1604
846
826
165
158

Cyclotron massegelectron magé

0.16
0.14
0.42
0.39
0.47
0.46
0.28
0.28
0.16
0.15

510
386
1570
1202
1480
1477
888
876
239
235

0.19
0.18
0.50
0.47
0.40
0.39
0.27
0.26
0.14
0.13

388
323
1206
1018
1246
1237
645
637
44
43

0.16
0.15
0.43
0.42
0.41
0.41
0.25
0.25
0.17
0.16

386
328
1111
941
1273
1222
612
589
150
150

0.17
0.17
0.47
0.47
1.0
1.0
0.5
0.5

Carrier concentrations (¥dcm3)®

4.14
2.57
1.57
155
1.38
0.62
0.57
0.01
0.01

4.89
3.05
1.84
1.74
1.48
0.79
0.70
0.09
0.08

2.795
1.625
1.173
1.03
0.98
0.40
0.39
0.00
0.00

3.38.33°

25
2.5
0.83
0.83

8r-5d shifted up by 0.82 eV as for EBc; _,As.

bEr-5d—Sc-3d shifted upwards so as to adjust SdH frequencies.
‘Deduced by a fit of Eq(1) to the experiment for a 71 monolayer

sample of Eps:Scy4As. (Ref. 9.
INote thatmg= \m;m, andm,=m, in an ellipsoidal model.
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FIG. 4. Shubnikov—de Haas Fourier transform spectrum for
Erg6Sco.As alloy. Upper panel: experimefisolid line) compared
to theory (dotted ling; bottom panel: separate electrén (solid
line), B (dotted ling, and hole(dashed ling orbit contributions to
theory.

temperature. Thd; and m; are obtained from our band-
structure calculations. The remaining parameters which de-
scribe the broadenings of the various peaks are the Dingle
temperaturesT p;=%/27kr; which are determined by the
lifetimes 7; . Approximate values for the lifetimes are given
by 7;=m;u;/e with mobilities u; deduced from Hall
measurements. The values used in the simulation corre-
sponding toT=4.2 K wereue, =969, ue=126, =767,

and up,=856 cn?/V s8

The calculated SdH frequencies, cyclotron masses, and
carrier concentrations are given in Table | for pure ErAs and
for ErggScosAs with and without the corrections to the
LSDA along with experimental valuésThe Fourier trans-
form of Eq. (1), which is nearly periodic in B, for the
calculated parameters for B¢, _,As is shown in Fig. 4
along with its decomposition into separate contributions and
the experimental spectrum. The agreement between theory
and experiment is quite good considering that the only ad-
justed parameters in the theory are the rigid upward shifts of
(minority) spin-up (+) and majority spin-down {) Er-5d
bands. The poorest agreement occurs for the electron
B-orbit SdH frequencies which are overestimated by the
theory by about 100 T. We note that this is sensitive to the
precise shape of the Er-derived A; band (A} in single
group notationwhich is slightly more susceptible to error in
our calculations because of the uncertainties in the quasipar-
ticle correction.

The present calculations strongly support the original in-
terpretation of the experiment which assigns the highest fre-
guency(above 1200 Tto the heavy-hole orbit and the spin-
split peaks at 930 T and 1110 T to tBecross sections of the
electron pockets. The spin-orbit split-off barish) can be
seen to barely contribute any carriers. Its contribution is ex-
pected to disappear completely in thinner samples due to size
quantization effects which would further lower the corre-
sponding energy levels relative to the Fermi level.
Experimentally’ a peak at 150 T was assigned to the spin-

wherei labels the various orbits whose SdH frequencies ar@rbit split-off band. It is more pronounced in Hall data and

given

by fi=Aih/e
=(h2/27-r)((9Ai/(9E)EF, B is the magnetic field, and the

and

masses m;

by m

indeed only detectable in sufficiently thick samples. The ad-
justed calculation underestimates the corresponding SdH fre-
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qguency. This and the remaining small discrepancies for theulated is in good agreement with the experimeft33—
other SdH frequencies perhaps indicate the need for nonun®.38). In a parabolic band model this determines the light- to
form shift and mass corrections for the hole bands beyontieavy-hole density of states mass ratio through
local spin density approximatiof.DA). Min/Man= (Pin/Pr?°. The directly calculated value for
The major change from our earlier work resulting from My /My, is 0.60 while the above relation yields 0.54.
the inclusion of the spin-orbit interaction involves the hole In conclusion, the present band-structure study including
surfaces. In particular, the area of the heasplit-off) hole spln—orblt coupling _resolves the difference in the interpreta-
orbit is significantly increase¢decreasedwhile the differ- ~ tions of the Shubnikov—de Haas spectra ofEa; _As. It
ence between the hh and Ih areas is increased. These chang#BPOrts the original interpretatidr rather than the inter-
can easily be understood in terms of the lowering of th retation of .Ref. 10 in wh|c_h heavy-hole and Iongltudlnal
split-off band and the increased interaction between the hﬁ_lectron assignments were interchanged. The main conc_lu-
and Ih bands. The former requires a shift of the Fermi levep'©n from the earlier work that the overall Fermi-surface di-
versus the top of the Ap-bands al” in order to maintain the mhenS|ogs Vs'rt?] tc;]ver_etstlgat(id byf the LStD'A; remams“ un-
same Fermi volume as without spin-orbit coupling. The latter” 'an9eC. " : € introduction ot a constant enérgy ‘gap
results from the lifting of degeneracies along symmetry ”nescorrectlon our calculat_lons f0r_FG{GSCO_4AS yield Fermi- .
in the double group. surfaqe parameters which are in exgellent agreement with
The hole mass parameters extracted independently fro xperiment. A similar gap correction in the calculatlons_ for
the experimerit for which the discrepancy appears to be rAs provides corresponding predictions for that material.
quite large were noted earlfeio be rather uncertain because  This work was supported by the Air Force Office of Sci-
the experimental derivation is based on the temperature dentific Research under Grants No. F49620-95-1-0043 at
pendence of the SdH signal over a very narrow temperatur€ WRU and No. F49620-96-1-0383 at SDSM&T. R.B. ac-
range(1.4 — 4.2 K. The ratio of the light- to heavy-hole knowledges support from the Belgian National Fund for Sci-
contribution to the carrier concentrati@g,/pn, (=0.40 cal-  entific Research.
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