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Electronic structure and magnetism of the semimetals ErAs and Er Sci As

A. G. Petukhov, %. R. L. Lambrecht, and B. Segall
Department of Physics, Case Western Reserve University, Cleveland, Ohio /$106 70-79

(Received 23 May 1994)

We present results of linear mufBn-tin-orbital band-structure calculations of ErAs in the local-spin-
density approximation. While the exchange splitting and cyclotron masses are in good agreement
with experimental data, we find the Fermi surface dimensions of this semimetal to be significantly
overestimated. A good 6t to recently measured Shubnikov —de Haas oscillations in Er Sci As is
obtained when the Az band is shifted upward by a quasiparticle self-energy correction. The eKects
due to alloying with Sc are taken into account in a virtual-crystal approximation.

Palmstr@m et al. ' recently reported heteroepitaxial
growth of semimetallic rare-earth (RE) monoarsenides
ErAs and Er Sci As on GaAs, and vice versa, and thus
opened the way towards the development of a metal-base
transistor made &om these materials. The interesting
magnetic properties of ErAs, which is an antiferromag-
netic semimetal with magnetism induced by the open 4f
shell, add further interest to this system. Magnetotrans-
port investigations of thin epitaxial Alms of Er Scq As
and ErAs buried in GaAs were reported by Allen et al.4

and Bogaerts et al. and provide important experimen-
tal information on the band structure. The interpreta-
tion of these results was based on Hasegawa and Yanase's
calculations for GdAs, the only previous erst-principles
band structure calculation available for RE arsenides.
Those calculations were non-spin-polarized and were re-
stricted .ti' the experimental lattice constant. Here, we

report spin-polarized calculations of ErAs, including to-
tal energy properties as a function of lattice constant.
In addition, we make a detailed comparison with the
experimental data on the Fermi surface of ErAs and
Er Scq As. Our results provide several insights into the
electronic structure of these materials. Our main find-

ing is that the Fermi-surface dimensions are signi6cantly
overestimated by the local-density approximation. Using
a semiempirical quasiparticle self-energy correction, how-
ever, excellent agreement is obtained with Shubnikov —de
Haas (SdH) oscillations. Our results also have conse-
quences for the question of whether or not size quanti-
zation in ultrathin layers will turn these semimetals into
semiconductors. 2

The computational method employed in this work is

the density functional theory in the local-spin-density
approximation (LSDA).~ The scalar-relativistic linear
muffin-tin orbital (LMTO) method o is used in the
atomic-sphere approximation (ASA) including empty
spheres in the interstitial region and both the combined
correction term and the muKn-tin or Ewald correction.
Since the localized spins of 4f electrons in rare-earth
compounds are very well established even above the
Neel temperature, we treat them self-consistently as
outer core electrons with both 4f spin-up and spin-
down occupation numbers fixed. That means that the

4f electrons are not allowed to hybridize with s, p,
and d valence electrons. This constrained local-spin-
density functional approach is close to that used by
Hasegawa and Yanase for GdAs and by Brooks et al.
in their treatment of rare-earth —transition-metal com-
pounds. For simplicity, our spin-polarized calculations
are carried out for the ferromagnetic instead of the anti-
ferromagnetic alignment of the spins. This should have
minor consequences for the magnitude of the induced
moments and their orientation with respect to that of
the 4f The fer. romagnetic spin-polarized band struc-
tures represent the saturation limit of the paramagnetic
state in a strong magnetic field (saturation field 4 T).
The non-spin-polarized calculation can be thought of as
a virtual-crystal approximation for the situation of ran-
domly oriented 4f moments. i

Our results for ground-state properties of ErAs are pre-
sented in Table I. The optimum valency for erbium is
found to be Era+(4fii) by calculating the total energy
for various 4f occupations. In this configuration, the
three valence electrons most efhciently share the valence

TABLE I. Equilibrium lattice constants a (in A), cohesive energies E, h (in eV/atom) in para-
magnetic (P) and ferromagnetic (F) phases, bulk modulus (in GPa), and magnetic moments (in
pn per unit cell) of ErAs.

a, theor. (expt. )

5.70 (5.73)

F, h (P, F)
3.172, 3.174 93.70

PEr

0.036

PAs

-0.027

Ptot

0.008

Reference 3.
Cohesive energy (eV/atom) with respect to neutral atoms in their spin-polarized LDA ground

state, including 4f spin polarization in all cases.
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F1Q. 1. Electronic band structure of ErAs (ferromagnetic

phase) in the local-spin-density approximation. The solid

(dashed) curves are for the spin-down (-up) bands with up
denoting the direction of the 4f spins.
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bands with the five As electrons in mainly As 48 and As
4p derived bands. The latter, however, are hybridized
with the Er 5d bands, one of which (the 6z band) dips
below the As 4p band at X. This leads to a semimetallic
state. The lattice constant is in good agreement with ex-
periment. The cohesive energy in the ferromagnetic state
and the paramagnetic state differ by only 2 meV/atom
when, as indicated above, the 4f contribution of 1.74
eV to the spin-polarization energy is asssumed to remain
present in the paramagnetic phase. This nearly vanishing
energy difference is consistent with the low Neel temper-
ature (TN = 4.5 K).4 The valence-electron contributions
to the magnetic moments induced by the Er 4f on Er
and As atoms are significant, but they nearly cancel each
other. The Er 5d moment is parallel to the Er 4f moment
in accordance with Hund's rules.

The spin-polarized band structure of ErAs is shown
in Fig. 1. The overall picture is quite similar to that
for GdAs obtained by Hasegawa and Yanase in their
non-spin-polarized calculations. s The Fermi surface con-
sists of one light- and two heavy-hole sections near I'
and three electron pockets at the equivalent X points.
These are shown in Fig. 2 for the non-spin-polarized
band structure. As expected, the exchange splitting of
the mainly Er-derived conduction bands is significantly
larger than that of the mainly As-derived valence bands.

FIG. 2. Cross sections of the LDA Fermi surfaces of ErAs
(in the paramagnetic phase) for (a) holes and (b), (c) elec-
trons; (b) shows the longitudinal cross section in the 1'-X-W
plane with k = kl, and (c) shows the transverse cross section
in the U-X-W plane with both k„and k, along equivalent X-
W directions.

The exchange splitting at the Fermi level is also strongly
anisotropic due to the different weights of the Er and
the As contributions in the bands along the 6 (I'-X)
and Z (X-W) axes. The calculated transverse splitting
b,~ = 80 meV is in good agreement with the 64—81 meV
range of values deduced from beatings in the SdH oscilla-
tions observed by Allen et aL4 and Bogaerts et al.s The
longitudinal splitting A~~ is calculated to be 157 meV.
Here and in the following discussion of SdH frequencies
and masses, longitudinal (~~) refers to the fourfold synune-
try axis of the electron pocket (e.g. , along I'-X). Trans-
verse (J ) refers to the cross section perpendicular to this
axis, i.e., the W-X-U plane. The anisotropy in that plane
between, say, X-W and X-U is negligible.

We now turn to a detailed comparison with the Fermi
surface and Hall data on the Fermi-surface dimensions.
The results are summarized in Tables II, III, and IV. We
note first (see Table II) that our LDA calculated elec-
tron and hole concentrations of ErAs (corresponding to

TABLE II. Carrier concentrations and exchange splittings.

ErAs (LDA)
ScAs (LDA)
Er ScL As (LDA)
Er ScL As (Bt)
Er Scs As (expt. )

nq (10 cm )

9.0
9.5
8.7
3.5
3.2

b,„, (meV)

80
0

48
48
47

b, ', (meV)

157
0

65
65

Reference 4.
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TABLE III. Shubnikov —de Haas frequencies f (in T).

Compound

Er As (LDA)
Sc As (LDA)
Er Sci As (LDA)
Er Sci As (fit)
Er Sci As (expt. )

595
626
456
281
153

1808
1643
1338
885
941

1965
1683
1406
925
941

f t

439
609
479
327
324

fJ

565
609
555
397
386

1925
2104
1581
1028
llll

2307
2104
1811
1236
1247

Reference 5. See text for assignment of peaks.

the total volume of the electron and hole Fermi-surface
pockets) are about a factor of 3 larger than the observed
ones for Er Scq As. Relatedly we find that our calcu-
lated SdH oscillation frequencies (Table III), which are
directly proportional to the extremal cross-sectional ar-
eas of the Fermi surface perpendicular to the magnetic
field, are significantly larger than the experimental ones.
The question arises whether this is due to the Sc alloying
or to the errors introduced by the LDA.

The LDA band structure of ScAs (at the ErAs lattice
constant) differs slightly Rom that of ErAs. The Sc 3d-
derived bands are shifted down towards the As-derived
bands and have a smaller bandwidth. As a result, there
is no Az-A5 crossing. Nevertheless, the Fermi-surface
dimensions are even slightly larger than those of ErAs as
can be seen in Tables II and III. Also, with the absence
of an open 4f shell (in Sc) to induce it, there obviously
is no spin splitting for ScAs.

The Erp 6Scp 4As band structure was modeled using a
virtual-crystal approximation in which the Er 5d and Sc
3d and Er 6s(p) and Sc 4s(p) centers of the band param-
eters Ct (Ref. 10) were arithmetically averaged and the
corresponding bandwidth parameters Ag were geometri-
cally averaged. The spin splitting of the Cg parameter
is appropriately reduced for the lower Er concentration.
As can be seen in Table II, the magnitude and anisotropy
of the exchange splitting are both significantly reduced
by the alloying. However, the resulting Fermi-surface di-
mensions (Table III) and carrier concentrations (Table
II) were not sufficiently reduced to explain the data.

We thus conclude that the LDA must be primarily re-
sponsible for the discrepancy in overall Fermi-surface di-
mensions. As is well known, the LDA is not directly
applicable to the calculation of excitation energies (e.g. ,
it underestimates semiconductor band gaps). Similarly,
one may expect that quasiparticle self-energy corrections
would shift the mainly Er 5d—derived conduction bands

upwards. This would raise the 42 band and thus re-
duce the Fermi volumes of both the electron and the hole
pockets which should be equal in a semimetal. We thus
introduced a semiempirical shift of the metal Cg poten-
tial parameter. It was found that a correction leading
to a 0.4 eV shift of the Az band is needed to achieve
agreement with the carrier concentrations obtained &om
the Hall data (see Table II). While this applies both for
Er Sci As and pure ErAs, only the former is further
discussed here. The corrected Erp 6Scp 4As band struc-
ture is shown in Fig. 3.

The Fermi-surface dimensions for this band structure
are in good agreement with all observed SdH frequencies
as we now show. We note, however, that our assignment
of the SdH frequencies difFers from that of Bogaerts et
at 5Spe.cifically, we find that the two heavy-hole surfaces
have cross-sectional areas which are smaller than the lon-
gitudinal cross section of the ellipsoidal electron pocket.
This result is insensitive to the LDA and alloy correc-
tions. We thus assign the observed peak in the Fourier
transform of the SdH oscillations at 941 T to the heavy
holes and the observed peaks at 1111and 1247 T to the
exchange-split longitudinal cross section of the electron
pocket, whereas Bogaerts et at. 5 assigned the 941 T and
llll T peaks to the electrons and the 1247 T peak to
the holes. We note that our calculated cross-sectional
areas for the two heavy-hole surfaces differ slightly (and
both exhibit negligible exchange splitting). We assign
the light-hole surface to a peak in the experimental data
at 153 T which previously has not been discussed by
Bogaerts et at.

The cyclotron mass is given by m = (h /2') (BS/BE) Jp

where S~ is the area of the extremal cross section of the
Fermi surface enclosed by the orbit in the plane normal
to the magnetic field. The masses for B along [100] have
been calculated for the three hole surfaces and for the
electron pocket along the [100] I'X axis (corresponding

TABLE IV. Cyclotron masses of light holes m~, heavy holes mh&, mh2, and electrons m ~~, m
(in units of the free electron mass mp).

Compound

ErAs (LDA)
Er Sci As (LDA)
Er Scq As (fit)
Er Scq As (expt. )

mh, l

0.12
0.11
0.11

mh, hl

0.46
0.42
0.37
0.26

mh, h2

0.57
0.42
0.38
0.26

mg J

0.17
o.a6
0.16
0.17 '

1.76
1.33
1.19
1.19

Reference 5; see text for discussion.
b Reference 4.
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FIG. 3. Spin-polarized electronic band structure of
Era.6Sc0.4As alloy in the virtual-crystal approximation with
quasiparticle shift of the conduction band included. Solid and
dashed curves as in Fig. 1.

to motion in a WXU plane) and are given as the first four
entries in Table IV. From the cyclotron mass for one of
the other electron pockets (corresponding to motion in a
I'KX plane) and the relation m = (m, ~~m,~), relevant
for an ellipsoidal surface, we determined m, ~~. Because
the shape of the bands is relatively insensitive to the LDA
and alloying corrections, the latter do not appreciably al-
ter the masses, as is evident &om Table IV. Good agree-
ment is achieved for m, ~ which was determined exper-
imentally by fitting the temperature and magnetic-field
dependence of the SdH oscillations. 4 The values given for
m,

~~

and mHH were determined by Bogaerts et al. Their
value of m,

~~

however, should be changed to 1.57 if we
reassign the SdH frequencies according to our interpreta-
tion. Their value for the hole mass involves a theoretical
estimate7 of the Fermi level position with respect to the
valence-band maximum. Comparing the latter with our
calculation, their value of mHH can be seen to be an un-
derestimate.

We now compare our indicated 0.4 eV shift with an
estimate of the quasiparticle self-energy correction. For
this purpose, we use a simple scheme based on Hedin's
so-called GTV approximation and suggested by Bech-
stedt and Del Sole (BDS). In order to apply their ap-
proach to ErAs, we estimate the average dielectric con-
stant e = 1 + (bio~/E„), using the band gap at the

Baldereschi point as an estimate of the Penn gap E„
and where u„ is the valence-electron plasmon &equency.
We find that E„-3.4 eV and c --22. As in the BDS
approach, we neglect the oH-'diagonal matrix elements of
the self-energy correction operator between valence- and
conduction-band states. The result is an estimated "gap"
correction of 0.2 eV. Considering the crude nature of this
estimate, this result is consistent with the value of 0.4 eV
obtained &om fitting the Fermi-surface dimensions.

Another origin of the self-energy correction may be hy-
bridization of the states near the Fermi level with the 4f
electrons, which was neglected here. However, prelimi-
nary estimates indicate that this effect is small because
the Er 4f states lie at least 5 eV below the Fermi level. ze

Furthermore, the similarity between our results for ScAs
and ErAs indicates that the 4f electrons are not the pri-
mary origin of the LDA overestimate of the carrier con-
centrations.

Finally, we note that according to Xia et al. 's analysis, ~

the crossing of the Az and A5 bands inhibits the open-
ing of a gap upon size quantization in thin [001] lay-
ers of RE-As buried in GaAs. The thermally activated
behavior of the conductivity below 3 monolayers as ob-
served by Allen et aL was thus attributed to the lack of
a continuous film below 3 monolayers instead of a gen-
uine metal-semiconductor transition. Since we find that
the "corrected" band structure does not have this cross-
ing, we believe that this question is worth reexamining
experimentally.

In conclusion, we have presented spin-polarized band-
structure and total energy calculations of ErAs and have
made a detailed comparison with experimental data on
the Fermi-surface dimensions and exchange splittings of
the related Er Scq As alloy. Good agreement with the
experimentally determined Fermi-surface dimensions was
obtained only when a quasiparticle self-energy correction
similar to the gap correction in semiconductors was intro-
duced. On the basis of our calculations, we propose a dif-
ferent assignment of the observed SdH &equencies than
that proposed by Bogaerts et al.5 The magnetic exchange
splittings, which are strongly anisotropic in pure ErAs,
but less so in Er Scq As, and the cyclotron masses were
found to be in good agreement with the data irrespective
of the corrections to the LDA.
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