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Anomalous Rashba spin splitting in two-dimensional hole systems
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It has long been assumed that the inversion asymmetry-induced Rashba spin splitting in two-dimensional
~2D! systems at zero magnetic field is proportional to the electric field that characterizes the inversion asym-
metry of the confining potential. Here we demonstrate, both theoretically and experimentally, that 2D heavy
hole systems in accumulation-layer-like single heterostructures show the opposite behavior; i.e., a decreasing,
but nonzero electric field results in an increasing Rashba coefficient.
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Spin degeneracy of electron and hole states in a s
stems from the inversion symmetry in space and time. If
spatial inversion symmetry is broken, then there is a splitt
of the single-particle states even at magnetic fieldB50 ~Ref.
1!. In quasi-two-dimensional~quasi-2D! semiconductor
structures, the bulk inversion asymmetry~BIA ! of the under-
lying crystal structure~e.g., a zinc blende structure! and the
structure inversion asymmetry~SIA! of the confining poten-
tial contribute to theB50 spin splitting.2 While BIA is fixed,
the so-called Rashba spin splitting3 due to SIA can be tuned
by means of external gates that change the electric fieldE in
the sample.4,5 TheB50 spin splitting is of significant curren
interest both because of its fundamental importance and
possible device applications.6

For many years it has been assumed that the Rashba
splitting in 2D systems is proportional to the electric fie
that characterizes the inversion asymmetry of the confin
potential.2,4–9 In single heterostructures, where SIA is th
dominant source of spin splitting, the electric field is det
mined by the density-dependent self-consistent potenti10

One would thus expect that the spin splitting decreases
density, although for 2D electron systems this effect m
partly be compensated by many-particle effects that ten
increase the Rashba spin splitting for low densities.11 Here
we demonstrate, both theoretically and experimentally,
2D heavy hole systems in accumulation-layer-like single h
erostructures show the opposite behavior; namely, a decr
ing, but nonzero electric field results in an increasing Ras
coefficient. Contrary to electrons, however, exchan
correlation effects in the low-density regime decrease
spin splitting. We show that this surprising result is a con
quence of heavy-hole–light-hole~HH-LH! coupling in 2D
hole systems. Our findings are particularly remarkable
cause in HH systems we have essentially a cubic depend
of spin splitting on the in-plane wave vector~as opposed to a
linear dependence in electron and LH systems! which im-
plies that, in general, spin splitting decreases even fa
when the density is reduced.7 We obtain good qualitative
agreement between calculated and measured spin split
in 2D hole systems in GaAs heterostructures where the d
sity and spin splitting are varied by means of an exter
gate. Our results are applicable to many systems, as m
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III-V semiconductors have essentially the same band st
ture that is underlying our investigation.

To lowest order of the wave vectork and electric fieldE,
the SIA spin splitting of electron states in theG6

c conduction
band is given by the Rashba term3

H6c
SO5ak3E•s. ~1!

Heres5(sx ,sy ,sz) denotes the Pauli spin matrices anda
is a material-specific prefactor.2 We assumeE5(0,0,Ez).
Treating the off-diagonalk•p coupling between electron an
hole states by third-order Lo¨wdin perturbation theory,12 we
obtain for the Rashba coefficiental of the lowest electron
subbandl51

a15eP2aS 1

D11
cl

1

D12
cl

2
1

D11
cs

1

D12
csD , ~2!

where P is Kane’s momentum matrix element13 and Dll8
nn8

[E l
n2El8

n8 with E l
c , E l

h , E l
l , andE l

s the energy of thelth
electron, HH, LH, and split-off subband, respectively.14 The
numerical prefactora depends on the geometry of the co
fining quantum well~QW!. In an infinitely deep rectangula
QW we havea5256/(81p2). For other geometries it has th
same order of magnitude. According to Eq.~1! we obtain a
spin splitting6aEzki of the subband dispersionE(ki) that is
proportional to the electric fieldEz and is linear in the in-
plane wave vectorki5(kx ,ky,0). A detailed analysis reveal
that spin splitting of electron states depends on the elec
field Ev in the valence band that differs from the electr
field Ec in the conduction band by the contributions of th
interfaces.8,9 However, the important point here is that in
single heterostructure bothEv andEc are determined by the
self-consistent Hartree potential.

For hole systems in theG8
v valence band~point groupTd),

the dominant contribution to Rashba spin splitting is giv
by the term7

H8v
SO5bk3E•J, ~3!

where b is a system-dependent prefactor andJ
5(Jx ,Jy ,Jz) are the angular momentum matrices forj
©2002 The American Physical Society03-1
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53/2. We neglect here the small corrections inH8v
SO due to

the k•p coupling to remote bands such as the higherG8
c and

G7
c conduction bands. Quantum confinement splits

fourfold-degenerateG8 valence band into HH and LH state
To lowest order ink the effective Rashba Hamiltonian for th
LH states is the same as in Eq.~1! for electron states. For HH
states, however, spin splitting is mediated by a coupling
the LH states so that, to lowest order, spin splitting of H
states is of third order ink ~Ref. 7!. Neglecting anisotropic
corrections in the Hamiltonian we have

Hh
SO5bhEz~s1k2

3 1s2k1
3 !, ~4!

with s651/2(sx6 isy) andk65kx6 iky . Treating the off-
diagonal HH-LH coupling by third-order Lo¨wdin perturba-
tion theory12 we obtain for the Rashba coefficientbl

h of the
lowest HH subbandl51

b1
h5 iag3~g21g3!F 1

D11
hl S 1

D12
hl

2
1

D12
hhD 1

1

D12
hlD12

hhG , ~5!

whereg2 and g3 are the Luttinger parameters.15 In an infi-
nitely deep rectangular QW we havea564/(9p2). We see
from Eq. ~5! that the Rashba spin splitting of HH states d
pends not only on the electric fieldEz but also on the sepa
ration between the HH and LH subbands. A decreasing s
ration gives rise to an increasing Rashba coefficientb1

h . The
factor g3(g21g3) in Eq. ~5! refers to a quantum structur
grown in the crystallographic direction@001#. The expres-
sions for other growth directions are similar, but the oth
terms in Eq.~5! remain unchanged. We remark that for typ
cal hole densities only the lowest HH subband is occupie

The electric fieldEz that enters into the Rashba Ham
tonian depends on the charges in the system. We will sh
now that accumulation-layer-like single heterostructures
have rather differently with respect to changes of the
charge density as compared to other quasi-2D semicondu
structures.

In a rectangular QW, a small densityN and a small asym-
metry imply that the properties of the system are control
by the effective potential steps at the interfaces; i.e., chan
in N or Ez have a minor effect in this regime. In a
inversion-layer-like heterostructure, we always have a b
bending of the order of the fundamental gap so that,
small densities, the Hartree potential andEz are determined
by the space charges due to the given concentration of
ized majority impurities in the system. For accumulatio
layer-like systems, on the other hand, it was shown
Stern,16 that the space charge layer is controlled by the m
smaller concentration of minority impurities in the syste
Thus, even for a small 2D density, the dominant contribut
to the Hartree potential stems from the charges in the
system itself. Therefore, over a wide range of densitiesN, the
electric fieldEz is proportional toN. In single heterostruc-
tures, the subband separations are approximately pro
tional to Ez . Using the triangular well approximation10 we
have, for the subband energiesE l

n measured from the corre
sponding bulk band edge,E l

n}Ez
2/3 which impliesE l

n}N2/3
15530
e

o

-

a-

r

.

w
-

tor

d
es

d
r

n-
-
y
h
.
n
D

or-

andbl
h}N24/3. Therefore, we can expect from Eqs.~4! and

~5! that accumulation-layer-like 2D HH systems show
Rashba spin splitting that increases whenN and Ez are re-
duced. On the other hand, the coefficient~2! is essentially

independent ofN andEz because the energy gapsDll8
nn8 are

always of the order of the fundamental gap.14

In order to validate these qualitative arguments we pres
next the results of realistic, fully self-consistent subba
calculations.17 We use an 838 multiband Hamiltonian13 that
includes the lowest conduction bandG6

c , the topmost va-
lence bandG8

v , and the split-off valence bandG7
v . The sim-

pler 434 Luttinger Hamiltonian,15 taking into account only
the bandG8

v , gives essentially the same results. We ha
checked that higher conduction bands have a minor in
ence. Many-particle effects are taken into account based
density-functional approach.18 From these calculations w
obtain the differenceDN5N12N2 between the spin sub
band densitiesN6 as a function of the total densityN5N1

1N2 .
In Fig. 1~a! we showDN/N calculated as a function ofN

for a 2D HH system in the accumulation layer of
GaAs-Al0.5Ga0.5As single heterostructure on a~001! GaAs
substrate.19 From N5531011 cm22 to 131010 cm22 the
parameterr s , the Coulomb energy to Fermi energy rati
increases from 4.3 to 17. Therefore, one can expect
many-particle effects are quite important in this regime
densitiesN. Indeed, we find that taking into account e
change correlation~solid lines! reducesDN/N as opposed to
a calculation without exchange correlation~dashed lines!.
This behavior, which is opposite to 2D electron system11

can be traced back to the fact that exchange correlation
creases the subband spacings18 so that the Rashba coefficien
b1

h is reduced, in agreement with Eq.~5!.
It is convenient to characterize our numerical results

terms of an effective Rashba coefficient^b1
hEz& ~Ref. 20!.

Assuming that the spin-split HH subband dispersion is

FIG. 1. ~a! Spin splittingDN/N and ~b! effective spin splitting
coefficient^b1

hEz&/^mh& as a function ofN for a 2D HH system in
the accumulation layer of a GaAs-Al0.5Ga0.5As single heterostruc-
ture on a ~001! GaAs substrate, calculated including exchang
correlation~EXC, solid lines! and neglecting exchange-correlatio
~dashed lines!. For the dotted lines see text.
3-2
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proximately of the formE 6
h (ki)5^mh&ki

26^b1
hEz&ki

3 , where
mh ~times 2/\2) is the reciprocal effective mass, we have

^b1
hEz&5A2

p
^mh&

N~Ñ12Ñ2!1DN~Ñ11Ñ2!

6N212DN2
, ~6!

with Ñ65AN6DN. Figure 1~b! shows that^b1
hEz&/^mh&

increases whenN is reduced.
For comparison, we have calculatedDN/N for a 2D elec-

tron system in the accumulation layer of
Ga0.47In0.53As-Al0.47In0.53As single heterostructure@Fig.
2~a!#. Here spin splitting is given by Eq.~1!. Therefore, the
spin-split subband dispersion is approximately of the fo
E 6

c (ki)5^mc&ki
26^a1Ez&ki , and we obtain similarly to Eq

~6! ~Ref. 21!

^a1Ez&5A2p^mc&~Ñ12Ñ2!. ~7!

In Fig. 2~b! it can be seen that, in contrast to Fig. 1~b!, the
spin splitting coefficient̂ a1Ez&/^mc& decreases rapidly with
decreasingN. We remark that unlike the HH system in Fi
1, exchange correlation has only a weak influence on
electron system in Fig. 2~Ref. 22!.

To further analyze our numerical results, we define
effective electric field̂ Ez&5^]zVH(z)&, whereVH(z) is the
Hartree potential without the effective potential due to t
position-dependent band edges. In an accumulation laye
contribution of the space charge layer toVH(z) is very
small.16 It follows then, by partial integration of the Poisso
equation, that̂ Ez&5e/(2««0)N, where « is the dielectric
constant and the expectation value refers to the 2D ch
density that gives rise toVH(z). Using these values for̂Ez&
and ^mc&589 eV Å2 we obtain^a1&'34.3 e Å 2 indepen-
dent of N, consistent with Eq.~2!. This implies that in Fig.
2~b! the drastic change of̂a1Ez&/^mc& merely reflects the
change of the electric field̂Ez&. On the other hand, the wea
variation of ^b1

hEz&/^mh& in Fig. 1~b! indicates that the
‘‘bare’’ Rashba coefficient̂b1

h& increases by a factor of 25
whenN is lowered from 531011 to 131010 cm22 ~Ref. 23!.

FIG. 2. ~a! Spin splittingDN/N and ~b! effective spin splitting
coefficient^a1Ez&/^mc& as a function ofN for a 2D electron system
in the accumulation layer of a Ga0.47In0.53As-Al0.47In0.53As single
heterostructure~solid lines!. For the dotted lines see text.
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This is in good, qualitative agreement with the analytic
model discussed above that predicts an increase ofb1

h by a
factor of 504/3'184. Note that for low densities the third
order perturbation approach, which underlies Eqs.~2! and
~5!, breaks down because the subbands are merging tog
so that higher-order corrections become important. Th
higher-order terms are fully taken into account in our n
merical calculations.7,17 We remark that the limit of a van
ishing electric field implies also that the HH and LH stat
become degenerate. Therefore, in this limit one must go b
from Eqs.~4! and~5! to the more complex Eq.~3!. However,
for very low densities below 1010 cm22 the Hartree poten-
tial and spin splitting are ultimately controlled by the fixe
concentration of minority impurities.16,19

It is interesting to compare the spin splittings in accum
lation layers with those in QW’s whereEz is tuned exter-
nally, e.g., by means of gates.5 The dotted lines in Figs. 1 and
2 show the calculated results for a 200-Å-wide rectangu
QW where the external electric fieldEz

ext was chosen accord
ing to Ez

ext(N)5e/(2««0)N. In an electron system~Fig. 2!
we obtain spin splittings very close to the results for t
accumulation layer. In particular, we have^a1&'30.6 e Å 2

independent ofN. Similarly, for a 2D HH system in a QW
~Fig. 1! and N&131011 cm22 we obtain ^b1

h&'7.54
3106 e Å 4. @For larger densities higher order corrections
E 6

h (ki) become important.7# Since in QW’s the subband
spacings are essentially determined by the QW width~i.e.,
are independent ofN), this is consistent with Eq.~5!. These
calculations also indicate that for 2D HH systems in a Q
spin splitting becomes negligible in the regime of lo
densities,7 which is due to the fact that spin splitting o
E 6

h (ki) is proportional toki
3 . However, for 2D HH systems

in single heterostructures, spin splitting can be very imp
tant in the low-density regime. We note that inversion lay
give results similar to QW’s, but the specific numbers d
pend on the details of the doping profile.

FIG. 3. Measured~circles! and calculated~solid lines! spin sub-
band densitiesN6 ~a! and effective spin splitting coefficien
^b1

hEz&/^mh& ~b! as a function of densityN5N11N2 for a 2D HH
system at a GaAs-Al0.3Ga0.7As single heterostructure on a nom
nally undoped~311!A GaAs substrate with a weakp-type back-
ground doping. The inset shows the measured magnetoresis
Rxx as a function of magnetic fieldB ~upper part! and the Fourier
transform~FT! of Rxx ~lower part! for N52.7531010 cm22.
3-3
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In order to reinforce our conclusions, we present nex
comparison between measured and calculated spin split
in a GaAs-Al0.3Ga0.7As single heterostructure grown on
nominally undoped~311!A GaAs substrate with a wea
p-type background doping.19 A back gate was used to tun
the densityN from 1.831010 to 4.231010 cm22. To mea-
sure the spin subband densitiesN6 , the Shubnikov–de Haa
~SdH! oscillations at low magnetic fieldsB were examined4,5

at a temperatureT.50 mK ~see inset of Fig. 3!. The fre-
quenciesf SdH of these oscillations are a measure of the ze
B spin splitting.24 In Fig. 3~a! we present the measured an
calculated spin subband densities exhibiting remarka
close agreement. Figure 3~b! showŝ b1

hEz&/^mh& determined
by means of Eq.~6!. On average,̂b1

hEz&/^mh& increases as
an
to

hy

ts

-
-
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the density is reduced. Taking into account the orders
magnitude change that we have for^b1

hEz&/^mh& in QW’s
and for ^a1Ez&/^mc& in electron systems, the agreement b
tween experiment and theory is quite satisfactory.25 We wish
to emphasize that it is indeed the anomalous enhanceme
the Rashba coefficient in 2D HH systems in accumulati
layer-like single heterostructures that allows us to exp
mentally resolve the spin splitting in this density regim
Data on QW samples with comparable densities reveal
measurable spin splitting,26 consistent with the solid and dot
ted lines in Fig. 1.
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