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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 solidll-V semiconductors have essentially the same band struc-
stems from the inversion symmetry in space and time. If the@ure that is underlying our investigation.
spatial inversion symmetry is broken, then there is a splitting To lowest order of the wave vect@rand electric fields,
of the single-particle states even at magnetic fietd0 (Ref.  the SIA spin splitting of electron states in th§ conduction
1). In quasi-two-dimensional(quasi-2D semiconductor band is given by the Rashba tetm
structures, the bulk inversion asymme(BIA) of the under- so
lying crystal structurde.g., a zinc blende structyrand the Hec=akXE- 0. ey
structure inversion asymmet($lA) of the confining poten- e g (o, ,0y,0,) denotes the Pauli spin matrices amd
tial contribute to théB=0 spin s_pllttlng. While BlAis fixed, g 5 material-specific prefactdrwe assumeE=(0,0E,).
the so-called Rashba spin splittgue to SIA can be tuned Treating the off-diagonat - p coupling between electron and
by means of external gates that change the electricBeld | )\ states by third-order lin perturbation theor}? we

the samplé.®The B=0 spin splitting is of significant current obtain for the Rashba coefficient, of the lowest electron
interest both because of its fundamental importance and it§ubbano7\=1

possible device applicatiofis.

For many years it has been assumed that the Rashba spin
splitting in 2D systems is proportional to the electric field a;=eP?a
that characterizes the inversion asymmetry of the confining
potential>*~® In single heterostructures, where SIA is the _ _ !
dominant source of spin splitting, the electric field is deter-where P is Kane's momentum matrix elemeéfitand A},
mined by the density-dependent self-consistent potelftial. Egi—gi', with £¢, 5*)], 5;, and&3 the energy of therth
One would thus expect that the spin splitting decreases witRjectron, HH, LH, and split-off subband, respectivéiyhe
density, although for 2D electron systems this effect may,ymerical prefactoa depends on the geometry of the con-
partly be compensated by many-particle effects that tend t@ning quantum wellQW). In an infinitely deep rectangular
increase the Rashba spin splitting for low densitfeslere QW we havea=256/(81r2). For other geometries it has the
we demonstrate, both theoretically and experimentally, thaame order of magnitude. According to Ej) we obtain a
2D heavy hole systems in accymulation-layer-like single het'spin splitting+ «E k; of the subband dispersidftk;) that is
erostructures show the opposite behavior; namely, a OIeCrea]§r‘oportional to the electric field, and is linear in the in-
ing, but nonzero electric field results in an increasing RaSthIane wave vectok; = (K, k,,0). A detailed analysis reveals

coefficient. Contrary to electrons, however, exchangeyna; spin splitting of electron states depends on the electric
correlation effects in the low-density regime decrease tgig|q £ in the valence band that differs from the electric

spin splitting. We show that this surprising result is a consesie|q £ _in the conduction band by the contributions of the
quence of heavy-hole—light-noltiH-LH) coupling in 2D jherfaced® However, the important point here is that in a

hole systems. Our findings are particularly remarkable begingie heterostructure boh, andE, are determined by the
cause in HH systems we have essentially a cubic depe”dengglf-consistent Hartree potential.

of spin splitting on the in-plane wave vect@s opposed to a For hole systems in thE}, valence bandpoint groupTs),

Ilnear depelndence n elegtron ‘.""?d LH systembich im- the dominant contribution to Rashba spin splitting is given
plies that, in general, spin splitting decreases even fastegy the term

when the density is reducédWe obtain good qualitative
agreement between calculated and measured spin splittings H850= BKXE-J @)

in 2D hole systems in GaAs heterostructures where the den- v ’

sity and spin splitting are varied by means of an externalvhere B is a system-dependent prefactor and

gate. Our results are applicable to many systems, as most(J,,J,,J;) are the angular momentum matrices fpr
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=3/2. We neglect here the small correctionsHg° due to 0.6 prem—r—rrrrm
thek- p coupling to remote bands such as the highgrand 0.4F '
¢ conduction bands. Quantum confinement splits the -

fourfold-degeneraté&'g valence band into HH and LH states. 0.2 .
To lowest order irk the effective Rashba Hamiltonian for the I (a) 1

—

AN/ N

LH states is the same as in E@) for electron states. For HH Obi i B— 2
states, however, spin splitting is mediated by a coupling to = 102 T )
the LH states so that, to lowest order, spin splitting of HH = x\
states is of third order ik (Ref. 7). Neglecting anisotropic =z
corrections in the Hamiltonian we have = 10°F T with EXC ]
= 7 === no EXC
~ S W
HRO= B"E (0, k2 + k), (@) e T T
with . =1/2(ox*ioy) andk. =k,*ik,. Treating the off- N (cm™)

diagonal HH-LH coupling by third-order lvadin perturba-
tion theory? we obtain for the Rashba coefficieﬁf of the
lowest HH subband =1

FIG. 1. (a) Spin splitingAN/N and (b) effective spin splitting
coefficient( B1E,)/(un) as a function oN for a 2D HH system in
the accumulation layer of a GaAsAfGa, sAs single heterostruc-
ture on a(001) GaAs substrate, calculated including exchange-
correlation(EXC, solid lineg and neglecting exchange-correlation
(dashed lines For the dotted lines see text.

Bi=iays(y2+vs) . (5

11)1

+
hl A hh
A12A12

where v, and vy are the Luttinger parametejrézln aninfi- 549 B1ocN~*3, Therefore, we can expect from Eqd) and
nitely deep rectangular QW we hawe-=64/(97%). We see (5) that accumulation-layer-like 2D HH systems show a
from Eq. (5) that the Rashba spin splitting of HH states de-g55hpa spin splitting that increases whérand E,, are re-

pends not only on the electric field, but also on the sepa- qy,ced. On the other hand, the coefficiédl is essentially
ration between the HH and LH subbands. A decreasing sepa-

ration gives rise to an increasing Rashba coefficightThe ~ ndependent oN andE, because the energy gapg,, are
factor ys(y,+ vs) in Eq. (5) refers to a quantum structure 2/ways of the order of the fundamental gép.
grown in the crystallographic directiofo01]. The expres- In order to validate these qualitative arguments we present

sions for other growth directions are similar, but the othef€Xt the results of realistic, fully self-consistent subband
terms in Eq.(5) remain unchanged. We remark that for typi- calculations:” We use an & 8 multiband Hamiltoniak’ that

cal hole densities only the lowest HH subband is occupied.includes the lowest conduction badd, the topmost va-
The electric fieldE, that enters into the Rashba Hamil- lence band’g, and the split-off valence barid; . The sim-
tonian depends on the charges in the system. We will showler 4x4 Luttinger Hamiltoniart? taking into account only
now that accumulation-layer-like single heterostructures bethe bandl'g, gives essentially the same results. We have
have rather differently with respect to changes of the 2Dchecked that higher conduction bands have a minor influ-
charge density as compared to other quasi-2D semiconductence. Many-particle effects are taken into account based on a
structures. density-functional approaci. From these calculations we
In a rectangular QW, a small densityand a small asym- obtain the differencAN=N, —N_ between the spin sub-
metry imply that the properties of the system are controllecband densitiefN. as a function of the total density=N
by the effective potential steps at the interfaces; i.e., changes N_ .
in N or E, have a minor effect in this regime. In an In Fig. 1(@) we showAN/N calculated as a function ™
inversion-layer-like heterostructure, we always have a banfor a 2D HH system in the accumulation layer of a
bending of the order of the fundamental gap so that, foiGaAs-Al :Ga sAs single heterostructure on (@01 GaAs
small densities, the Hartree potential afgare determined substraté” From N=5x10" cm 2 to 1x 10" cm 2 the
by the space charges due to the given concentration of iorparameterg, the Coulomb energy to Fermi energy ratio,
ized majority impurities in the system. For accumulation-increases from 4.3 to 17. Therefore, one can expect that
layer-like systems, on the other hand, it was shown bymany-particle effects are quite important in this regime of
Stern!® that the space charge layer is controlled by the mucldensitiesN. Indeed, we find that taking into account ex-
smaller concentration of minority impurities in the system.change correlatiofsolid lineg reducesAN/N as opposed to
Thus, even for a small 2D density, the dominant contributiona calculation without exchange correlatigdashed lines
to the Hartree potential stems from the charges in the 2CThis behavior, which is opposite to 2D electron systéms,
system itself. Therefore, over a wide range of densiighe  can be traced back to the fact that exchange correlation in-
electric fieldE, is proportional toN. In single heterostruc- creases the subband spacifig® that the Rashba coefficient
tures, the subband separations are approximately propo,r}'l‘ is reduced, in agreement with EG).
tional to E,. Using the triangular well approximatidhwe It is convenient to characterize our numerical results in
have, for the subband energié$ measured from the corre- terms of an effective Rashba coefficigf}E,) (Ref. 20.
sponding bulk band edg&‘:?,{mEf’3 which implies€}«N?3  Assuming that the spin-split HH subband dispersion is ap-
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FIG. 3. Measuredcircles and calculatedsolid lineg spin sub-
band densitiesN.. (a) and effective spin splitting coefficient
(BYE) () (b) as a function of densitil=N_ +N_ for a 2D HH
system at a GaAs-pLkGa, -As single heterostructure on a nomi-
nally undoped(311)A GaAs substrate with a wegbtype back-
] h ) h 3 ground doping. The inset shows the measured magnetoresistance
proximately of the forme (k) = (un)Kj = (B1E,)K], where R as a function of magnetic fielB (upper pait and the Fourier
wn (times 2#2) is the reciprocal effective mass, we have  transform(FT) of R, (lower par} for N=2.75<10'° cm 2.

FIG. 2. (a) Spin splittingAN/N and (b) effective spin splitting
coefficient( a1 E,)/{ ) as a function oN for a 2D electron system
in the accumulation layer of a @alng 5As-Alg 44Ny sAS single
heterostructurgsolid line9. For the dotted lines see text.

2 NN, =N )+ANN, +N_) This is in good, qualitative agreement with the analytical
(BTEZ)= \[;(,u,& > 5 , (6) model discussed above that predicts an increas;@'l‘djy a
6N"+2AN factor of 50°~184. Note that for low densities the third-

ith No.= VN=AN. Fi h h he order perturbation approach, which underlies E@.and
ngreasés whel is redl?jg:jilb) shows thal( S1E2)/{un) (5), breaks down because the subbands are merging together

For comparison, we have caleulab@i/N for a 2D elec- (o 1% MONCE TS, ColCe Dot e
tron system in the accumulation layer of a 9 y

: : merical calculationé!’ We remark that the limit of a van-
G n s-Alg 44N s single heterostructure[Fig. s S A
Z(ZgiﬂH%?fspinogglit%aﬁis givegn by Ed1). Therefor([e, '?he ishing electric field implies also that the HH and LH states

: : . S ; become degenerate. Therefore, in this limit one must go back
seln-spﬂt subbzand dispersion is approx-lma.tely of the fOrmfrom Egs.(4) and(5) to the more complex Eq3). However,

E= (k) ={po)kj=(a1B;)ky, and we obtain similarly to B eyl densities below 26 cm 2 the Hartree poten-
(6) (Ref. 21 or Very, ow censt . pote

tial and spin splitting are ultlmatelé fgontrolled by the fixed

~ o~ concentration of minority impurities”

(@B = 2m(pc)(N. —N.). @) It is interesting to compare the spin splittings in accumu-
In Fig. 2(b) it can be seen that, in contrast to Figb)l the lation layers with those in QW’s wherg, is tuned exter-
spin splitting coefficient a1 E,)/(uc) decreases rapidly with nally, e.g., by means of gatdThe dotted lines in Figs. 1 and
decreasind\. We remark that unlike the HH system in Fig. 2 show the calculated results for a 200-A-wide rectangular
1, exchange correlation has only a weak influence on th@W where the external electric fie£* was chosen accord-
electron system in Fig. ERef. 22. ing to EX(N)=e/(2g&0)N. In an electron syster(Fig. 2)

To further analyze our numerical results, we define anve obtain spin splittings very close to the results for the
effective electric field E,)=(d,Vy(2)), whereVy(z) is the  accumulation layer. In particular, we haye,)~30.6 e A?
Hartree potential without the effective potential due to theindependent ofN. Similarly, for a 2D HH system in a QW
position-dependent band edges. In an accumulation layer th&ig. 1) and N<1x10" cm ? we obtain (8})~7.54
contribution of the space charge layer ¥ (z) is very  x10° eA*. [For larger densities higher order corrections in
small’® It follows then, by partial integration of the Poisson SQ(kH) become important] Since in QW’s the subband
equation, thatE,)=e/(2e&0)N, wheree is the dielectric  spacings are essentially determined by the QW widlth,
constant and the expectation value refers to the 2D charggre independent dfl), this is consistent with Eq5). These
density that gives rise tWy(z). Using these values fdiE;)  calculations also indicate that for 2D HH systems in a QW,
and(u.)=89 eV A? we obtain(a;)~34.3 eA? indepen-  spin splitting becomes negligible in the regime of low
dent of N, consistent with Eq(2). This implies that in Fig.  densities, which is due to the fact that spin splitting of
2(b) the drastic change ofa;E,)/(uc) merely reflects the  ¢f (k) is proportional tok?. However, for 2D HH systems
change of the electric fielE,). On the other hand, the weak i single heterostructures, spin splitting can be very impor-
variation of (BJE,)/(up) in Fig. 1b) indicates that the tant in the low-density regime. We note that inversion layers
“bare” Rashba coefficient 8]) increases by a factor of 250 give results similar to QW's, but the specific numbers de-
whenN is lowered from 5< 10 to 1x 10" cm 2 (Ref. 23.  pend on the details of the doping profile.

155303-3



R. WINKLER, H. NOH, E. TUTUC, AND M. SHAYEGAN PHYSICAL REVIEW B65 155303

In order to reinforce our conclusions, we present next ahe density is reduced. Taking into account the orders-of-
comparison between measured and calculated spin splittingsagnitude change that we have fG8E,)/(up) in QW's
in a GaAs-AbsGay/As single heterostructure grown on a and for(a;E,)/(u) in electron systems, the agreement be-
nominally undoped(31)A GaAs substrate with a weak tween experiment and theory is quite satisfactoiye wish
p-type background dopintj. A back gate was used to tune o emphasize that it is indeed the anomalous enhancement of

the densityN from 1.8<10% to 4.2<10'° cm 2. To mea-  the Rashba coefficient in 2D HH systems in accumulation-
sure the spin subband densitlés , the Shubnikov—de Haas |ayer-like single heterostructures that allows us to experi-

(SdH) oscillations at low magnetic field3 were examinetf mentally resolve the spin splitting in this density regime.

at a tgmgperauf;ri':so m}ﬁ (see inset of Fig. B Tr;ehfre— Data on QW samples with comparable densities reveal no
qUENCIES sq1 0 25 ese oscillations are a measure of the Zeroy . 5 rahje spin splitting,consistent with the solid and dot-
B spin splitting=” In Fig. 3(a) we present the measured and ted lines in Fig. 1

c?lculated spmt ngbband ?\enaueﬁEe)/(hlbltlr:jgtremarl;ably Support from the NSF, DOE, and Humboldt Foundation is
close agreement. Figurét8 shows( 87E,)/{ u,) determine gratefully acknowledged.
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