RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 60, NUMBER 4 15 JULY 1999-lI

Effect of the spin-orbit geometric phase on the spectrum of Aharonov-Bohm oscillations
in a semiconductor mesoscopic ring
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Taking into account the spin precession caused by the spin-orbit splitting of the conduction band in semi-
conductor quantum wells, we have calculated the Fourier spectra of conductance and state-density correlators
in a two-dimensional ring, in order to investigate the structure of the main peak corresponding to Aharonov-
Bohm oscillations. In narrow rings the peak structure is determined by the competition between the spin-orbit
and the Zeeman couplings. The latter leads to a peak broadening, and produces the peak splitting in the
state-density Fourier spectrum. We have found an oscillation of the peak intensity as a function of the spin-
orbit coupling constant, and this effect of the quantum interference caused by the spin geometric phase is
destroyed with increasing Zeeman couplifi§0163-182609)50928-4

The spin-orbit interactiofSOI) gives rise to a geometric spectrunx|g(v)|) was observed. The authors of Ref. 6 have
phase in the quantum amplitude of a particle propagatingonjectured that the observed splitting is due to the strong
along a closed trajectory. In ideal one-dimensiohD) Rashba SOl in a doped AISb/InAs quantum well.
rings this can lead to quantum oscillations of transport pa- While the experimental results in Ref. 6 remain to be
rameters similar to the Aharonov-Bohm efféétin disor-  explained, in our opinion, the fundamental question that
dered conductors the interference between two time reversetteded to be answered is how the Fourier spectrum of the
paths produces the oscillation of mean conductance anal@onductance correlations, particularly the shape of the main
gous to the Altshuler-Aronov-Spivak effect. Such oscillationFourier peak, is influenced by the interplay between the spin-
in 1D systems was shown by Meir, Gefen, andorbit phase and the external magnetic fielbhis is the aim
Entin-Wohlmar® and in systems of higher dimensions by of the present paper. The more suitable starting point for
Mathur and Stoné Besides, SOI also modifies the shape ofsuch a theoretical analysis is
the Aharonov-Bohm and Altshuler-Aronov-Spivak oscilla-
tions. For a disordered material, the mean conductance is Bo . iv(B—B' ,
obtained as an ensemble average over a large number of <|9(V)|2>=f f_B dB dBe"®"®)(g(B)g(B")), (1)
measurements on different samples. One can try to detect the °
guantum effects associated to the spin-orbit phase by meavhere the interval between B, andB, covers the region in
suring the oscillations of mean conductance when the spinwhich g(B) is measured. This interval is much larger than
orbit coupling strength or the external magnetic field is var-both the period of the Aharonov-Bohm oscillations and the
ied. To our knowledge, such experiments have not yemagnetic-field correlation ran§ef mesoscopic fluctuations.
established any evidence of the spin-orbit geometric phaseln this paper we will calculate E@1) in the diffusion regime

For a disordered material, if one takes the Fourier transef a disordered 2D semiconductor ring of widthand radius
form of the mean conductancg(B)) as a function of the R. Our theory explains the main physical mechanisms that
external magnetic fiel®, the spectrum is dominated by the determine the shape of the Fourier spectrum. For the state-
Altshuler-Aronov-Spivak oscillations, which is periodic in density correlator that partly contributes to Eg). we predict
magnetic flux with a periothc/2e. On the other hand, if one a split of the main Fourier peak when the effect of the Zee-
takes first the Fourier transforg(v) of a measured conduc- man interaction is not completely suppressed by SOI and
tanceg(B), and then performs an ensemble averdgér)|) ~ mesoscopic fluctuations. After we point out that this same
of the Fourier amplitude, one would expect that the sofeature appears in an ideal ballistic ring, we conjecture later
derived spectrum will exhibit a main peak corresponding tothat our theory also provides the physical origin of main
the Aharonov-Bohm oscillations with a peribd/e in mag-  peak splitting observed in a chaotic ballistic rihg.
netic flux® Consequently, the average of Fourier amplitude, ~Since it is the RashiS@erm rather than the Dresselh&us
(|g(v)|) represents correlations of conductances measured tg&rm that gives the major contribution to the SOI in an InAs-
different magnetic fields. The dependence of these correldbased quantum welf, for simplicity in this paper we will
tions on the SOI can then manifest itself in the shape of the@eglect the Dresselhaus term. We will use the standard per-
mean peak. In a recent experimfemn mesoscopic rings turbation theory that was applied previodstp analyze the
made from a AISb/InAs quantum well structure, the dataconductance correlations. In the framework of this theory the
were analyzed in this way, to the best of our knowledge forcorrelator in Eq(1) is expressed via two-particle propagators
the first time, and a split of the main peak in the measuredCooperons and diffusionsvhere one of the particles propa-
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gates at the magnetic field and the other aB’. If one *

J

neglects the Zeeman interaction with the external magnetic —i- D) = ——(t-9D(r,r’)=0. 5
field, the Cooperon propagator is a functionBof B, while
the diffusion depends only oAB=B—B’. Hence, in the In a narrow ring with the widtlw much less than the radius
vicinity of the main peak atv=2w?R?/®,, where ®, R, D(r,r’) varies slowly across the annulus. If the elastic
=hc/e is the flux quantum, the major contribution to Efj)  mean free pathis much shorter thaw, such slow variation
is given by diffusons. If the Zeeman interaction is taken intocan be treated perturbatively in the diffusion
account, the Cooperon propagator is no longer a function ofpproximatior:* Using the boundary conditions of E¢p),
B+B' alone. Nevertheless, Cooperon’s contribution is rela-after averaging over, Eq.(3) is reduced to an effectively 1D
tively small if the Zeeman energyus®,/7R? is much less equation, whereD depends only on the azimuthal angles
than the Thouless enerdsy;=D#/R?. Therefore, in the in-  ¢,¢’. This function can be expressed in the form
tegrand of Eq.(1) we will retain only the part of the cor-
relator associated to diffusions. 1 aiS e — o R

Each of the diffusions is a component of a mafikr,r') D(p.p") =€ ); Ma(e")e. ®
with four spin indices representing the spin states of an elec- . ) )
tron and a hole. Following Ref. 8 one can show that theMaking use of the rotation properties of the spin operator

correlator in the integrand of Eql) is proportional to : , . , ,
’ e prop eXHiS,(¢— ¢") (S MexiS(¢' — 9)]=(S"),

where n,=cose’ and ny=sing’, we arrive at a set of 4

X 4 algebraic equations for the components of the matrices
M, . From these equations one can derive the following sub-
set of equations that contains only thé,0,1 components of
Hhe matricesM, :

[N—A¢— (S N)?My+[a+p*Mo(1-S)1(Ah)°M,,

fdzrdzr’{Re(Tr[D(r,r’)D(r’,r)])
+2 T D(r,r")D(r,r")]}. (2
In the above equation the trace is taken separately over t

electron and hole spin indices. It is convenient to expEss
in the representation of the total spiof the electron-hole

two-particle systeni? In this representatioB is a 4X 4 ma- 1

trix with component® ,,,. The indicesnandn can have the +ipS(p+ o' )M nt—E-Mn=1, (7)
values—1,0,1(for the zcomponent of the tripletands (for TotT

the singlet. where  a=w?%4R?, Mo=[(n—A¢)%+a(A¢p)2+1/

In A;Bs semiconductors the spin-orbit coupling has theT@ET]‘l, =1+ (Ram*/#)?, and p=gm*/k{m. N is a
form Hg,=h,- s for an electron having spis and quasimo- ynit vector with N,=n/(1— I Ny=n§(l—§*2)1’2,
mentumk. This SOI and the Zeeman interaction determinegnd N,=1/¢.
the spin dependence &, which can be written &3 The three dimensionless parameterg, andp determine

the shape of the main peak {fhg(»)|?) given by Eq.(1). a
. e 2 ) , describes the dephasing due to the penetration of the mag-
T< _'V'V+EV'AA+hk'S> > D(r,r")+ZD(r,r") netic fluxA ¢=AB7R?/ @, into the annulus of the ring. We
ang should remind the reader that to calculatee have assumed
diffusive propagation of particles in the radial direction.
+_—D(r,r)=é(r—r’), (3 However, it is reasonable to believe that the dependence on
¢ flux of the form a(A¢)?, as appearing in Eq7), is also

wherer is the elastic mean free Scattering t”n@,the phase valid for ringS with ballistic transport along the radial direc-
breaking time, and the notatidn ,ng is an angular average tion. In this casex can be_ conS|d_ered as a phenomenolpgmal
over the Fermi surface. The ter@D(r,r’) in the above Parameter. The spin-orbit coupling constgrgives the spin-

equation is due to the Zeeman interaction, and the nonzeihase winding number after a particle has traversed a closed
components of are path along the ring. The parameters related to the Zeeman

interaction. It determines the amount of mixing between the
ig s triplet and the singlet components of the diffusion propaga-
ZoSZZsoIT(B—B') tor. This mixing appears in Eq7) in the form p?M(1
—Sﬁ). Hence, althoughp is small, the effect of mixing is
enhanced by theesonanceof the singlet diffusion mode and
the S,=0 component of the triplet. However, with stronger
spin-orbit coupling the system is driven out of the resonance
due to the term’(S-N) in Eq. (7).
We see that iB# B’ the matrixZ contains components that  After substituting Eq(6) into Eq.(2) and carrying out the
mix the singlet part and the triplet part of the diffuson. integration, we need to perform a numerical summation over
We choose the gauge such that for the field differekBe n in order to obtain the conductance fluctuations and the
the vector potential iIAA=ABrt/2, wheret is a unit vector  state-density fluctuations which, according to Ref. 15, are
tangential to the ring. Sincels,=a(kss,—kys,) when the given by the first term of Eq(2). The summation oven is
Rashba term dominates, the boundary conditions at the innéfom —n,., t0 Ny .= 50, which gives converging results.
and the outer radii of the ring are The magnetic field, is set at a value corresponding to a

igu ,
Z11:_27171:TB(B+B ). (4)
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) ] ) FIG. 3. The intensity of the main Fourier peak as a function of
FIG. 1. Fourier spectra of state density for various Zeeman coug, g0 couplingp=10"* (circular dot; p=5x10"* (triangles:
pling p and SOI strengthl: p=0.006, {=1 (solid curve; p p=10"3 (squares
=0.0033, {=1 (dot-dashed curye p=0.006, {=2.5 (dashed

ashed P < _
curve. The frequency is defined as=2m—vdo/7R". p=0.0033(dot-dashed curyeor as the resonance is detuned

by increasing the SOI t§= 2.5 (dashed curve the phenom-
flux of 300D,. Within a reasonable range of material param-enon of peak splitting disappears. We have also found the
eters our numerical results depend only weakly on the valuganishing of this splitting when the value of the parameter
of By. is enhanced, corresponding to a decrease of the magnetic-

Figures 1-3 were calculated wita=2x10"* and field correlation range of mesoscopic fluctuations. While the
1/T¢ET=10*2. For the convenience of presentation, flee  splitting is seen in the state-density peak, it is absent in the
quencyin Figs. 1 and 2 is defined as=27—v®y/7R?,  diffusion coefficient spectrum. In the parameter regime con-
which is dimensionless. Figure 1 shows the main Fouriesidered here, the contribution to the conductance correlator
peak of the state-density correlator. The splitting of the pealfrom the diffusion coefficient spectrum is larger than that
(solid curve for p=0.006 andZ=1 is due to the resonance from the state-density correlator. Consequently, there is no
of diffusion modes. As the Zeeman coupling is reduced tgpeak splitting in the Fourier spectrum of conductance oscil-
lations as shown in Fig. 2.

Our theory predicts a quantum oscillation of the intensity
of the main peak in the Fourier spectrum of conductance
oscillation, as a function of the SOI strength. To demonstrate
that its origin lies in the geometric phase, let us first set the
Zeeman interactiop=0. In this case Eq(7) can be easily
diagonalized by choosing the spin quantization axis aldng
The eigenvalues ofS-N are £, 0, and—¢. Including the
singlet state, the eigenvalue 0 is doubly degenerate. The de-
pendence of|g(»)|?) in Eqg. (1) from ¢ can then be readily
calculated, because the{ can be absorbed by a shift Afg
in corresponding components of the correlator. If we ignore
the small change produced by this shift in (@ ¢)? term,
after taking trace(|g(»)|?) is found to be proportional to
1+cog (27— w){]. At the center of the peaky=0 and so
{lg(»)|?) oscillates with as coé#{. Since the Zeeman in-
teraction breaks the time inversion symmetry and thus leads
to an additional dephasing, the magnetic-field correlation
length is reduced and hence the dependence on the geometric
phase gets weaker. As a result, the oscillating amplitude of
{lg(v)|?) decreases rapidly with increasing Zeeman interac-
tion. The numerical result of this oscillation is shown in Fig.

FIG. 2. Fourier spectra of conductange=0.006, /=1 (solid 3 for p=10"* (circular dot3, p=5x10"* (triangleg, and
curve: p=0.0033, /=1 (dot-dashed curje p=0.006, (=2.5 p=10"3 (squares
(dashed curve The frequency iso=27m— v®,/7R2. The splitting of the main Fourier peak has been observed

CONDUCTANCE (ARB. UNITS)

FREQUENCY
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in a recent experiment on AISb/InAs/AISb quantum well = 7 8k(R, where= 5k; are the shifts of the Fermi wave vec-
rings with radii about 1um.® The material parameters for tor for up- and down-spin electrons. The shiftk;R has its
these samples arel=10"% cm, g=14, and a  maximum valuerp’ /2 in the absence of the SOI, and de-
=109 eV cm* which givep=10"3 and{=3. With these  creases with increasing SOI strengthEven at the largest
values of andp, our calculation does not yield the splitting value 7p’ ¢/2, the corresponding split in AB oscillation fre-
of the main Fourier peak in both the state-density and thiuency is of the ordep’, which is too small to explain the
conductance. However, this is not a total surprise because “&perimental value.
samples used in Ref. 6 are very small withR, which is The general feature of the peak splitting for the ideal 1D
nearly in ballistic regime instead of in diffusion regime. Fur- ,5jjistic ring is then similar to that for the diffusive 2D ring.
thzermo*re', in these samples the spin precession engiathermore, in the 2D ring the amount of the AB oscilla-
f*/am* is shorter than the elastic mean free path, for whichyjons gplitting as seen in the state-density correlations also
our perturbative treatment of SOl is not valid. decreases with increasing SOI. If we use the same value for
In order to judge how relevant are our qualitative results » i 4 1D ballistic ring and fop in a 2D diffusive ring,
to the above mentioned experiment, let us consider the o vhich means the same strength of the Zeeman coupling in
posite limit of an idgal 1D ring. The period of the Aharonov- i, systems, in the absence of SOI, the peak splitting in
Bohm (AB) oscillations changes due to the dependence oLyt density correlations is larger than that in the transmit-
the geometric phase and dynamic spin phase on the magnefig,ce of a 1D ring. This is due to the longer paths traversed
field. We will consider first the eszect (/32f geometric phase. In by a diffusing particle in its random walk along a ring, and
the region of our interest’ << (£*—1)"?with p’ defined as 5 acquiring a larger dynamic phase. We have reached the
p'=gm"/k{Rm, for an ideal ring one geﬁt&from Refs. 1 and conclusion that the two quite distinct limiting cases have led
2 the geometric phasé,=*mp'({"—1) "¢+ C , where 4 the same qualitative picture. Consequently, we conjecture
C is a constant independent of the magnetic field, andthe a1 the peak splitting observed in near ballistic 2D sanfples
signs refer to the two electron spin orientations. Combinings que to the Zeeman interaction, which is not completely

the geometric phase to the AB phased, we see that SOl gyppressed by the SOI and the mesoscopic fluctuations.
leads to a split of the AB oscillations in the transmittance of

the ring into two oscillations with close frequencies. How- We acknowledge the support of the Royal Swedish Acad-
ever, this frequency splitting is about two orders of magni-emy of Science under the Research Cooperation Program
tude less than the observed vafublext, we consider the between Sweden and the former Soviet Union, Grant No.
split of the AB oscillation frequency caused by dynamic spin12527, and of the Russian Foundation for Basic Research
phases, which depend on the magnetic field in the fornunder Grant No. 97-02-17324.
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