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Spin-resolved commensurability oscillations
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We report the observation of commensurability oscillations, induced by a one-dimensional periodic poten-
tial, in a high-mobility GaAs two-dimensional hole system confined to a triangular quantum well. The mea-
sured oscillations exhibit two frequencies that agree well with those calculated from the Fermi contours of the
two spin-split hole subbands, providing clear evidence for the observatispimfresolveccommensurability
oscillations.[S0163-18289)01731-3

Two-dimensional2D) carrier systems whose host crystal tor k; . In our spin-split 2DHS with different Fermi contours
or confinement potential lacks inversion symmetry can exfor the two spin-subbands, therefore, we may expect to see
hibit finite spin-splitting even in the absence of an appliedtwo sets of superimposed oscillations with different frequen-
magnetic field° From early cyclotron resonance and mag-cjes.
netotransport data on modulation-doped GaAgFa ,As Our samples were grown on GaA311)A substrates by
(00D quantum structures this spin-splitting is known to bemolecular beam epitaxy. They contain a 2D hole gas con-
much larger for 2D holes than for 2D electrdrsThis fact  fined to an Ab 3G a ssAS/GaAs interface, separated from a
stems from the strong spin-orbit coupling present for the 2DSi dopant Iayér by'a 210-A spacer. The carriers, located
holes, and can be 8understo_od from subband calculationgyng A below the surface, have a typical low-temperature
based ork-p theory? 2D carrier systems with large spin- mobility of 1.0x10° cm?/Vs and occupy only a single,

sphttlng have been the SUbJ?Ct of substann_a! recent mﬁere_st spin-split hole subband in the range of densities that we stud-
since they are good candidates for realizing new devices

such as a spin-polarized, field-effect transidfoand for ob- ied. To inQuce a periodic_pot_entigl modulatign, an array of
serving exotic physical phenomena such as Berry’s phase.PMMA strips along th¢ 011] direction was defined by stan-
Here we report clear evidence for spin-resolved commensudard electron beam lithography technique on a Hall bar
rability oscillations in a 2D hole syste2DHS) confined to  structure aligned along the233] direction. The top part of
GaAs/AlLGa, _,As interface. This system is particularly in- Fig. 1 schematically shows the structure of our sample. The
teresting since its spin-splitting can in fact be tuned via thearray has a period=2000 A , while the PMMA strips are
application of a surface gdfethus, fullfiling another re- 1000-A thick and 1000-A wide. We then cover the entire
quirement for the realization of a spin-polarized, field-effectsample surface with 50 A of Ti and 2000 A of Au, which is
transistor'° used as the front gate. A periodic modulation is created in
To probe the quasiballistic transport properties of thethe 2DHS under the array of PMMA strips since the part of
spin-split 2DHS, we measured the commensurability oscillathe gate, which rests on top of the PMMA is not as effective
tions (CO’s) induced by a one-dimensional periodic modula-in changing the 2DHS density as the part that directly
tion potential. Consider a 2D carrier system with a circulartouches the sample surface. Longitudinal magnetoresistance
Fermi contour subjected to a one-dimensional periodic po{R,,) along the periodic potential modulation, i.e., along the
tential of perioda and perpendicular magnetic fieRl If the [533] direction was measured, as a functionByfat T~ 20
carriers can complete their classical cyclotron ofbitradius  mK via a standard low frequency lock-in technique.
R.) ballistically, then the magnetoresistance along the modu- Figure 1 shows typical lov® R,, traces measured at dif-
lation direction has a componem{R,,, which oscillates as ferent applied front gate biases. We shifted the traces by their
the orbit diameter becomes commensurate ith zeroB value, R,,(B=0), for clarity. The traces are labeled
by their total hole densitieg', deduced from the quantum
AR OCCO{ZW&— Z) =c05< fiki 1 77) @ Hall effect observed at higher magnetic fieldy B<16 T1°
xx a 2 COs are clearly seen for 6<B<1 T. The Fourier spectrum
of the COs is deduced from the Fourier transformation of the
These oscillations can be explained by a semiclassicaheasured,,, in the range 0. B<1 T, after subtracting a
model}* which accounts for their frequency and phase ex-second-order polynomial background and multiplying by a
tremely well. Note in Eq(1) that the oscillation is periodic smoothing window. The Fourier power spectra of these CO’s
in 1/B with a frequency proportional to the Fermi wave vec- are shown in Fig. (b). Two well-separated frequency com-
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ok B FIG. 2. Fourier power spectrum of CO’s and the calculated
501 il Fermi contours of the spin-split hole subbar(ise) at pt=4.57
2 X 10" cm~2. The calculated CO frequencies.[,.) for these
4.57x10" = Fermi contours are marked by two solid triangles. The two hollow
or triangles markfy',,; these are CO frequencies basedHidh and
HHI subband densitie@leduced from SdH measuremeahd as-
sumingcircular Fermi contours. The good agreement betwég-m
. p=5.20x10" em® | o L and the experimental data reveals the importance of the “warped”
00 05 100 1 2 3 nature of the Fermi contour for ttt¢Hh band.

B(T) Frequency (T)
- observation can be understood if Fermi contour warping is
FIG. 1. (a) CO’s measured along th@33] direction. The traces taken into account. The inset to Fig. 2 shows the calculated
are marked by the total density of holgs, and are shifted verti- Fermi contours of 2DHS {t=4.57x 10'* cm 2) confined
cally by their respective zerB-R,, value: 66() for the p'=5.20 to Alg 3:Ga, ssAS/GaAs(311A interface. We performed self-
X 10" cm™? curve, and 78, 103, 149, and 198 for the lower  consistent subband calculations for the investigated samples
density traces(b) Fourier power spectra of the traces(@. Curves using the generalized envelope-function approdcthe ef-
are normalized to their maximum value and shifted vertically forfacts of pulk inversion asymmetry of the GaAs crystal are
clarity. The sample structure used in this experiment is shown oR.,sidered by employing an>88 k-p model with a basis
top. consisting of the bulk statd, I's, , andI'-, which can be
systematically derived from the ¥414k-p model of Ref.
ponents, whose peak frequencies evolve with are ob-  16. This model accounts for the nonparabolicity and warping
served fop'>2.61x 10" cm™2. We will demonstrate in the  of the energy bands and allows to consider (8&1) orien-
rest of this paper that the two frequency components of thesgtion of the sample. The inversion asymmetry of the
CO's indeed correspond to the CO's of holes in two spinGaAs/ALGa_,As heterostructure(confining potentiadl is
subbands. taken into account by considering the sample geometry, dop-
To show this correspondence, we compare the measurédg, and carrier concentration. It is important to note that all
frequencies with the expected CO'’s frequencies based on thgulk band parameters for GaAs and @k, _,As (Ref. 17 as
measured spin-split subband densities. Figure 2 shows thgell as the band offsets are known. Our calculations are
Fourier power spectrum of CO's whenp'=4.57 thus essentially free of adjustable parameters. The calcula-
X 10" cm™2. At this p', from an analysis of the o tions were done for zero-magnetic field.
Shubnikov—de HaagSdH) oscillationst® measured in a The inset to Fig. 2 reveals that the contour is nearly cir-
similar sample(from the same grown waferbut without  cular for the lighter spin-subbandd@! band but is signifi-
periodic modulation potential, the hole densities of the twocantly warped for the heavier spin-subbandiHh band.®
spin-split subbands are determined to bg'=1.6  For the latter, since the calculated Fermi wave vector in the

x 10" cm™? and _ph=2-9x 10" cm2. According to Eq. [011] direction is larger thar/47p" (the value for a circular
(1), the frequencies of CO's are expected to H&,ar  Fermi contouy, it is reasonable that the higher frequency
=2hyAmp/ea if circular Fermi contours are assumed. component of CO's, which is measured for a potential modu-
Thus, folra=200ho A, the frequencies ?f CO's correspond- |5tion along[233], is centered at higher value than the ex-
Ing to p and p" are expected 10 bégircyiar=0.93 and  yocted 7 Jamph/ea note that the frequency of the CO's is
fcircular=1.25 T. The open triangles in Fig. 2 indicate thesez measure of the Fermi wave vector in the direction perpen-
frequencies. It can be clearly observed thaf,, ., matches  dicular to the modulation directiof.Indeed, our calculated
the lower frequency component of the measured CO’s veryositions of the CO’s frequencies, taking into account the
closely. The higher frequency component, however, does nayarped Fermi contour, agree remarkably well with the ex-
matchfl cuiar - perimental datdsee solid triangles in Fig.)2

The discrepancy betweet), . .., and the experimental The peak frequencies of the two frequency components
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FIG. 3. Frequency vs total hole density plot for the CGlg): g 1204|
peak frequencies of Fourier power spectra shown in Fig).1 > 11
o n P nim 2 1104,
feircular . €Xxpected CO frequencies based on the spin-split subband 2 1\ o
densities measured by SdH oscillations and assuming circular Fermi & 100 s
I,h y g o 1 1 1

contours.f¢l.: expected CO frequencies deduced from the calcu- T 2 8z s
lated Fermi contours. 1/B (1/T)

shown in Fig. 1b), £l andf" . are summarized and plot- FIG. 4. Fourier decomposition pf the meas_ured CO’spht
9. 1), feo co P =4.57x 10" cm 2. (a) Solid curve: inverse Fourier transform of

oy :
ted agalr.]Sp in Fig. 3 as solid sympols. The expected CQ.the lower frequency component shown in Fig. 2. Dotted curve: trace
frequencies based on measured spin-split subband densmgg

; > - h nerated according to E@) and using fitting parameters as indi-
and assuming circular Fermi contouf$. ., , are shown as cated in the figure(b) Same analysis as i@) is done for the higher

open symbols in the same _figure. The _expect_ed CO fr_equefﬂrequency component of Fig. 2c) Background deduced by sub-
cies deduced from theoretical calculation, with Fermi con-racting the original data from the sum of the solid curvegainand

tour warping taken into account, are also plotted in Fig. 3b).

(f'c'2|c). The three frequencies correspondingHéll band,

feo, fhircular» @ndfl, . agree with each other to within 4%  The separate#iHl andHHh band CO’s can be analyzed

in the entire experimental range pf, confirming the nearly by a simple empirical expression, which assumes that the

circular shape of thelHI Fermi contour. For thelHh band, amplitude of CO’s decays exponentially witiBl/n analogy

on the other hand, the experimental CO'’s data can be quame the SdH oscillationgthe Dingle factoy!

titatively understood only if the warping of théHh Fermi

contour is taken into account: whifé; andf", . agree with

each other to within 8%f{; ..., are always significantly

smaller than these two frequencies. The good agreement be-

tweenfl.l . andfLY in the entire experimental range strongly whereRy, 7, and 6, are fitting parametersy.=eB/m* is

suggests that the observed CO’s indeed correspond to tliee cyclotron frequency, antl:]\. are fixed parameters as

CO’s of the spin-split subbands. defined in Fig. 3. The results of the best fits are shown as
We can further separate the COs corresponding to holedotted curves in Figs.(d) and 4b) together with the fitting

in HHI and HHh bands by analyzing our data viaverse parameters. Note that the fitting parameters for the phase of

Fourier transformation of the individual frequency compo-the oscillations§,=0.637 and 0.62r for CO’s of HHI and

nents seen in the Fourier power spectra. Figure 4 demordHh holes respectively, are close to the expected value

strates this operation for the data corresponding'te4.57 0.5 according to Eq(1) (~0.137/27=7% difference of a

X 10"t cm~2 whose Fourier power spectrum is shown in full cycle). This observation further confirms that we are

Fig. 2. The region 0.68 f<1.19 T of the Fourier spectrum, indeed measuring and are able to separate, via Fourier analy-

which corresponds to CO’s of the holes in tHeéil band, is  sis, CO’s of bothHHI andHHh holes. In addition to this

inverse Fourier transformed and divided by the original win-confirmation, from an analysis of the exponentatlepen-

dow function. The result is shown as the solid curve in Fig.dence of the CO’s amplitudghe expt m/w.7) term in Eq.

4(a). The second region of the spectrum, k19<3 T, cor-  (2)],* we also estimate the scattering time$ (o be 2.7 ps

responding to CO’s of holes in théHh band, is analyzed in for holes inHHI band and 5.1 ps for holes lHh band. In

a similar fashion and the resulting inverse Fourier transfornorder to obtain these estimates, we used the band structure

is shown in Fig. 4b). The background shown in Fig(e} is  shown in the inset to Fig. 2 and the relation’ =h227

derived by subtracting the original data from the sum of the- JA/JE, whereA is the area enclosed by Fermi contour and

solid curves shown in Figs.(d and (b). The fact that the E is energy, to estimate the cyclotron effective mas$ ) of

background curve is smooth except for the high frequencyHHI andHHh holes to be 0.22, and 0.65n, respectively.

SdH oscillations appearing in theBi2 T ! region as- At the moment we do not have a quantitative understanding

sures that Fourier decomposition technique does not introef the magnitude of these scattering tinfésye note how-

duce any major artifacts. ever that they are comparable to scattering times deduced

1
AR, =Ry exp(— w/wcf)cos< 27fLh . 5 ao) . (@
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from similar CO measurements in GaAs/Bl_,As 2D  CO's induced by a periodic modulation potential show two
electronsystems? It is also worth mentioning that the mo- clear frequency components corresponding to COs of holes
bility scattering time, deduced from the zeBoresistivity of N the HHI and HHh bands. Both our theoretical calcula-
a nonmodulated 2DHS, is about 32 ps if we assume that thilons and experimental ot_)servatlon:; indicate that the Fermi
HHI andHHh band holes have the same mobility scatteringcontour of theHHI band is nearly circular but that of the
time. It is about one order of magnitude higher than thel/Hh band is significantly warped.
scattering times deduced from CO measurements. This ob- We thank M.B. Santos for sample growth, and R.J. War-
servation is, again, similar to the electron c&se. burton and K. Karrai for many useful conversations. This
In conclusion, we report evidence of spin-resolved CO’swork was supported by the Army Research Office and the
in 2DHS confined to an AGa_,As/GaAs interface. The National Science Foundation.

IH. L. Starmer, Z. Schlesinger, A. Chang, D. C. Tsui, A. C. Gos-  Lett. 8, 179(1989; R. W. Winkler, J. P. Kotthaus, and K. Ploog,
sard, and W. Wiegmann, Phys. Rev. Lé&it, 126 (1983. Phys. Rev. Lett62, 1177(1989.
23.P. Eisenstein, H. L. Stmer, V. Narayanamurti, A. C. Gossard, **C. W. J. Beenakker, Phys. Rev. Lef2, 2020 (1989; R. R.
and W. Wiegmann, Phys. Rev. Le®3, 2579(1984). Gerhardts, D. Weiss, and K. v. Klitzinghid. 62, 1173(1989.
3B. Jusserand, D. Richards, H. Peric, and B. Etienne, Phys. Rev.The total density is deduced from the relatigi=1v(e/h)B,,
Lett. 69, 848 (1992. whereB,, is the magnetic field at which theth quantum Hall
“P. D. Dresselhaus, C. M. A. Papavassiliou, R. G. Wheeler, and R, _&ffect resistivity minimum occurs.
N. Sacks, Phys. Rev. Le8, 106 (1992 R. Winkler and U. Resler, Phys. Rev. B8, 8918(1993.
. y . . d . 17 - : .
5C. Gauer, M. Hartung, A. Wixforth, J. P. Kotthaus, B. Brar, and Y- Rassler, Solid State Commu#9, 943 (1984; H. Mayer and

H. Kroemer, Surf. Sci361/362 472 (1996. 18JUMR°SS'§“ PRVSF;_Rev'kEé %0‘:/?/(139D'A C Gossard. and 3. 1
®M. Schultz, F. Heinrichs, U. Merkt, T. Colin, T. Skauli, and S. - Vienendez, A. FInczux, ©. J. Werder, A. . Lossard, and J. H.

Lévold, Semicond. Sci. Technal.l, 1168(1996. 19F§?ililrsnkill‘af?<l)sr‘{t§1er\/l Ii SS?anggg?nidoni and F. Peeters, Phys
7J. Nitta, T. Akazaki, and H. Takayanagi, Phys. Rev. L&8, plots, ' ' » FIYS:

Rev. B51, 17 806(1995.
1335(1997. (1999

. ) ) ?OThis is because the semiclassical trajectory of the ballistic carriers
u. Ekenberg. and M. Altarelli, Phys. Rev. 3, 3569(1984) 32.' in real space under the influence of a perpendicular magnetic has
3712(1989; D. A. Broido, and L. J. Shanibid. 31, 888(1985; the same shape as the constant energy contokispace but is

T. Ando,_ J. Phys. Soc. Jpb4, 1528“(1985)- rotated by 90° with respect to the latter. Also, see G. Goldoni
°For a review of early work, see U. Rsler, F. Malcher, and G. and A. Fasolino, Phys. Rev. B4, 8369(1991).

Lommer, in High Magnetic Fields in Semiconductor Physics,213 p. Ly and M. Shayegan, Phys. Rev5& 1138(1998.
edited by G. Landwehr, Springer Series in Solid-State Science®\We emphasize that our measuredre of the order of impurity

Vol. 87 (Springer-Verlag, Berlin, 1989p. 376. scattering times. Spin-flip scattering times are typically expected
105, Datta and B. Das, Appl. Phys. Lef6, 665 (1989. to be much longer. However, because of the very strong spin-
1IA. G. Aronov and Y. B. Lyanda-Geller, Phys. Rev. Létf, 343 orbit coupling and band mixing in GaAs 2D holes, spin-flip

(1993; A. F. Morpurgo, J. P. Heida, T. M. Klapwijk, B. J. van scattering, mediated by impurity scattering, can happen in ps

Wees, and G. Borghshid. 80, 1050(1998. time scale in our sample. Indeed, according to calculations by R.
123 p. Lu, J. B. Yau, S. P. Shukla, M. Shayegan, L. Wissinger, U. Ferreira and G. BastafdPhys. Rev. B43, 9687(1991)], for the

Rossler, and R. Winkler, Phys. Rev. Le#l, 1282(1998. Fermi wave vector of our sample=(0.02 A~1), spin-flip time

13p. Weiss, K. von Klitzing, K. Ploog, and G. Weimann, Europhys.  can be<10 ps, comparable to our measured scattering time.



