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Probing the band structure of a two-dimensional hole gas using a one-dimensional superlattice
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Using a one-dimensional superlattice we have mapped out the Fermi surface of a two-dimé@giphale
gas in a GaAs/AlGa, _,As heterojunction grown on th@11)A surface of GaAs. This follows our observation
of commensurability magnetoresistance oscillations from a weakly one-dimensionally mod@laigl 2D
hole gas that is confined to square and triangular quantum wells. The dependence of the oscillations on the
modulation direction in thé31DA plane reflects its knowk-space anisotropy. This method is a minimally
invasive probe of the Fermi surface of high-mobility 2D systef8€163-18206)50644-2

In the presence of a weak one-dimensio(iD) lateral  the surfacgheterojunction with a square quantum wgiw)
superlattice potential and perpendicular magne®ig fields, and a 2D hole mobility &) of 75 m?>V~!s™! at a hole
the resistivityp,, of a two-dimensional electron gé8DEG)  density () of 1.8x10 m 2. The second,T97, has a
along the modulation directiorxf displays oscillations pe- 100-nm deep triangular shaped QW  withu=50
riodic in B~ 1.1 Extrema inp,, occur at fields satisfying the m2v-—1s 1 at p=2.1x10" m~2. The mobility values were
following commensuration condition between the electrongptained from measuring the ungated Hall bars along the
classical cyclotron diameterR and the grating potential [2,,3] direction in the dark at 300 mK. Samples were pre-

perioda: pared using conventional lithographic techniques to etch 20-

2Rc=2%hke/leB=a(i+¢), i=1,2,..., (1) ~wmm-wide Hall-bar mesa with distances of 3m between

) ) _ o longitudinal voltage probes. 50 nm of NiCr/Au was evapo-
wherek is the Fermi wave vector andl is the deviation of  rated onto the surface of the mesa into patterns, each consist-
these R¢ values from integer multiples of the potential pe- jng of a 400-nm period grating and a perpendicularly cross-
riod. Those commensurability oscillation€CQO’s) were ing line (from outside the mesa defined by standard
showrf to be due to a resonance between the electron orbitd|ectron-beam techniques. A subsequent lift-off process re-
motion and the osc_illgting dr_ift of the o.rbit center, occurring yealed a comb-shaped Schottky gate which fills the whole
when Eq.(1) is satisfied. This model finds that the expres-req petween the probes with metal strips. In each device the
sion long axis of the Hall bar was laid along a different crystal-

poB) eVo\2[ 12 Re lographic direction. Six directions betweej?233] and

©) +2(E—) (@)0032(277?— Z) (2 [011] were used.

Po F The larger effective massi* (0.35m,) of 2D hole gases
reproduced the positions of electron CO extrema, wheri2DHG),* compared to electrons, increases the system’s den-
2mRc/a<1. Here,p, is the unmodulated 2D gas resistivity, sity of states such that the conditfkp T<7 w.kra/2, where
V, is the modulation amplitudd, is the electron mean free .= (eB/m*), for CO oscillations to be observed, is made
path (MFP), and Er is the Fermi energy. This predicts more severe. An excitation current of 10 nA was used, par-
¢==*0.25 for maxima and minima ip,,. In order to ob- allel to the potential modulation and the samples were cooled
serve CO, the MFP of the carriers has to be sufficientlto <4.2 K before measuring the longitudinal and transverse
large, as shown by EgZ2). Therefore, to date, CO have MR beneath the gate aréasing standard four-terminal low-
only been observed from 2DEG'§in (100-oriented frequency lock-in techniqugsGate leakage currents were
GaAs/Al,Ga _,As heterojunctions due to the relatively below 10 pA. o
high mobility of electrons compared to hole gases. Recently, Figure ¥a) shows longitudinal MR from #233] aligned
however, high enough hole mobilities have been achieve@iall bar at various temperatures. CO are clearly seen at low
using the(31DA surface of GaAs with Si as@rtype dopant.  fields and are accompanied by a positive MR at very low
The (31DA plane mobilities, however, were found to be sub-fields. At about 0.3 T the onset of the Shubnikov—de Haas
stantially anisotropic; higher mobilities were found along the(SdH) oscillations(which modulate the CPDis also seen. As
[233] directions than alon§011].2 expected, the amplitude of the classically originated CO

We report an observation of CO in the magnetoresistancehows no change in this temperature range, while the SdH
(MR) of a weakly 1D modulated31)A 2D hole gas. We oscillations, due to bulk quantization, change considerably.
further demonstrate a technique utilizing 1D superlatticesA ~50% fall in the CO amplitude was found on further
which could, in principle, be used to determine the bandncreasing the temperature from 300 mK to 4[&ectron
structure of norL00 indexed high-mobility 2D gases. COs were found to quench at40 K (Ref. §]. This is ex-

Two modulation-doped GaAs/AGa, _,As hole gas het- pected from the above condition given the hole mass. These
erostructures, grown on th@11)A surface of GaAs, were data are from a 277-nm deep square QV212) at— 0.5V
used in this study. The firsT,212, has a 277-nm dedfrom  gate biagwhere the CO appeared most clearly is surpris-
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clearly shifted towards lower fields as compared to the ex-

H;"I’)b I periment. The theoretical relation could be fittd@E)) us-
1601 VG:_O':V?nTgm A ing either ap value which is nearly half the actual value, or
a a period value of 29F 3 nm, which is much smaller than the
& modulation period. However, this discrepar@yhich is fur-

ther evident from Fig. 1, insgts too large to be accounted
sor for by experimental error in determinirggor p and is most
: . likely caused by the definition d&- . Takinga=297 nm and

® o P f i=6, an estimated perimeter(i+ ¢)a of 5.4 um is ob-
140} Ny ] | tained for the largest cyclotron orbit to produce an MR struc-
~ ) e B e m T ture, in agreement with the MFP calculated from the sample
< 5 0m mobility.

& This discrepancy will be related later to anisotro(81)

70 A valence-band dispersion. Such anisotropy has also been
found by transverse magnetic focusifiMF),* revealing an
elliptic Fermi surface(FS with a slightly flatter dispersion

along[011] than along thg 233] direction. This anisotropy
is traced back to a possible, finely corrugated structof&2

FIG. 1. (8 Magnetoresistance measured between 50 and 308 period) (Ref. 3 at the(311)A heterointerface, which at
mK (uppermost tragein 50 mK increments(traces were shifted low fields opens minigaps in the hole dispersion curve along
alongp, to aid comparison (b) (BF) is a best fit of the theory to  the modulation directior[011]). When disorder and tem-
the 50 mK tracg(EX) (with V, matching the first oscillation am-  peratures are low, this could result in a degree of mass en-
plitude). (TH) is the theory curve, witla as the potential period and o cement ann@OlT]. This FS, however, cannot explain
ke=(27p)** (amplitude is suppresspdnset: Fan diagram of the large mobility anisotropy often foudd which probably

N ; “ .
ff:r']ti'r?n i;’getzieifgvs:ggzgéfoie;i;]?r(nb;](gzx?m 5 i:]'he ar’k:traer_y results from an anisotropic scattering time(BLDA.
9 Pxx: A D In a semiclassical modelvalid in our case, since

iod of 307+ 15 is obtained on fitting th int h that both - '
1o 0 nm 1S ovtained on HiKing the poiTits, steh tha: 5o a>\g, where\g is the Fermi wavelengih under theB

lines coincides at B=0 using Eq.(1) with ke=(2mp)Y? and the field. th on ik foll

theoreticalg values. In comparison, the solid line is obtained using 1eld, the motion Irk space follows constant-energyicor.ltours

the samep values but the potential peridd00 nm). defined byEg and corresponds to a real-spacei(irblt- with the
same shape but rotated b2 and scaled byB™*. Figure

: : . 2(a) shows examples of three sets of CO from a series of
ing to observe CO from a QW at this depth, for which thecoprocessed devices fabricated @97, with Hall bars

grating period-to-depth ratio is only 1.4, as gate definition is

expected to decay rapidly with depth. Potential modulation af!igned at 0°, 45°, and 75° to li@33] direction. The COs

forward gate biases is primarily due to straining of the GaAsSNOW a clearseconeharmonic contenfindicated by dashed
under the slight differential contraction—(0.1% between arrows as has been previously observed from 2DEG's situ-

metal and substrate as the device is coBlatie CO can be 2ated at similar depths from the gaté striking shift in po-

explained by the relatively slow rate of decay with depth of§|t|on of the CO set to lower fields is §een when the Hall bar
strain(related to the second derivative, with respect to depthis “rotated” by ¥ from [233]. Interestingly, the 45° CO set
of an electrostatically induced modulatidhThe CO's are  Was found to coincide approximately with thedfyThe field
enhanced by the strong coupling between strain and holes BPsitions of the first three MR peaks from each trace were
the heterointerfacENonetheless, the residual strain is insuf- Scaled by the index] (i.e., the peaks were normalized such
ficient to affect markedly thé311)A band structure. that the[ 233] points coincidegl before being plotted in Fig.
The positions of the CO extrema, taken from the 50-mK3. The dotted line is an elliptical best fit to the poiﬁtﬁ.
data[Fig. 1(b)], are plotted on &~ scale versus an arbi- demonstrates the shift away from the expected angularly in-
trary running index (see Fig. 1, ins¢tand show some de- dependent CO positiortsolid circle ling which are obtained
viation from linearity, which will be explained later. From usingkg, calculated fronp, in Eq. (1) [note that employing
the first extrema points we fing=0.19+0.06 for maxima the relationkg=(2p)*? assumes isotropic ASA central
and ¢= —0.24+ 0.07 for minima, similar to that found with point here is that this elliptic shape has a similar geometry
electrons. The very low field positive MR, found also in and size to one quarter of t@11)A Fermi line for the given
electron systems, is seen to extend here to much highelensity(after exchanging233] and[011] axes, of course
fields. This is expected from the known direct dependence dfecause CO occurs at fields where the Fermi wave vector is
the field at which the positive MR terminates orf > Mod-  given bykg= (i + 1/4)7Beah fori=1,2, ... .
eling the experimental field dependence of the CO amplitude Since the two contour@n Fig. 3) can be considered as the
correctly requires including exp(w/w.7) as a prefactor to experimental and calculated F& the giverp, to a constant
the cog term in Eq.(2).° A strong field dependence is there- facton, they should enclose the same area, as indeed we find
fore expected from the hole’s mass, as indeed is seen. Howe within 3%. Errors in pinpointing peak positions and Hall-
ever, in contrast to electrons, the experimental CO could nabar directions can account for this discrepancy. This shows
be fitted using the grating perialand (27p)Y? for ke, in  that cyclotron orbits producing the SdH oscillatioffsom
Eq. (2) (p was obtained from the high-field SdH oscilla- which p was determined, to evaluate =(2mp)*? in Eq.
tions); the theoretical C(labeled(TH) in Fig. 1(b)] are  (1)] are, unlike CO orbits, affected only bykg value aver-
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- - nately, loweringp by means of applying voltage to the gates

b) . - . .
150} @ i 1 would change/,. This can be avoided by changikg (uni-
6=750 (101D T=027K w formly instead of only below the strip aresia a full back
EH gate or persistent photoconductivity effects, while adjusting
H E,'_,
&
0

V, through the front grating gate, such tret,/Er is kept
constant(and small.

Plotting the extrema points obtained from all directions on
aB ™! scale[Fig. 2(b)] reveals deviations from the expected
uniformity of point spacing. Connecting points of the same
index reveals a peafat ~45°) which builds up with, i.e.,
as the orbital size increases. Figufe)dllustrates that ellip-
tic cyclotron orbits atd~45° have areas like the circular
orbits assumed by theof¥q. (2)]. Hence, the trend is actu-
ally toward a more circula311A FS as the area probed by
LMC grows (with i). This might be because larger orbits are
probed from areas containing a greater number of irregularity

FIG. 2. (a) CO fromT97 Hall bars along three orientations with island defect(in the. C.orrUQated structu)’,é Whlch’ In turn,
400-nm period grounded gates. Arrows indicate peak positions ");urther smear t_he minigap struc;ture and the_ anisotropic mass
field. (b) Extrema positions irB~* vs ¢ (the error is smaller than €Mhancement it produces. This can explain the greater FS
the point siz Lines connect same index points from all orienta- @NiSOtropy which we find compared to TMF restiitshen
tions. (c) Elliptic (i=1) orbits[derived from the311)A Fermiline ~ €Xtrapolated to oup; even the smallest focusing orbit size
shapé commensurate with the gratirfgertical lines are illustrated they detected (R.=1 wum) would commensurate with our
together with circular orbitgin gray), for 9=0°, 45°, 75°. Note superlattice to produce,, extrema that deviate from a
that the classically originated CO should not change under slighB ™! linearity, towards positions expected from circular FS
temperature changes. (as is also seen in Fig. 1, ingeln addition, our heterostruc-

tures were only doped on one side of the @Wcontrast to
aged over all crystallographic directions. It also explains theRef. 4); this may further enhance the effect of the corruga-
discrepancy found between the experimental MR traces, aniibns on the holes at the heterointerface. An imperfect well
the theory calculated fronp. Therefore, for a warped FS, inversion symmetry could also result in a slight lift of Kram-
Egs. (1) and(2) remain valid only ifke denotes the Fermi ers degeneracy. This may explain the unexpected deviation
wave vector in the direction of the modulation. Since in ourfrom circular FS for samples with square QWRef. 11) that
near elliptic FSke increases withd [reaching a (Zp)Y?  we (in T212) and Ref. 4 obtain.
value atd=45°], the cog argument in Eq(2) shifts the CO Finally, it is useful to compare the techniques of TMF and
seen in Fig. 2 to lower fields as well as reducing their width.LMC; in the former, emitter and collector constrictions have
The observed decrease in the CO amplitude Witis due to  to be defined in the hole gas, which means that the carriers
a strong decrease in the MIFRp,,(0) 1] with & (note that  interact with a large potential barrier. In LMC, however, an
V, is kept constant; all gates are groundellapping out array of weak barriersgVy<Eg) only resonantly couple
further constant energy contouisf the same set of devices With the motion of the 2D carriers. This makes LMC an
using this technique of longitudinal magnetic commensuraappealing, minimally invasive method; additionally, LMC
bility (LMC) requires changing the Hall bars Unfortu- has the potential for higher resolution, as more oscillations
can be observed from a given 2DEG. This is because in
LMC the number of oscillations which can be observed, for
‘ ¥ =90° T97; a=400nm é;td”;g‘k 2 a particular modulation, is determined by the MFP. In TMF,

S Pxx(£2) §

P a0t g ek @ however, the specular reflections of holes from a barrier in-
volves a much shorter hole free path than the conventional
elastic MFP evaluated from the sample mobility, and so the
number of oscillations that can be observed is rather small.
Moreover, unlike TMF, the CO amplitude, and hence LMC
resolution, can be increased considerably by changing the
grating gate potential slightlysuch that the 2D density is
almost unchangedWe note that LMC can determine two
quarters of the dispersion curve&t by just sweepind in
both polarities, whereas the same goal cannot be achieved
d using the same device in TMF. In this context, a time-
v=0° averaged observable in a hard-sphere system with bounded
0 ~or B(T) — motion is always equal to its microcanonical averggem
the ergodic theorejt? An LMC peak is produced by carrier
FIG. 3. Angular dependence of the CO sets; corresponding to @rbits commensurating with pairs of equidistant strips at
near elliptic (311)A FS, on exchangind233] and [011] axes Mmany different superlattice regions between the probes. As-
(points were slightly displaced it for clarity). The solid line is the  suming each of the bounded orbits is intrin¥idt follows
dependence expected from a circular FS. that a measurement yielding each LMC trace is equivalent to

50°

30°
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measuring a subsystem containing a single electron commependence of the oscillations field position. This reflects the
surating over a long period of time. In this sense, LMC dataFS geometry of th€311)A valence band known from TMF
are more statistically significant than the TMF, in which astudies. This interesting minimally invasive method of utiliz-
focusing peak is due to carriers all moving between two foing 1D superlattices could, in principle, be used for studying

cusing constrictions via the same 2D region. band structures & of non<100) indexed high-mobility 2D
In conclusion, we report 1D COs observed from a 2Dgases,

hole gas. The higher hole mass and the known mobility an- ] . .
isotropy in(311A distinguish our data from electron data in ~ We thank EPSRC for financial support. B.B. is grateful to
(100). In particular, we find a near elliptical directional de- K.J. Thomas for technical assistance.
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