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Temperature dependence of the magnetoresistance of,J6a; _,As antidot lattices
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The magnetoresistance of two samples with antidot lattices fabricated in a two-dimensional electron gas in
the lattice-matched hr{Ga 4As/INP system is studied as a function of temperat@r&<T<120 K). Mag-
netoresistance peaks due to geometrical resonances are observed up to temperatures above 100 K. The purpose
of this study is to provide experimental data on the dependence of the amplitude of the magnetoresistance
peaks on temperature, along with mobility data in the same temperature range. The broadening of the peaks
with increasing temperature is consistent with the thermal smearing of the Fermi surface. The reduction of the
amplitude of the peaks is in part due to thermal smearing, but also to the increase in the electron-scattering rate.
The temperature-dependent part of the electron-scattering time in antidot arrays is deduced from the amplitude
reduction, and compared to the mobility relaxation tif®0163-182606)05127-2

INTRODUCTION matched 1§ 54G& 4AS/INP system. On the basis of an analy-
sis of the temperature dependence of both the width and the
The transport properties in two-dimensional electron sysamplitude of the magnetoresistance peaks, we suggest that
tems (2DES’s patterned with a periodic array of antidots, that the measurements may be explained by the thermal
regions in the 2DES'’s with a strongly repulsive potential,Smearing of the Fermi surface, combined with the tempera-
have been extensively studied since the beginning of th&ure dependence of the electron-scattering time.
decadé™ Reviews can be found in Refs. 5 and 6. In par-
tlcu_lar, the array of ant|dots_ can be configured following EXPERIMENT
various arrangements: squaré,triangular! or hexagonaf,
in a Penrose latticg,and following various degrees of The lattice-matched [xGa, 47As film on InP used in this
disorder'®-12 study is grown by metal-organic chemical-vapor depositor
The magnetoresistance of an antidot lattice shows a maxiMOVCD), and has the following profile: InP substratee
mum when the classical cyclotron orbit is commensurateloped/400-nm undoped InP/12-nm InP:Sh=1.0x10'3
with its lattice spacing. The size of the antidots and theircm™%/20-nm undoped InP spacer/100 nm@a _,As. The
lattice constant are usually smaller than the electron measample is the same as the one labét&d0 in Ref. 16, where
free path, and larger than the Fermi wavelength. The magnéhe temperature dependence of its mobility is reported. The
toresistance peaks have been explained byatihéhocas-  electron effective mass in JrGa, ,As is m* =0.045m,,*’
sumption of pinned classical cyclotron orbitslassical ana- wherem, is the free-electron mass. Two antidot samples are
lytic expressions were publishédland a pinning mechanism made from this film, one of whiclisampleA) is shown in
was givent* Most of the reported data have been obtained inFig. 1: it is shaped as a mesa-etched rectangular Hall bar
the liquid-helium temperature range, because phonon scattedefined photolithographically, with two current contacts, and
ing drastically limits the high-temperature mean free path intwo sets of four voltage probes. The set at the left-hand side
the (AlGa)As system, in which most of the work has beenis used to measure the magnetoresistance and Hall voltage of
carried out. It has been observed that the magnetoresistanttee unpatterned area, while the contacts on the right measure
peaks in antidot systems have substantially less temperatutiee area into which antidots have been etched, using
dependence than the Shubnikov—de HadasdH) electron-beam lithography and wet chemical etching. The
oscillations™® but no systematic study of this has been re-nominal geometrical dimensions of the antidots, obtained
ported. The only other study of the temperature dependendeom scanning electron microscog$EM) micrographs, can
of mesoscopic transport over the temperature range reportdz® deduced from the bottom frame in Fig. 1. The antidots are
here concerns data on the amplitude of transverse focusingctangular in shape, due to the anisotropy of the wet etch
peaks in 1y s{Ga 4As on InP® and possibly to the astigmatism in tleebeam processing,
The present work is a systematic study of the amplitude ofvith geometrical dimensions of 12®50 nnf approxi-
the magnetoresistance peaks as a function of temperature. lsately. They are arranged in a rectangular lattice with a
aim is to provide data over as wide a temperature range a#00x450-nnf periodicity. The second sampl®) has anti-
possible, using a semiconductor system with narrower gagots of the same size, but they are arranged in a rectangular
than GaAs, and less phonon scattering at high temperaturkattice with 500<600-nn? periodicity, and thus there is more
the 2D electron gas at the heterointerface in the latticein,Ga, _,As material between antidots in samgethan in
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FIG. 1. The patterns on sampfe the optical micrograptitop:
the device width is 5Qum) shows the current contacteft and
right), and eight voltage contacts: four on the unpatterned area of
the mesa, and four of the part of the film into which antidots have
been etched. The electron micrograjpottom) shows the antidots, 360
which are rectangularly shaped. The smallest circle drawn has a b) 038
radius of 260 nm, the larger of 790 nm.

400

sampleA. The electrical widths of the regions between anti- FIG. 2. Field dependence of the magnetoresistances of the re-
dots can vary appreciably from the geometrical dimensionsgions with antidots of sample Atop, antidots pattern in a
because of the existence of a depletion layer around the me480<450-nnf lattice) and of samplé (bottom, antidot pattern in a
edge. 500X 600-nnt lattice), at various temperatures.

The antidot samples are measured in fields frerf ) . .
T<H<5 T at temperatures from 1.4 to 180 K. The region of From the areal densiti, and the mobility, the mobility
the Hall bar without antidots is used to analyze the low-fieldM€an free path,, can be calculated:
Hall density and mobility. Below 30 K, it is also possible to _ 12
analyze the SdH oscillations both on the pristine and on the = (A€ p(2mNa) ™= @
antidotted region. On sampk Fourier analyses of the SdH This varies in both samples from approximately 1600 nm at
oscillations give an electron densily,=4.8x10' cm 2 in 4.2 K to approximately 700 nm at 100 K, and is larger than
the region without antidots, and 5¢30'* cm 2 in the region  the perimeter of the cyclotron orbit pinned around a single
with antidots, while low-field Hall data on the pristine region antidot, but not larger than the orbit encompassing multiple
at the same temperatufé.3 K) give 6.0<10'* cm 2 during  antidots. FromN,, we can calculate the size of the Fermi
the same cooldown. On sample the density at 4.2 K is wavelength,(30 nm), and verify that it is smaller than the
about 10% higher. In all cases, only one sublevel is occugeometrical dimensions.
pied. The residual mobilities below 10 K, obtained from the The magnetoresistances and Hall resistances are measured
low-field Hall measurements, are 135000 %¥hs for  using a standard dc technique, with currents of 100 nA to 10
sampleA and 123 000 cfiV s for sampleB. The electron uA; the current intensity did not affect the data over this
densities are weakly temperature dependantiall density range. Each data point is the difference between the voltage
of 7.7x10" cm 2 is measured at 100 K on sam®. The  values read with the current in both positive and negative
Hall densities vary by 20—30 % from cooldown to cooldown, polarities. Experimental curves for the magnetoresistance of
while the mobilities remain within 3—4 %; the values re- the regions with antidots are shown in Fig. 2 for both
ported above are those obtained during the cooldown, duringamplesA and B at various temperatures. The unpatterned
which all the other data reported in this paper are measureghart of each sample has a simple quadratic magnetoresis-
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. . . FIG. 4. The amplitude of the magnetoresistance peaks at a fixed
FIG. 3. F|eld d_ependence of the Hall resistance of the region 0Field B=0.429 T plotted as a function of the Fermi energy in sample
sampleA with antidots.

B (bottom abscissa, data poiptsvhich was varied by using persis-
) ] ] ) tent photoconductivity in the sample. The full line is the amplitude
tance, and linear Hall resistance 8r0.4 T with a slightly  of the peak measured on sampiefore illumination, plotted as a

decreasing slope above 1 T. The departure from linearity ofunction of the quantity shown in the top abscissa. The data are
R, and the quadratic magnetoresistance, are likelyaken at 4.3 K.

geometricalf effects, due to the rather square geometry seen
in Fig. 1. The maxima in magnetoresistance occur at fields oérgy for each trace is calculated using the densities obtained
Bn==%0.514 and*0.169 T for sampleA, and =0.408 and  from the high-field SdH oscillations.
+0.132 T for sampleB. The cyclotron radiiR, are given
semiclassically by RESULTS
_ _ 12 The magnetoresistance data exhibit two peaks; a high-
BrmRe= (7/@)ke = (A/€)(27Ng) ™. @ field one which corresponds to electrons orbiting around a
) . single antidot, and a low-field one, which corresponds to
The observed maxima correspond to radii of 260 and 790 nfgjectrons orbiting around a group of nine antidots. We note
for sampleA, which are shown superimposed onto the SEMhat the perimeter of the latter orbit is larger than the mobil-
picture of the antidots in Fig. 1. The radii are 300 and 93Oity mean free patt,. The two peaks have essentially the
nm for sampleB. The correspondence of the first-order peaksame temperature dependence. The low-field peak is weaker,
confirms that we have gf_SI?ZVOdUC_ed on 485a 47AS the re-  gng; at high temperature, more difficult to extract from the
sults that previous authdrs<obtained on GaAs at low tem-  qyadratic magnetoresistance background. For that reason, the
perature. . _emphasis of this work is on the high-field peak, which is
_ The Hall resistance,, (the transverse Hall voltage di- centered at 0.514 T for sampheand 0.408 T for samplB.
vided by the currentmeasured on the region with antidots of The peak shape ifin Q) is obtained as a function of the field
sampleB is shown in F!g. 3; that of samplks has essentially B by subtracting from each value &(B) the value of the
the same shape and is therefore not reported. The steps [igsjstance linearly interpolated between the minim&(B)
R,y span the field range between the peaks in magnetoresigy ejther side of the peak, for instanceBat0.2 and 0.75 T
tance in a mannerﬁconsstent with the results reported on thg, sampleB. In a first step, we illustrate in Fig. 4 the cor-
(AIGa)As system:® A quenching ofR,, below 0.05 T is respondence between the peak measured as a function of
observed at t_he lowest temperatures, c_onS|stentIy with Ref. fo1d with that measured as a function of energy in the illu-
though the sign oR,, never reverses in our samples, pre- mination experiment. The amplitude of the magnetoresis-
sumably because their low-temperature mobility is 5-1Gance measured as a function Bf on the unilluminated

times smaller than theAlGa)As samples of Ref. 6. sample is plotted as a full line as a function of the quantity
The magnetoresistance of samplés also measured as a
function of carrier densit\N,. The electron density in this E=(qR.B)%/2m* (€

sample is systematically increased at 4.2 K by persistent

photoconductivity. In this series of measurements, arin the top abscissa. The series of points in Fig. 4 is the
AlL,Ga _,As light-emitting diode(LED) shines incremental amplitude at a fixed fieldB=0.429 T (0.021 T above the
amounts of photons on the sample, after which the completmaximum in the unilluminated sampleobtained on the il-
magnetoresistance curve is measured. The electron Fermi daminated samples, and plotted as a function of the Fermi
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FIG. 5. The amplitude of the magnetoresistance peaks plotted as
a function of magnetic field. The data points 44, upper curvg FIG. 6. The width of the peaks measured on sampl¢#) and
sampleA, T=4.2 K; (<, lower curve: sampleA, T=79.8 K; (@): B (@), plotted as a function of temperature. The lines are the widths
sampleB, T=4.2 K; (O), sampleB, T=80.7 K. The full lines are  of the peaks calculated from E() for each sample.
fits to Eq.(4).
tidots in sampleB. On top of the low-temperature width
energy (bottom abscisga There is a shift of 4.5 meV be- comes a temperature-dependent part, which, when converted
tween the top and the bottom abscissa, which corresponggto Kelvin units using Eq(3), corresponds t& T. To quan-
exactly to the shift of 0.021 T. The agreement illustrates thatify this we combine the low-temperature Gauss@@(E),
Eq. (3) can be used to convert the peak shape from an energybtained by transforming into E using Eq.(3), with the

axis to a field axis, and vice versa. derivative of the Fermi functiondf/dE, and write the
The shape of the magnetoresistance peak plotted ast@mperature-dependent peak shape as

function of field B is shown in Fig. 5. This shape depeffis

on the details of the chaotic trajectories of the electrons, and

on the sharpness of the antidot potential. Nevertheless, in Am(T,B)I{f G(E)(_df/dE)dE} /N(T), (6)
order to avoid having to use computer simulations to con-

tinue the analysis, we have fitted a Gaussian function ) o )
whereN(T) is a normalization that keeps the integral under

G(B)=(A/B,)(4In(2)/m)Y%x{ — 4(B—B.)%/BZ]. the peak a constant:
4)

to the data, with an ared, a peak amplitude 400

Ap=(AIB,,) (4 In(2)/m)*? (5)

atB=B,, and a peak widtlB,, . The lines in Fig. 5 are fits to 300
the peaks observed on both sampleandB at 4.2 k and 2.4

K and at 80 K. The fitted peak widtlg,, are then plotted as

a function of temperature in Fig. 6, and the amplitudgs
are shown in Fig. 7. Sampl8, in which there is more
In,Ga, _,As between the antidots than in sample A, has a
smaller peak width than sampke but the same temperature
dependence. 100

200

Amplitude (Q)

DISCUSSION

Two factors enter the temperature dependence of the mag- 0
netoresistance peaks: the influence of the smearing of the T(K)
Fermi surface, and the temperature dependence of the scat-
tering time. The influence of these mechanisms on both peak fiG. 7. The temperature dependence of the peak amplitude of
width and peak amplitude is now discussed. samplesA (¢) and B (@), as well as the amplitude of the
Starting with a discussion of the peak width, we note thatshubnikov—de Haas peak measured at 3.78 T on sampte Brhe
sample A has a low-temperature widtk0.25 T) that is  full lines are calculated by Ed8) for the SdH oscillations, and are
broader than sampR (0.20 T), which may be related to the fits to Eq.(8) for the magnetoresistance peaks labéleahdB. The
fact that there is more &3 _,As material between the an- dashed lines represent the peak amplitudes calculated fro6)Eq.
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N(T):fAm(T,B)dB. (7) 1610y

Both integrals are taken from zero to infinity. The widths of
the peaks generated by E@) are plotted as a function of
temperature in Fig. 6 as full lines, which reproduce the ob-
served widths quite well.

We now turn to the temperature dependence of the peak
amplitude: the dashed curves in Fig. 7 are the values of the
amplitude that result from E@6), and show much less decay
with increasing temperature than the data points. Clearly
there is a second mechanism at work: electron scattering.

The decrease of the amplitude of Shubnikov—de Haas os-
cillations with increasing temperature is described by the L
Dingle theory!® which uses the single-particle scattering
time as opposed to the mobility relaxation time, and also 12
describes the effect of Fermi smearing. The physical origin
of the attenuation lies in the smearing of the phase of the 10
SdH oscillations when the electron energy levels are broad-
ened. The reduction of the amplitude of a SdH oscillation is
described by a function

T T T7T7T
*
[ ]
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RELAXATION TIME (s)
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FIG. 8. The temperature-dependent fraction of the electron scat-
tering time 7, in an antidot array(full symbols, and the mobility
[(aT/B)sinhaT/B)]* exp( — prrl w.), (8) re_Iaxation timer,, (open symbolsfor samplesA (diamond$ andB
(circles and dots

where the factor containing the hyperbolic sine describes the

effect of the thermal smearing of the Fermi surface, and théng devices. Unfortunately, the masses that could be calcu-
exponential factor describes the effect of the finite singledated from these values, and E@), 0.00143n, for sampleA
particle scattering time,. Parametea is related to the ef- and 0.0013rh, for sampleB (assuming thap=1), are 33

fective masan* of the carrier via times smaller than observed on SdH oscillations. This is dif-
5 ficult to interpret, and simply parametrizes the observation
a=2mpkm*/(ef), (9 that the antidot magnetoresistance peak decays more slowly

wherep is the index of the harmonic of the oscillatiéin the ~ With temperature than the SdH oscillations. Here we propose
first order,p=1). Equation(8) is used to calculate the tem- & different approacf? use the reduction in amplitude to cal-
perature dependence of the amplitude of the SdH oscillatiofulate the temperature dependence of the electron scattering
measured on sampl at the fixed field of 3.728 T: the data time 7, in antidot arrays, as a function of temperature.

points are given agt) symbols in Fig. 7, and the calculation  Measurements of the amplitude of transverse electron fo-
with p=1, with the mass reported in the literattfrand with ~ cusingin metafs**as well as in semiconductdfes a func-

.=, is the full line through the crosses. The good agreelion of the distance the ballistic electrons have to travel show

ment between the data and the Dingle theory shows thdhat the amplitude varies with the electron mean free path as
phase smearing dominates the temperature dependence of the

SdH oscillations, while electron scattering is much less im- VI =Rgexd — (7/2)Lc/1¢], (10)
portant in the temperature range in which the SdH oscilla
tions are resolvedT<30 K). We now show that the geo-
metrical resonances behave differently.

Wwherel; is a characteristic focusing ballistic mean free path,
and (7/2)L, is the geometrical distance electrons travel in
that structure. For each of the samples in Fig. 7, we fit the

In a previous study on the temperature dependence of a1iq of the data points to the dashed line which represents
the focusing peak in transverse focusing devices made frofya Feormi smearing, Ed6), to a function equivalent to Eq.
the same IGa; _,As material system as used here, we fitted(lo):

Eq. (8) to the data, because of the similarities between

the SdH oscillations and focusing: _in neither case is the in- A,=Agexp — 27 w,y), (11)
tegral under the peaks constant with temperature, and both

cases user, instead of the mobility relaxation time,.  wherew. is calculated at the peak field. The factor 2s-
Hacken-broich and von Opp#talso used a similar equation sumes that an electron travels one single orbit around an
to calculate the temperature dependence of the additionaintidot; this is clearly an approximation, since the orbits are
quantum oscillations observed by Wesisal?! in the low-  chaotic. A visual representation of the pinned orbits is given
temperature(T~0.4 K) regime of an antidot lattice, but in Fig. 8d of Ref. 6: their perimeter is somewhat larger than
which are not of the same nature as the maximum studiethe perimeter of the inscribed circle, but not much. There-
here. A fit of Eq.(8), with the exponential factor replaced by fore, while r, is only known within a proportionality factor,
exp(—bw/uB), whereb anda are fitting parameters, to the that factor is not much larger than unity. The procedure gives
amplitude data in Fig. 7, gives, for samplea=0.0209 and only the temperature-dependent part9f which is plotted
b=1.0, and, for sampl®, a=0.0197 ancb=1.0. The full in Fig. 8 along with that of the mobility relaxation time
lines labeledA andB in Fig. 7 correspond to these fits. The ruz,uq/m* from the mobility data measured on the antidot-
values fora are very similar to those obtained on the focus-free part of each sample. The residual value,ois undeter-
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mined, as it is incorporated into the prefac#y. Figure 8  In,Ga _,As on InP, modulated by square lattices of antidots,
shows that the temperature-dependent partrpoffollows  at temperatures in excess of 100 K, where electron-phonon
roughly aT~2 law, and asymptotically joing, at higher interactions limit the mean free path. The width of the peaks
temperatures. increases with temperature in a way that is consistent with
One fundamental difference betweepandr is the fact  thermal broadening. The amplitude of the peaks decreases
that the sensitivity of both to the angular dependence of thgith increasing temperature through two mechanisms: the
electron-scattering mechanism is different: in ballistic transtnermal smearing of the Fermi surface, and increased elec-
port, small-angle scattering will also reduce the amplitude oty scattering. The data are used to determine the tempera-
the focusing peaks, or the antidot magnetoresistance peaksye jependence of the electron-scattering time in an antidot

while in diffusive transport each scattering event is attributedarray The quantitative agreement between that quantity and
a weighing factof1-cog6)] whereg s the scattering angle. the mobility relaxation time at higher temperatures shows

Since r, Is expected to be more sensitive to the scatteringy, s the temperature dependence of the magnetoresistance is
angle thanr,, and the influence of small-angle scattering iS\vell described by the scattering time model

expected to be more pronounced at lower temperatures
where the dominant phonons have smaller momenta, the

temperature dependence gfand 7, are expected to differ

more atT<60 K. The agreement shown in Fig. 8 therefore

illustrates that the temperature dependence of the peaks is ACKNOWLEDGMENTS

well explained by Eq(11).
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