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We consider the response of a two-dimensional gas of electfD&G) to pulsed beams of long-
wavelength acoustic phonons in the time domain. The temporal and spatial structure of phonon fluxes is also
studied. The results of computer experiments and numerical calculations, performed for 2D electrons lying on
the (002 surface of a 2 mm thick GaAs platelet, indicate that for carefully chosen positions of 2D gas structure
the induced drag current has the form of peaks of the opposite sign separated by a time interval approximately
equal to 25 ns. These maxima are much stronger than the strongest amplitudes of current obtained in standard
experiments on the integrated patterns of the drag currents. The spatial structure of these maxima indicates that
by improving the time resolution one can work with quite large 2DEG structures. We expect that these strong
phonon pulses can be used for studying nonequilibrium states 2D gases of cEB04&3-18209)12631-9

I. INTRODUCTION neous and lines where gquasimomentum density is large are
called caustic lines. In the center of the pattern one sees a

Beams of nonequilibrium phonons are widely used incomplicated ST-box structurSTB) of caustic lines.
studies of kinetic phenomena in phonon gases as well as in In addition to phonon images, one can also study time-
the investigations of kinetic phenomena in low-dimensionaldependent response of bolometérand anemometers:*®
gases of carrierd.DGCs). In many such experiments strong Together with experiments on time dependent response of
anisotropy of phonon fluxes has been obsefv@tiis phe-  excitonst* these two types of measurements comprise the
nomenon, called focusing of phonohkas also been studied time-of-flight (TOF) spectroscopies. Since LDGCs are also
in computer experimenté and by means of numerical Sensitive to energy carried by beams of phonons, they are
calculations”® Focusing of dispersionless acoustic phononsalso used as bolometerSExperiments of such kind provide
can be described in terms of elasticity théonas well as of  useful and complementary information to this which can be
kinetic theory of phonon&® extracted from drag currents.

The experiments of Karét al. on phonon induced drag The purpose of the present paper is to show that there
current$ have shown that low-dimensional gases of carriersexist crystalline directions and time windows for which am-
[for example, 2D gases of electréADEG)] are sensitive to
phonon wind. Nonequilibrium phonons induce drag currents
which are related to quasimomentum transferred from these
fluxes to LDGCs. Therefore, one may call LDG@konon
anemometersThe corresponding theoretical description has ‘ z|l00]
been given in our previous pap¥rin particular we showed |
that patterns of drag current are affined to quasimomentum : |
focusing image$%!! Systems of excitons reacting to phonon source of| | x|(fo0 |
pulse$?14(see also Ref.)lprovide another kind of phonon phonons
anemometer.

As arule, results obtained for LDGCs are presented in the FIG. 1. (a) Schematic illustration of the experiment on phonon

form of spatial maps of the time integrated drag currentSpeams andb) the map of the quasimomentum density obtained in
This integral drag effect provided some useful |m‘orm(':1t|oncom|outer experiments on a 2D electron gas lyingday) lattice
about electron-phonon interaction. Together with energy fopjane of GaAs. White lines denote positive and black, negative,
cusing patterris (obtained by means of detectors sensitiveyhereas the gray regions correspond to the vaniskiogmponent

to the energy, i.e., bolometgrsntegral drag patterns com- of quasimomentum density. Phonon anemometers are represented
prise the set of spectroscopies of phonon images of crystalgy shaded squares. One of them is placed in the center of ST-box
A typical quasimomentum focusing pattern is shown in Fig.structure(STB) opposite to the source and the other one covers one
1. Due to phonon focusing, this pattern is highly inhomoge-of the corners of STB.

x=0.4mm
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plitudes of phonon fluxes and of the instantaneous inducegtant frequency ¢ surface defined by the equatiom(q)
drag currents are much stronger than for the corresponding ., For LAPs the group velocity, as well as the polar-
time integrated drag currents and also to prove feasibility of A .
such experiments. We expect that our findings may stlmulaﬂ.;m'On vectorss also deper?d only oR. Direction Vg.Of the
phonon studies of temporal evolution of nonequilibrium group velocity is characterized by wo angles—azimuthal
states of 2D gases of charge carriers. and polare, .

All computer experiments presented here are performedhWe calculatedlthe group Vfloci't'els fodr GaAs. Ian'g 2 we
using our programMCANSCAT (Monte Carlo anisotropic SHOW two central sections of calculated group velocity sur-

scattering ® This program can be treated as the extension of2C€S Of TA phonons obtained by two planes. To@1] axis
our two previous programs. One of them serves for the simu'S Ying in both these planes. In one of them the 4480 is
lation of ballistic motion of long-wavelength acoustic lying, so this plane contains the center of STB side. In the
phonons in cubic mediawhile the other one simulates their Cther plane the axigL10] is lying, so it cont(?)ms a corner of
propagation in isotropic media accounting for elastic scatterS 1 B- On vertical axis the compon 1=V cosg of v
ing and down-conversion proces2dssor numerical calcu- Parallel to[001] axis is plotted, the perpendicular component
lations we used our package of prograins. v =v)sing, is plotted on the horizontal axes. Thick lines
indicate severa{degenerate)dmodes which propagate with
the same group velocitisee SecV B 1). Using these plots
we calculated the dependency of arrival times on the shift
along[100] and[110] axes, respectivelysee Fig. 4 Cusps

Since high-frequency phonor{@ particular the optical seen in Fig. 2 are cross sections of the folds of group velocity
phonon$ generated by a source move with small group ve-surfaces. These folds correspond to parabolic lines on sur-
locities and their lifetimes are short compared to long-faces of constant frequency, along whiehsurfaces are lo-
wavelength acoustic phonofisAPS) lifetimes, they have no cally flat. Therefore, they are related to caustic directions
chance to reach a distant detector. We shall neglect them, sdong which fluxes of phonons are extremely large. Of
here we consider only long-wavelength acoustic phonons;ourse, in both real and computer experiments not all of
longitudinal (LA, j=0), and transverséTA)—fast (FTA, j these pulses can be resolved. The results of real-life experi-
=1) and slow(STA, j=2). ments for velocities of propagation of phonon pufSemre

A phonon carries the energy,,=%® and quasimomen- shown in Fig. 2 by horizontal bars, their widths correspond
tum pn=%0. The energye,, and, of course, the frequency to angles subtended by the detector used in these real-life
w, depend on the wave vectgrand polarization. For small ~ experiments. Results of real-life experiments indicate that
wave vectordobeying the inequalityja<1, wherea is the  the time resolution of 25 ns can be achiev@d.

Il. PROPERTIES OF LONG-WAVELENGTH
ACOUSTIC PHONONS

lattice constant and=|q| is the length ofy), i.e., for LAPs, Knowing the phase velocitg(Q), one can introduce the
t/r;ectglrspersmn law is linear in the magnitude of the Waveslownesss(Q), namely,

. - . s(Q)=c XQ). 2
w(q,j)=c(a,j)a, (j=0,1,2). () Q) @ @
For eachj the polar plot of the slowness, i.e., the plot of

We shall use the brief notatlmj (q ). vectorial functions(é)=ds((§), gives the slowness surface
The group Ve|0C|tng(Q) do(Q)/dq of a LAP wave (SLS). For LAPs anw surface differs from the correspond-

packet with the mean wave vecand polarizatior) propa-  ing slowness surface only by a numerical factor

gating in an anisotropic medium has not, in general, the same

direction agy. It has the direction of the maximum rate of the AL .
frequency change and is perpendicular to the surface of con- q,,,o(q,j)—s(q,J Jwo  (j=0.1,2). )
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ll. DENSITY OF ENERGY AND QUASIMOMENTUM For chosen polarizatiop and positionr; of the detector
FALLING ONTO A DETECTOR we calculate the number of phonoNs(u,r;) reaching the

Suppose that a crystalline specimen has the form of §etector during an interval of tlmaﬁ(z’tﬂ+1)' Calculating
platelet of the thickness. Consider the experiment sche- Ej(.1) =fi@Nj(x,r;) andE(u,r;)=X{_oE;(x.r;) one ob-
matically shown in Fig. 1. A small source which radiatestains, respectively, partiak;(u,r;), and total,E(u,r;), en-
LAPs is located in the center of the Cartesian coordinatérdy densities carried by a monochromatic beam of phonons
system withz, y, andx axes along001], [010], and[100]  falling onto the detector placed at a selected positioand
crystalline directions, respectively. We assume that it radisubtending the body anglaQ (" during the time interval
ates isotropically into the body anglervery short pulses of  (t,+1,t,).
monochromatic phonons of the circular frequeneyor of Considerq, , the ath component of the wave vectoy,
the linear frequency). For simplicity’s sake, we assume and introduce in the space a mesh characterized &y
that the probabilities to radiate a phonon belonging to LA,

FTA, and STA branch do not differ. lgP*V—qP|=56q (p=1.2,... Ng).

The center of a movable and finite area dete@idsolom-

eter or anemometgiis placed on the opposite side of the

platelet at one ofny selected points, say;=(r;,r;)

For each time interval t(,t,,;) one can calculate
QY (u,p;ri)—the value of thew component of density of
R R _ _ guasimomentum of phonons ¢th kind with wave vectors
; (ri ,Gf, ¢ tlh th ,n_(g. Itf|s as_sumled thﬁt: has the belonging to the intervald(”,q{"* %) and falling onto the
orm ot .a square wi € side otagiven enggf w_ave detector placed at; which subtends the body angM)i(r)
packet of L,_APs Q,w) moves across the medium with the during the time interval t{, ,t, ). Plots of QS)(M,p;ri)
group velocityvy(Q). will be termed the partial quasimomentum spectrograms for
Phonons, which reach the detector and are registereghonons ofjth kind. The SumEB‘Lng)(M,p:fi) gives
have group velocities assembled around the veefoQ) Qg)(,u;ri)—the ath component of the density of quasimo-

which satisfies two obvious geometrical conditions mentum carried byjth phonons falling onto the detector
placed at the point; during the time intervalt(,t,, , ;). Four
~oAL - @) & sets of densitie€;(«,r;) and QW (u;r,) provide, respec-
Y =ry, Vv >0. 4 ! ] | oca vor )
o(Q=r 5 (Q) @ tively, the energy and quasimomentum time-of-fligROF)
The first condition can be written in a different form spectrograms for thgh kind of phonons.

The ath component of the density of quasimomentum
() _ o ) —_ 0 A<= falling onto the detector placed gtand subtending the body
b5 (ba do)= 0", dg(0a.do)= b, 0=fg <7T/2('5) angle AQ{" during the time intervalt(, ,t,.,) carried by
acoustic phonons of all polarizations i€ ,(u;r;)
For longitudinal LAPs {=0) o surfaces are convex, so =2,—220Q(J)(,u;ri). Calculating the sunx ,Q,(u;r;) we ob-
Eg. (4) [or (5)] has only one solution. In the case of trans-tain ath component of total quasimomentum densy(r;).
verse phononsy surfaces consist of convex and concaveThe corresponding map is shown in Fig. 1.
regions as well as the parabolic lines. Hence, &9.has Since we scored for all directions of wave vectors
more than one solution, because generally particles popuIa@ﬁWi)(ri) (i=1, ... ny) pointing to neighborhoods of para-
ing different regions of thew surface but with the same pojic points, this method of calculating densities automati-
direction of vy may reach the bolometdsee Fig. 8 For  cally accounts for the phonon focusing in the obtained TOF
eachj and for a given detector position we enumerate spectrograms and in the corresponding phonon images and is
these solutions by the indew; (w;=1,2,... ni(')). Thus, well suited for needs of computer experiments. The detailed

a(wi) or 6™ and ¢(Wi) are the corresponding solutions. description of the algorithm implemented in our program
Consider one of the branches of TA phondhs., j is Wil b given in a forthcoming papef.

. ~(w;) . ) i

fixed). If q; V points to a flat region of SLS, then there is a IV. EXPERIMENTAL ARRANGEMENT

bundle of directionsy for which group velocity vectors are
almost parallel tai . Hence, the response of a finite area Real-life experiments on |mag|ng and propagation of bal-
detector with the center placed gtshould be very strong |istic energy pulses in GaAs were performed by Eichele
(i.e., phonons are focused et al?? Slutskii and Danilchenko studied ballistic propaga-
The four position vectors pointing to corners of the deteC-tion of energy pu|se%0_ Quasimomentum focusing patterns
tor placed atr; (i=1,...,ny) subtend the body angle for GaAs were studied in our previous palidny means of
AQ" . Only phonons having group velocity vectors with numerical calculations.
positivez components and belonging to this body angle may In our MC experiments on ballistic propagation of
hit the detector. For eachto the body anglez&Qi(_r)zlﬁlri2 phonons in GaAs described here, they are sequentially gen-
(in ther space there corresponds ipspace oner(’=1) or  erated by the source placed 01 crystalline plane of a
more (0("+1) bundles of phonon wave vectorsQ!™?) . GaAs specimertfor which we have chosen the thickness
=2 mm which is characteristic for GaAs substrates used in
there corresponds the total body angIAng)(ri) MBE Fechnology. We assume that the .initial Qistribution of
O (W) 6 dlrectlo.n_s. of phonqn wave vectors is isotropic and that the
=U, A0 probabilities to radiate a phonon LA, FTA, and STA do not

Therefore, for each to the body angleAQ(" in q space
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FIG. 3. (a) The map of the energy density obtained in computer
experiments with a set of bolometers lying(01) lattice plane of 0604

GaAs. (b) Caustic lines form the “ST-box” structure.

differ. The source is placed in the center of a Cartesian co- oss
ordinate system. Itg axis is perpendicular t€001) plane in 06 05 04 03 02 Of rrﬁ?n 01 02 03 04 05 08
which lie thex andy axes. We chose a typical linear fre-

quencyv=0.15 THz. Bolometer or anemometer is placed on
the opposite side of the platelet. In our computer experimentaet
it has the form of the square of site0.2 mm, therefore it
subtends angleA ¢y.=5.7°.

FIG. 4. Calculated dependence of TA modes arrival times on
ector shift along100] (left pane) and[110] axes(right pane].
Solid lines: STA, dashed lines: FTA modes. Signs ahead of the

Usi he af . d f MC simulatitn mode indices mark the sign of component of quasimomentum.
sing the atorementioned program o SIMUlAtIONS ek fines indicate several modes moving with the same group

we obtained the map of the total energy denBify;) falling  \e|qcities. Detector placed in the STB center registers all modes
onto specimen surface. In Fig. 3 one sees the caustic liNggriving at various time instants within the shaded stripe. Daggers

with STB encircling the pattern centésee also Fig. L This  and circles denote results of computer experiments.
energy density map serves us as the reference pattern used in

the computer experiments on the quasimomentum transporls.oth panels The analysis shows that the faster pulse is gen-

I the series Of. computer experiments on energy and Y% ated by STA phonons. The later pulse is formed by FTA
simomentum carried by phonon beams, the detector was sy honons. Comparison of curves in the upper panel of Fig. 5

tematically shifted across the detector plane along a chos hows that for detector placed at STB center xheompo-
axis n. As a result, the position of its center was scannethents of quasimomentum of arriving modes compensate.
accordingly with the step which we chose to be equal to 0.1 For both shift directions and the detector center placed at

mm. For the selected we performed computer experiments STB center only the fastegtlegeneratedand the slowest
for 10 different positions of the detector. For the chosen twamodes arrive as well separated peékse Fig. 4 The re-
directionsn and the spatial step length this allowed us tomaining modes form signals of rather complicated structure.
cross the caustics lines forming STB.

If a phonon reaches the specimen boundary, the program

MCANSCAT checks if it hits a detector placed at one rof e R )
selected positions, say=(X;,y;,z=d). When the phonon a0
strikes the detector, its characteristics are memorized and
then analyzed. o | o
0|3
V. RESULTS OF SIMULATIONS - E
= S
A. Energy pulses ‘; S 4qc-;
In Fig. 4 we show thecalculateddependence of the ar- 2 ¥=4 £
rival times of TA modes on the distance measured from STB 2 g
center along axefl00] and[110], respectively, i.e., along i 0 \'"' - 5
directions pointing towards the related corner of STB and the " S 3
center of suitable side, respectively. We discard LA modes, oJ]C
hence here pulses are formed by TA modes only. Points of
caustic lines forming STB are related to cusps of lines de-
picted in Figs. 2 and 4. As it is seen in Fig. 4, for the used
platelet, the caustic lines forming the corner and center of a

side of STB are placed at the distance approximately equal to Time
0.4 and 0.3 mm, respectively.

To study time dependent fluxes of energy transported by FiG. 5. Time-of-flight spectrograms obtained in computer ex-
phonons of a selected polarizatignwe shall calculate periments for conditions described in previous section. Detectors
E;(m.ri). Typical pulses carrying energy obtained in our placed(i) in STB center(upper pangl (i) at STB corner(lower
computer experiments are shown in Fig(Upper curves in  pane). Upper curves: energy, lower curves: quasimomentum.
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FIG. 7. Temporal quasimomentum spectrograms obtained in
computer experimentx andy components of wave vectors direc-
tions of TA phonons registered by two phonon anemometers placed
, in the center(left pane) and in the corner of STB lying ofil00]

0.55 0.60 0.65 0.70 0.75 us 0.80 aXiS (nght pane].

FIG. 6. Dependence of bolometer signal on time for various_ : .
placements alonff100] and[110] crystalline directions obtained in . W/hz' The Qetzcéor Elatl:emfnt I%th@hob C.ryStar:“Te pl?ne
computer experiments. Detector area(as 0.02<0.02 mn?, (b) IS characterized by the leng hor by the azimuthal angle;
0.2%0.2 mnt ' measured from th@001] axis. However, in this section we

o ' present only the results for two characteristic placements

: . : of the detector:(i) ri=ry, (x=0y=0,2z=2 mm, orx=l,
The particular form of them depends Ghthe width of band ~0,0,=0°) and (i) r=rerg (x=lerg~0.4 mmy=0z

of arrival times(ii) the number of arriving phonons, afid) B e e R i
the extent of focusing or defocusing as well as on the degenT2 mm, or ¢, =0°,6; = fs7s=14.6"). For the fixed source

; . osition and for the first placement, the detector is located in
eracy. This structure changes when detedfices, the shaded P ’ ; )
stripe in Fig. 4 is shifted along one of chosen directions. the center of STB. For the second one it covers the suitable

Additionally, signals of detectors used in the real-life experi-Corner of STB. Hence, for the second placement, it overlays

ments are distorted by inertia. Hence, to obtain the actua%everal caustic lines. . . .
In the first of two kinds of experiments on quasimomen-

phonon fluxes one should deconvolute observed detector . . .
signals?* Our results can be compared with the results of.um carried by phonon beams, we measured during various

real-life  experiments performed by ‘Hener and intervals of time thex andy components of m-plane_ compo-
collaborator<? nents of wave vectors of arriving phonons. In this way we

Results of computer experiments for two sets of detectoFOund the time dependence gf, g, of these phonons. In the

placements(along [100] and [110] directions and for two second kind of experiments, the totalcomponent of the

detector areas are shown in Fig. 6. They present the timg]ﬁrl%ngngg?ﬁémsﬂggmgw ;Lli)f(a?g%vgg ;(t):ciilief(ljux of energy

dependence of response of our ideal inertialess bolometer. . .
P P As a result of the former kind of experiments, we ob-

Lines lying in the horizontal plane show the calculated spa;[ ined hich b | ) i
tial dependency of the arrival timgsee Fig. 4. With the ained maps which we catemporal quasimomentum Spec-

help of Fig. 6a) one can study evolution of a small area trograms TheseA spectrograms have the structure of “clouds
bolometer signal with changing position. In the vicinity of of spots.” Forn=[100] and two selected detector place-
folds signals are very strong, which reflects the focusingMents the temporal quasimomentum spectrograms are shown

Moving along lines one can observe the merging and splitin Fig. 7. _ . _
ting of pulses. For the explanation of the obtained temporal quasimo-

For a bolometer of bigger area only contributions of fo- mentum spectrograms one should refer to Fig. 8 which sche-

cused phonons are clearly seen and they arrive in the calciatically shows the central cross sectior ¢,=0) of the
lated instants of time. The remainitigharp for small detec- slowness surface for STA mode. Let us recall that for a given

tor area maxima now become rather broad. Generally, forpropagation directiom, the group velocity vectovg(é) is
such bolometers there is no simple relation between arrivaﬂerpendicular to the slowness surface at the Paii'({?)-

times of their maxima and calculated arrival times. Thus, thex components of quasimomenta of phonons with
_ Q’s corresponding to pointa anda’ (a anda’ phonong
B. TOF spectrography for quasimomentum propagating along the fourfold axis have equal moduli but

they are oppositely directed. The modes corresponding to the
R point b (b phonon$ move in the same direction asanda’

As shown in Figs. 1 and 3, we have chosern;  phonons but, in agreement with Fig. 4, with a bigger group
=[100] and n=n,=[110], i.e., the anglespV=0, ¢{?)  velocity. Therefore, phonons from a small neighborhood of

1. Partial quasimomentum spectrograms
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close, the obtained spot patterns resemble very much patterns
obtained for GaAs. Energy density patterns for Ge were stud-
ied by Northrop and Wolfé3

2. Quasimomentum pulses

Gaining some insight of properties of partial quasimo-
mentum fluxes we are ready to calcul@é)(,u;ri), to ana-
lyze the corresponding TOF spectrograms, and compare
spectrograms for energy and quasimomentum. For the two
%elected detector placements @ndrgtg), a typical quasi-
momentum pulse is displayed in Fig(l6wer curves. Since
for both placements TA phonons are focused and move with
the pointb hit the detector before phonons from neighbor-markedly different group velocities, the bolometer response
hood ofa anda’. Figure &a) shows that fob phonons thex  indicates at least one sharp maximum well separated from
components are concentrated in the vicinity gf=0, maxima which arrive latefFig. 5, dotted lines In agree-
whereas< components of wave vectors afanda’ phonons ment with Fig. &a), for r=r, the x component of quasimo-
are concentrated in the vicinity of, #0 and are placed sym- mentum flux(the solid line of the top panel of Fig) & very
metrically with respect to the vertical axis. The remainingsmall. Forrsrg the focusing yields strong quasimomentum
spots are due to remainirigblique modes fulfilling condi- ~ fluxes of opposite signs which arrive at different instances of
tions (4). All phonons with wave vectors tipping points of time. Inspecting the focusing pattern depicted in Figs. 1, 3,
the circle obtained by rotation of poingsanda’ around the —and 4, we conclude that these strong pulses of the opposite
vertical axis move with the same group Ve|ocity vectors, andsigns are related to the caustic lines of STB structure. From
arrive at the same detector in the same instant of ftmey ~ Fig. 4 it is seen that the negative pulse is due to the STA
are “degenerated,” see Figs. 2 and 4, thick lines mode and the positive one to the FTA mode.

Assume that phonons are propagating in a direction For the chosen thickness of the sample, the time interval
slightly deviated from[001]. Then, to this direction there Separating negative pulse from the positive one is approxi-
correspond two points andc’ of the » surface which are Mmately equal to 25 ns, so they may be experimentally distin-
placed nonsymmetrically with respect to the vertical axis.guished. Since the quantity which is studied in real experi-
Since now group velocities and components of the wave ments is the density of induced currentnot the
vectors ofc andc’ phonons are different, the spots pattern isquasimomentum fluxn the next section we consider re-
nonsymmetric. Note that the central speorresponding td ~ SPonse of 2D gas of electrons to pulses of bulk phonons
phonong is now absent. Since in Fig(l® we changed only Moving in GaAs/GaAlAs heterostructure grown ¢801)
the x components of the group velocities, the patternyfor surface of 2 mm thick GaAs substrate.
components remains symmetric. General situation is shown Using our MC experimental data, we also obtained spec-
in Fig. 9. trograms of arrival times for pulses. They are shown in Fig.

This means that when the detector is placed in the cente}- As previously in these computer experiments a detector is
of STB the distribution of andy components of quasimo- shifted from the center of STB alor@10) and(100) direc-
mentum flux of TA phonons is symmetric with respect to thetions (crosses and circles, respectivelyFor the detector
horizontal axis (=0, g,=0, respectively (Fig. 7, left shifted along(100), we de_plcted results for two strongest.TA
pane). Therefore, for this placement of finite area anemom-Peaks only. Group velocities of LA phonons are much bigger
eter, the positive and negative quasimomentum fluxes conihan of TA phonons and weakly depends on the direction of
ponents compensate at any instant of time. propagation, so we do not present them. Generally, group

Notice that if the detector is placed near the caustic lineyelocities of TA modes are more sensitive to the choice of
of STB, there arrive two kinds of TA phonons with opposite the propagation direction than of LA mode. In agreement
Xcomponents of the quasimomentum ﬂu*me F|g 7, nght with F|g 4, STA mode moving towards detector shifted
panel and Fig. 4, left panelThe related fluxes of different along (110 direction disappears for the distancke
amplitudes arrive at different time instants, hence they do not=0.3 mm whereas in the case of the shift al¢hQ0) direc-
mutually compensate and can be detected in TOF experfion it still propagates for 031=<0.4 mm. We shall men-
ments. This situation is presented schematically in Fig).8 tion that Laxet al. studied spectrograms of arrival times for

For directions far from STB, the mentioned peculiaritiesthe pulses ofhortwavelength acoustic phonons propagating
are not seen—the quasimomentum fluxes for TA and LAIN GaAs both in redf* and Monte Carlo experiments.
modes behave similarly, i.e., allcomponents have the same
sign. We also calculated the corresponding matrix elements
of the carrier-phonon interaction. For a small structure of 2D VI. RESULTS OF NUMERICAL CALCULATIONS
gas of carriers serving as the phonon anemometer placed atFOR DRAG CURRENTS FOR HETEROSTRUCTURES
rstg, these matrix elements are large, so the corresponding
drag currents are also large. The numerical calculations de-
scribed in Sec. VI B support this conclusion. We shall briefly describe the properties of 2D gases of

We studied also the propagation of pulses in Ge. Since thearriers(2DGC). Consider a 2DGC structure embedded in a
mass density and elastic constants of Ge and GaAs are vespecimen of a cubic medium of mass dengitgnd volume

FIG. 8. A central section of the slowness surface of STA
phonons propagating in GaAs. Two nonequivalent directions of th
group velocity are chosen and the correspondirmpmponents of
the wave vectors are indicated.

A. Characteristics of 2D gases of carriers
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arbitrary units
|

FIG. 9. Choice of direction of line joining the source and detec-

tor resulting in three groups of TA phonon wave packets moving in .

the same direction with different group velocities amdcompo-

nents(schematically. The STA A mode is focused, hence it yields T T T T ]

the strongest maximum withq{"<0. The STA C mode is weak- 056 060 .0'64_ 068 072

est because it is defocused and fof @©)>0. The FTA B mode arrival time [ys]

gives the peak of intermediate strength which carries positive

#q'®) . The thickness of arrows beginning at slowness surfaces in- FIG. 10. Current induced by phonon pulses in a 2DEG placed at

dicates the strength of corresponding pulse, its length representge corner of STB for various sides lendthof a square detector.

values of group velocities. Solid line: 14=0.2 mm, dashed lind:4=0.3 mm, and the dotted
line: 14=0.4 mm. Calculations are performed for data described in

V. Assume that the carriers of the surface densitand the ~ Previous sections.

effective massm* occupy the lowest subband and that

2DGC fills a constriction parallel to a unit vectgt Consider In our computer experiments and numerical calculations
a carrier (electron or holg with the wave vectork=kk  We used typical data which we collected in Table I.

=(ky,ky) and the energy (k) and interacting with a bulk
long-wavelength acoustic phonon of the polarizajiowave
vector q=qq, circular frequencyw(q,j), and the polariza-
tion vectore(q,j).

As a result of scattering on acoustic phonon, the carrier Using our package of prografnésee also Ref. 15 we
wave vectork and energys(k) change tok’ ande(k’),  calculated the dependence of tkecomponent of the drag
respectively. The corresponding relaxation rate is proporeurrent on time for anemometer with the center position vec-
tional toI'y ;(k,k") (Ref. 10 tor r=rgrg. The results depicted in Fig. 10 agree quite well

with TOF spectrograms obtained by means of Monte Carlo
5 simulations. Namely, we observe two strong pulsesiraiy
Lgi(kk")= 2\/—-|F(Qz)|2| M(q,j)|?, (6)  currentinduced by TA phonons moving with different group
pVo(q,j) velocities. The contribution of LA phonons is negligible. The
time interval between the arrival moments of the minimum
and the fastest maximum is approximately equal to 25 ns.
The fast STA pulse gives the negatively directed current,
while the slower FTA induces the positively directed current.
F(d)=(1+aq,) 3, (7)  with increasing linear dimensiok of the detector, the ex-
) ) ) trema become broader and higher. The drag current density
and a 1S the effective thickness of 2DGC. The term 5y eraqed over time intervabt.=(0.58-0.72) us, where
[M(q,j)|* contains contributions of the deformation poten- 4.a4 current does not vanish, constitutes 5—7 % of the maxi-
tial and piezoelectric interaction, namely, mal value of amplitude. This average corresponds to the in-
tensity of caustics lines of the finite area phonon anemometer
IM(q,j)|2=IEDe(&,j)dl2+|2eh12ex(&,j>&y&z response map, i.e., to its strongest characteristitsin
agreement with Fig. 4, when the anemometer is placed on

B. Spatial and temporal structure of the instantaneous
drag currents

where F(q,) is the form factor which we take in the
Howard-Fang form

+0,€,(0,1) 9.+ 9.aye.(a, )] ®)
Introduce the ratio of the strength of piezoelectric coupling )] c)
and the coupling constant of the deformation potential % !
¢ O $ =
2ehy, ’
=5 © "
=D At= (580-600) ns At;= (600-620) ns At= (580-620) ns
TABLE |. Data used in numerical calculations. . . .
FIG. 11. Calculated spatial maps of amplitudes of the instanta-
n. len? m* m alnm m-1 neous drag current for various instants of time. The anemometer has
s [l [me] [nm] x [m] shape of the square with 0<D.2 mnt sides with center placed at
5x 101 0.067 4 4.14%10C° rstg. Calculations are performed for data described in previous

sections.
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the right-hand side of STB, the negative pulse disappears and VIl. CONCLUSIONS
the amplitude of the positive one diminishes.

We also numerically obtainespatial maps of amplitudes
of theinstantaneouslrag current for various instants of time
(i.e., for short time interva)swhen the center of phonon
anemometer is placed agyg. Similar spatial maps of en-

ergy density can be obtained in real experiméh&lack and pindow, the time depending density of 0] component

white points represent, respectively, large amplitudes oof uasimomentum falling onto anemometer consists of a
negative and positive drag current, the gray shaded regions d 9

s - -2 'sequence of strong negatiypositive and weaker positive

e e, E et hegav pses separteor sample cknesd—2
. ' . by the time At~25 ns. For other directions and different
tipped by the vectorsrg. Figure 11 demonstrates the above (i e windows this effect is not so pronounced. These pulses
map for three time windowsAt;=(580-600) ns,At;  jnquce drag currentéor voltagé much stronger than those
=(600-620) nsAt.=(580-620) ns. obtained in experiments with time integrated drag currents

Within time intervalAt,, to the neighborhood d?, there  (j.e., when one deals with drag patterns
comes a group of STA phonons inducing a strong pulse of |n real-life experiments, applying electric or laser radia-
negative current. During the time intervalt,, strong and tion pulses of large amplitudes, one can achieve strongly
positive drag current is induced by FTA phonons. For bothdisturbed states of carrier gases. These disturbances can be
intervals the white and black structures are well separatedorrelated with the arrival times of the above described
therefore for small enough detectors there is no averagingtrong phonon pulses. Such pulses which induce intense drag
out of the signal. In the intervalt, the neighborhood oP,  currents, may probe nonequilibrium states of carriers. Thus,
is covered by these proximate white and black current strucwe expect that performing the corresponding real-life experi-
tures which mutually compensate, so even for a small deteanents, one may obtain the direct information about the in-
tor the signal becomes weaker. We see that experimentétraction of low dimensional gases of carriers with acoustic
observation of large drag currents at selected instants of timghonons. We also plan to extend our studies of the properties
is accessible and, unlike the spectroscopy of phonon imagesf quasimomentum focusing to the case of the exciton sys-
the spatial resolution is not critical. tem in Ge?’

We have shown that there exists at least four spatial di-
rections and time windowfor our platelet 0.58—0.60.s) for
which phonon fluxes are very strong. We focused our atten-
tion on GaAs and the direction defined Byg~14.7° and
¢s1e=0°. For these selected placements and chosen time
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