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We report studies by optical techniques of current-induced nonequilibrium electron populations in magneti-
cally quantized two-dimensional electron gases. Increasingly marked current-dependent changes with magnetic
field are observed in both the energy and the intensity of the main photoluminescence features. The magnetic-
field dependence of the relaxation time of nonequilibrium population following a current pulse is qualitatively
in line with the severe momentum constraints on one-phonon emission. However, a theoretical treatment of this
mechanism shows stronger field dependendd?, than that found experimentally; B2, indicating the im-
portance of parallel relaxation channels. We suggest these may involve the diffusion of excited electrons via
intra-Landau-level transitions to centers in the Hall bar where relaxation can occur via inter edge-state transi-
tions.

PhotoluminescencéPL) has been widely used in the He-Ne laser beam focused in the middle of the device to an
study of magnetically quantized two-dimensional electronarea 3@m across corresponding to a power density of
gases(2DEG’S including the incompressible integer and P/S<10"® W cm™ 2. Time-resolved luminescence spectra
fractional quantum Hall states, which produce marked signaare recorded with a double spectrometer and photon counting
tures at low temperaturdsee Refs. 1 and 2, and referencessystem and the resolution achieved is always better than
cited thereii. There appear, however, to have been no re0.2 meV. The currentgq is varied from 1 to 3QuA, corre-
ports of PL studies of nonequilibrium effects such as thoséponding to current densities fromx80~*—1.5x 1072
that arise in the presence of a transport current. In the integék M ~*, well below the value~1 Am™* at which quantum
quantum Hall state and below a critical currentl., Hall l:_Jreakdown occurs at~1 (Ref. 4, anq references cited
R.=0, so no dissipation occurs in the bulk of the oDEG. therein. The pulse length is 32@.s. Two time-resolved PL _
Dissipation does occur there, however, wherl . and at all spectra are stored and averaged. A reference spectrum is

currents for nonintegral filling factors. Although some of
the dissipation may arise through intra-Landau-level transi-
tions the dominant process is likely to involve the excitation
of electrons to adjacent Landau levéld's) separated in
energy by#w., which then relax principally by acoustic-
phonon emission.

In this paper we report investigations by time-resolved PL
of the nonequilibrium populations of carriers produced by a
current pulse at filling factorg=1. The current produces
marked changes in the PL and the effect of increasing mag-
netic field in quenching the electron relaxation when the cur-
rent is switched off is equally striking. The devices used are
Hall bars of modulation-doped GaAs/fdGag ggAS hetero-
structures G-635 and G-644 with saturation electron densi-
ties =1.2x 10" m~? (v~2.5/B) and mobilities of a few
times 16 m?V ~! s 1.2 They have dimensions>23 mm? _
with source-drain contacts and four voltage probes and their
band structure is shown schematically in Fig. 1. The GaAs FiG, 1. Schematic diagram of the potential in and optical tran-
buffer layer is weakly doped to flatten the bands and so engjtions observed fror-type modulation-doped heterostructures.
hance the quality of the PL. The samples are held ab and 1 are the ground and the first excited 2D subbaBgignd
T=1.8 K and magnetic fieldB applied perpendicular to the E; are the radiative transitions between 2DEG and photoholes in
plane of the 2DEG. The PL is excited using a low-power cwthe buffer layer.
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] _ _ _ _ proportional toB. This shows that there is an increase in
150 B=2.6T E, E, 7150 recombination energy in the illumination area in the middle
I of Hall bar that is proportional to the Hall voltagé, and

100 Yohaos 119 equal toCeV};, whereC=10"2.
sor j \ 150 The PL is due to the recombination of electrons in the
ol . { L 0 2DEG and photocreated holes. The holes are separated from
2 1-5|10 . 1-5|12 . 1-§14 . 1~§16 . the 2DEG but sufficiently close to it that they experience the
> |l goqar Eo1%ho, E, ] Hall electric fieldF arising from the density gradient across
E | 150 the width of the 2DEG. So the electron states at the bottom
- 2vhag of the conduction band in the 2DEG increase in energy in the
§ direction of F at approximately the same rate as the elec-
§ 0 tron states at the top of the valence band in the region of the
£ holes. The Hall field-dependent blueshift in recombination
3 4100 energy must presumably be attributable therefore to differ-
; ences in the response of the electrons and holes to the Hall
{50 field. There is no electron drift in this direction, the electric

field Fy being balanced by the Lorenz force, but the holes
0 are accelerated into excited states since in this case there is
1.510 1512 1514 1.516 no balancing Lorenz forceg(This shift would evidently be
energy (eV) enhanced if the hole distribution increased in the direction of
Fy since this would lead to a reduction in the local Hall field

FIG. 2. PL spectra obtained at three magnetic fields. The curvelsn the region of the holes from that in the 2DEGVe also

b L . : . :
shown shaded and in bold are flag=0 and 30uA, respectively. _note that_EO grows in _|nte_nS|ty with Cur_rent implying an
increase in the recombination rate and this may be due to the

approach of, to the FES™®
In contrast toE§), the dominant effect of current dg, is

d variable time del fter th Fth I Thaachange in intensity rather than spectral position and the
preset and variable time delay after the start of the pulse. ﬁgn of the change can be positive or negative depending on

response time of the photomultiplier tube is less than 10 Mhe magnetic field. The currents would seem to be too small

S0 the time resolution is determined by the width of the gatg, produce significant changes in the exciton population and
interval. The time between current pulses is increased, not-

(Ve attribute the changes in intensity to changes in the LL
mally to between 6 and 10 ms, until it has no steady stat 9 y 9

Hect on the data. Simult s of th opulations within then=0 subband. These population
etiect on the data. simultan€ous measurements of the sour é’ﬁanges would change the exciton screening and hence the
drain resistance are also made.

Fi 5 sh the. Tumi ; btained f recombination rate. It is well known that the intensity of
igure = shows the fuminescence Spectra obtained 194, ivon pI under equilibrium conditions varies strongly with
three values of magnetic field. The shaded curves are data f

; ; ﬂfling factor being greatest when the Fermi energy lies mid-
Zero current, taken with the first gate, and thg curves ShOW{R/ay between Landau levelsthe condition for minimum
by bold lines are for current,;= 30 wA taken with the sec-

_ . screening. As the Fermi energy rises, the increase in popula-
ond gate set in the middle of the current pulse. In zero mal g 9y Pop

N . Yion of delocalized states in the upper Landau levels leads to
netic field, two familiar features are observed for zero cur-

) o : a more compressible electron gas and so to more efficient
rent: a broad bank, a_nd a narrowetex_cnonlc) band or line . _screening and weaker intensity. The observed -current-
E,. These have previously been assigned to the recomb'”?j’ependent changes in thg peak intensity would appear to

tion of 2D electrons from th@=0 andn=1 subbands, re- e from similar changes in compressibility. If the Fermi
_spectlvely, of the confined potential with photocreated h°|e%nergy lies within a Landau level the broadening of the
in the buffer layet 10-100 nm from the plane of the 2DEG. Fermi distribution resulting from the rise in electron tem-

There is also a weak feature on the low-energy sid&of o4t re when current flows leads to a reduction in screening
due to the Fermi-edge singularitfES." Eq narrows as the  znq hence to an increase in PL intensity as seen in Fig. 3 for

magnetic fieldB is increased and its peak energy MOoVes  ,,—0.75. However, if the filling factor is close to midgap, the
by an amount proportional hw/2 wherew.=eB/u with  eycitation of electrons resulting from current flow should
p~t=m* “'+my* ", showing that the PL arises from increase the population of delocalized states and so the com-
transitions between the lowest LL's of the 2DEG=0, and  pressibility leading to a reduction in intensity as seen in Fig.
the photoexcited hole$,= 0. The shift inE§ corresponds to 2 for »~1.8 and 1.0. The increase in excited carrier popula-
a value ofu somewhat smaller than that calculated possiblytion probably occurs as a result of tunnelling between edge
as a result of interface strain effects. states followed by diffusion of the nonequilibrium carriers
Striking changes occur in the PL when a current flowsinto the bulk of the 2DEG through the delocalized states of
through the 2DEG, which are qualitatively the same throughthe upper LL° We note, however, that recombination of
out the whole current range. No change can be detected ilectrons in the higher LL's is not seen in the PL spectrum in
zero or small magnetic fields but, for fields greater thanine with the orbital momentum selection rules for
B~0.5 T, progressively larger current-dependent effects oceonduction—valence-band transitiod$=1,—1,=0.
cur in bothE, andE, . The energy oE} increases approxi- These current-dependent changes in PL have been used to
mately linearly with current at fixe® and the increase is study the relaxation of the nonequilibrium population of the

taken using a gate interval centered 180before the start of
the current pulse and a second spectrum is then taken at
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There are several processes to be considered in discussing

t (usec) these data. The first two, electron excitation and diffusion,
have already been noted. These are followed by inter-LL
magnetic fields{a) B=1.09 T (b) B=2.04 T, and(c) B=3.3 T. relaxation and we believe that diffusion and inter-LL relax-

The inset shows the relaxation time determined from the approaction Poth play a role in the kinetics of the PL signﬁ&and
of the PL to equilibrium as a function @& (square} (d) the dotted ~ E1- AS the field is increased until the 2DEG s fully quan-
line shows the fit torg= yB2 where y=88=7 us. tized KgT.<fwc), inter-LL relaxation should initially oc-

cur predominantly through one-phonon inter-Landau-level

magnetically quantized 2DEG when the current is switchedransitions at a rate that has been shown theoreticaltty
off. Figure 3 shows the form of the current pulse through thethe transitionle=1—1,=0 to vary as
2DEG and the time dependence of the PL intensity from 2.3228%m* (1— )
E, at three different fields. At 3.3 T, as already discussed, the : n
intensity increases during the rise time of the current and tha%é
then falls back to the initial value. However, at 1.09 and 2.04 o dr 1
T, the intensity first falls and then rises back to the initial ~7X10°(1-f)B s 1], @
value.(The structure during the rise is reproducible but will \yhere we takeE =10 eV,s=5.5x10* ms~ %, a=6 nm, and
not be discussed further at this stgg&his behavior is p=5.3x10° kg 2 for the values of the deformation poten-
shown in more detail in Fig. 4, which shows PL spectra fortja| constant, the LA sound velocity, the width parameter of
B=15 T andl,=30 nA taken during and at four imes  the well and the GaAs density, respectivefif.is the Fermi
after the end of the pulse. After 7Q@s, the spectrum has istribution function of the final state.
essentially relaxed to that before the current pulse, which is The phonon emission is constrained by in-plane momen-
also shown but it is evident that the relaxation of the nonym conservation to directions approximately normal to the
equilibrium population produced by the current pulse continopgG plane and the strong decrease in emission rate with
ues for a time that is appreciably longer than the length ofie|q is associated with the difficulty of conserving normal
the pulse. The recovery time is found to increase with magmomentum when the wave number of the cyclotron phonons
netic fieldB as can be seen in Fig. 3 and from the relaxationexceeds H. The field dependence of the measured relax-
in the tail of the decay, we obtain a tim¢B), which agrees  ation rate,B~", with n between 1 and 2, is very different
quite well with times obtained from the relaxation of the from theB~# for the one-phonon process suggesting that the
position and intensity oE§ and the intensity of;. Values  relaxation must be taking place through a faster parallel
of 7(B) obtained fromE; are given in the inset to Fig. 3. At channel. However, the one-phonon relaxation rate calculated
the higher fields these can be represented approximately iy g=2 T (1-f2~0.25) and using the parameters given
8= 78", Wherenzlles_ between 1.4 ar;d 2 and the line showngpoye are~40 times faster than the measured value. We
is fitted to7g=yB“ with y=88+7 T~ “us corresponding to  note though that the calculated rate is very sensitive to the
a relaxation rate value ofa and there is some evidence that this is increased
» s by illumination!? So, for example, if this were increased by
75 ~1.1X10'B7?[s1]. (1) ~1.5 and some allowance made for the effect of screening

FIG. 3. The time dependence of tBe PL intensity for various
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on the electron-phonon interaction the calculated rate couléaster. Since the size af shows that most of the relaxation

be brought down to below the measured rate. The parallahust be taking place in the bulk of the 2DEG rather than at
channel evidently cannot be two-phonon emission evemhe edges of the Hall bar the edge states must be located at
though this is calculated to become faster than the onetnternal edges” associated with potential fluctuations.
phonon process at fields comparable to those the highest we conclude that time-resolved photoluminescence pro-
used her¥ since its relaxation rate should vary Bs We  yides a new and valuable method of studying nonequilibrium
conclude therefore that the observed relaxation process is NBhenomena in magnetically quantized 2DEG's. In the
an intrinsic process but rather one involving fast relaxingpresent studies, in which the departure from equilibrium was
centers to which the excited electrons diffuse. Indeed the .. ced by a transport current, tBe 2 field dependence
field dependence is consistent with diffusion being the rat(?;nd the magnitude of the relaxation rate suggest that the

limiting step. We assume the time_for.the-electrons to diﬁuserelaxation takes place predominantly at ‘“internal edges”
22 ?;’g;?(?ri d'fg?%tg)o rsvrr\eelfexlljn(%;sigmeenetljgc:?oenudﬁ?-al around inhomogeneitie§otential fluctuationsand is lim-

P diff -~ e ited by electron diffusion to these fast relaxing centers. It
fusion coefficient in a fieldB.

Classically D(B)~D(0)/(xB)%!® so that rqyoB?2 seems likely that a similar process is responsible for the elec-
~ , diff ,

which is approximately consistent with observation and thetron excitation. The dependence of the shiftfy on Hall

. S — . voltage suggests the technigue could be used to map the
experimental values Of indicate t_hatd~30 pm. TPJ'ZS cor- potential across the sample and measurements of this are in
responds to a 2D density of relaxing center$0° m 2. We

: progress. It may also be possible to extend it to study integer
guggest that .the fast relaxing centers are edge statéthe uantum Hall breakdown and perhaps also to the fractional
rise in potential energy at the edges of the sample leads to t ;

L . - L antum Hall regime.
possibility of intra-Landau-level transitions of finite energy
and inter-Landau-level transitions of energy less than . We gratefully acknowledge help with the device process-
It has been shown theoretically that, at high magnetic fieldsing from J. Middleton, helpful discussion with Professor A.
the difficulties of conserving momentum normal to theY. Shik, and financial support from the Engineering and
2DEG are appreciably less in both processes than in the onéhysical Sciences Research Council and the European Com-
phonon process in the bulk so that both can be appreciablgission.

*On leave at Physics Department, Nottingham University, Notting- “A. J. Turberfield, R. A. Ford, I. N. Harris, J. F. Ryan, C. T. Foxon,
ham NG7 2RD, UK. and J. J. Harris, Phys. Rev. B7, 4794(1993.

1A. G. Davies, S. A. Brown, R. B. Dunford, E. M. Goldys, R. 8M. S. Skolnick, J. M. Rorison, K. J. Nash, D. J. Mowbray, P. R.
Newbery, R. G. Clark, P. E. Simmonds, J. J. Harris, and C. T. Tapster, and D. Pitt, Phys. Rev. Leb8, 2130(1987).

Foxon, Physica B84, 56 (1993. SW. Chen, M. Fritze, W. Walecki, A. V. Nurmikko, D. Ackley, J.
2], V. Kukushkin and V. B. Timofeev, Usp. Fiz. Naulk63 1 M. Hong, and L. L. Chang, Phys. Rev. 85, 8464(1992.
(1993 [Phys. Usp36, 549 (1993]. 10N, N. Zinov'ev, A. V. Akimov, L. J. Challis, A. F. Jezierski, and
3C. T. Foxon, J. J. Harris, D. Hilton, J. Hewett, and C. Roberts, M. Henini, Semicond. Sci. Techno®, 831 (1994; N. N.
Semicond. Sci. Technof, 582(1989. Zinov’ev and L. J. Challigunpublishegl
43, Kawaji, K. Hirakawa, M. Nagata, T. Okamoto, T. Fukase, andG. A. Toombs, F. W. Sheard, D. Neilson, and L. J. Challis, Solid
T. Gotoh, J. Phys. Soc. Jp3, 2303(1994. State Commun64, 577(1987; V. |. Fal'’ko and L. J. Challis, J.

SA. J. Turberfield, S. R. Haynes, P. A. Wright, R. A. Ford, R. G.  Phys. C 5, 3945(1993; H. L. Zhao and S. Feng, Phys. Rev.
Clark, J. F. Ryan, J. J. Harris, and C. T. Foxon, Phys. Rev. Lett. Lett. 70, 4134(1993.
65, 637 (1990. 12|, v. Kukushkin, K. v. Klitzing, K. Ploog, E. V. Kirpichev, and B.
5The dependence of the PL decay on the spatial separation of N. Shepel, Phys. Rev. B0, 4179(1989.
electrons and photoholes bound &doped impurities is re- 3B. Laikhtman, Phys. Rev. Lett72, 1060 (1994.
ported by A. F. Dite, I. V. Kukushkin, K. von Klitzing, V. B. '*D. L. Maslov, Y. B. Levinson, and S. M. Badalian, Phys. Rev. B
Timofeev, and A. I. Filin, Pis'ma Zh. Eksp. Teor. Fig4, 635 46, 7002 (1992; A. Y. Shik, Fiz. Tekh. Poluprovodn5, 955
(1991 [JETP Lett. 54, 389 (1991)]; I. V. Kukushkin, R. J. (1992 [Sov. Phys. Semicon@6, 481 (1992].
Haug, K. von Klitzing, K. Ebert, and K. Ttemeyer, Phys. Rev. 155, Komiyama and H. Nii, Physica B84, 7 (1993; Phys. Rev.
B 50, 11 259(1994. B 45, 11 085(1992.



