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Motivated by the recently discovered microwave-induced “zero-resistance” states in two-dimensional elec-
tron systems, we study the microwave photoconductivity of a two-dimensional electré2fa6) subject to
a unidirectional static periodic potential. The combination of this potential, the classically strong magnetic
field, and the microwave radiation may result in an anisotropic negative conductivity of the 2DEG. Similar to
the case of a smooth random potential, two mechanisms contribute to the negative photoconductivity. The
displacement mechanism arises from electron transitions due to disorder-assisted microwave absorption and
emission. The distribution-function mechanism arises from microwave-induced changes in the electron distri-
bution. However, the replacement of a smooth random potential by the unidirectional one, leads to different
relative strengths of the two contributions to the photoconductivity. The distribution function mechanism
dominates the photoconductivity in the direction of the static potential modulation, while both mechanisms
contribute equally strongly to the photoconductivity in the perpendicular direction. Moreover, the functional
dependence of the negative photoconductivity on the microwave frequency is different for the two mecha-
nisms, which may help to distinguish between them. In another marked difference from the case of smooth
disorder, the unidirectionality of the static potential simplifies greatly the evaluation of the photoconductivities,
which follow directly from Fermi's golden rule.
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I. INTRODUCTION assisted absorption and emission of microw&végsee also
Ref. 12. Depending on the detunindw=w.-w, the dis-
Recent experiments on a two-dimensional electron gas placement in real space associated with these processes is
(2DEG) in weak magnetic fields under microwave irradiation preferentially in or against the direction of the applied dc
have led to the unexpected discovery of regions in magnetielectric field. In an alternative mechanism, microwave ab-
field where the longitudinal resistance is very close to zerosorption leads to a change in the electron distribution func-
Unlike for quantized Hall states, the Hall resistance remaingion, which can result in a negative photoconductitity:14
essentially classical and nonquantized for these novel “zerddetailed calculations within the self-consistent Born ap-
resistance states.” These states occur near magnetic fielggoximation suggest that the latter mechanism is larger by a
where, up to an additive constant, the microwave frequencjactor 7,/ 7., wherer;, is the inelastic relaxation time ang
w is an integer multiple of the cyclotron frequeney. denotes the single-particle elastic scattering time in a mag-
This discovery initiated a flurry of theoretical activity netic field.

from which the following basic picture emerges. It has been In the present paper, we study the microwave-induced
argued’ that under microwave irradiation, the microscopic photoconductivity within a model in which the 2DEG is sub-
diagonal conductivity can become negative. This would leadected to a unidirectional and static periodic poterttaDur
to a (macroscopit instability towards a current carrying motivation for doing so is twofold. First, the study of peri-
state. Macroscopic resistance measurements on this statdically modulated 2DEGs in a perpendicular magnetic field
show zero resistance because current can be made to fldvas led to the discovery of a number of interesting effects
through the sample by a rearrangement of large current dsuch as transport anisotropi@and commensurability effects
mains. Different microscopic mechanisms for a negativesuch as the Weiss oscillations of the conducti¥ity° Thus,
contribution to the microwave-induced photoconductivity investigating the effects of a static periodic poten¢iahich
have been proposed. One mechanism relies on disordeis not present in the experiments performed to datethe
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regime of microwave-induced zero-resistance states magistribution-function mechanism is worked out in Sec. V
shed light on the underlying physics. In addition, the periodicwith the main results in Eq$66) and (68) along the modu-
potential lifts the Landau leveélLL) degeneracy. This allows lation direction and Eqg70) and(72) across the modulation
one to exploit the familiar relation between momentumdirection. Section V also contains a discussion of the Weiss
transfer and distance in real space in high magnetic fields toscillations of the photocurrent. The polarization dependence
compute the current by applying Fermi’s golden rule. In thisis considered in Sec. VI. We summarize in Sec. VIl. Some
way, one finds in the absence of microwaves that scatteringechnical details are given in a number of appendices. In the

from the disorder potentidl leads to a current remainder of this paper, we skt 1.
=2 S (K = KIS 1, ]
LXLynn’ KK n IIl. THE MODEL
X 8 €k = €nicr) (1) A. Basics

In this section, we specify our model and review some
relevant background material. We consider a two-
dimensional electron ga2DEG) subject to a perpendicular
%agnetic fieldB and a unidirectional static periodic potential

for an applied dc electric field in thedirection?? Here, f 2,
is the Fermi-Dirac distribution function of the Landau level
stategnk) which remain approximate eigenstates even in th
presence of the periodic potenti@l is the LL indeX. The
function involves the energies,, of these states including Y
the effect of both periodic potential and dc electric field. Vir) =V eodQx @

It is evident from Eq(1) that the microwaves will affect with perioda=27/Q. The periodic potential which lifts the
the current in two ways(i) The joint effect of disorder and Landau level degeneracy, is assumed to be stronger than the
microwaves can give additional contributions to the transi+esidual disorder potentidl(r). The disorder potential is
tion matrix elements. This is the origin of the displacementcharacterized by zero average and variance
photocurrent which relies on the displacements in real space , ,
associated with disorder-assisted absorption and emission of (UNU(r)) =W(r —r’). 3)
microwaves. In more conventional terms, this contributionFor white-noise disordeM(r —r’)=(1/2mv7)8(r —r') with
can be associated with the effect of the microwaves on th%ourier transform\7\/(q):1/27rvr. Here, » denotes the den-

collision integral in a kinetic equatioriii) The microwaves . . . -
. ' o . sity of states at the Fermi energy in zero magnetic fieldand
will also result in a redistribution of electrons, changing the;

electron distribution functiorf,, away from its equilibrium Is the ZEr0 field elastic scattering time. For _smooth disorder
form f°,. This distribution-function contribution to the pho- potentials, the correlatdn(r) falls off isotropically on the

nke : I - 0 M€ PO~ scale of the correlation length of the disorder potential
tocurrent will be important if inelastic relaxation is suffi- ) ' .
ciently slow. Our model allows us to compute the various(§>)‘F for smooth disorden. denotes the zero-field Fermi

contributions to the photocurrent straight-forwardly within vv_avelengtl)u. We also note that the impurity average of the
Fermi's golden rule. disorder matrix element between oscillator stafiele for

For the parallel photocurrerii.e., parallel to the wave electrons in a magnetic field in the Landau gauge is
vector of the static periodic modulatiprve find that the dq o2 2\ |2~
distribution-function mechanism gives a larger contribution |(nk’|U|nk>|2:f Féqy,k,_ke‘q 'e/2 Ln<7> W(q).
than the displacement mechanism, by a fae’f,dfr;. In ad- )
dition, we find in this case that our results, with suitable (4)

identifications, are parametrically consistent with earlier '®ere. n denotes the LL quantum number akdhe momen-

sults_ ftor tdllgsorder broa_delﬂtgéjﬁllzaéwdau Itevels In ]Eh% Selftum in they direction.L,(x) denotes the Laguerre polyno-
consistent Born approximation.** By contrast, we find a .., andlg=(%/eB)Y2 the magnetic length.

strong enhancement of the displacement mechanism for the In this paper. we focus on the reaime of hiah Landau

perpendicular photocurrent so that in this case, both contri- baper, 9 g

butions are of the same order. Ievgls so thalg<Ig<R.. (Here,.RC denotes the cyclotron
For readers not interested in the details of the derivationir,;?e'ist)h\éviofgﬁgnne that the periadof the modulation sat-

we include a guide to our main results. In Sec. Il, we intro-

duce the model and collect the relevant background material. e <a<R.. (5)

In Sec. lll, we compute the dark conductivity. The condcuc-__ = . ) ) . ) o

tivity along the modulation direction is given in Eg0) This is essentially a technical condition, which simplifies

and(31). The conductivity across the modulation direction is SOMe of the calculations. For smooth disorder, we assume, in

presented in Eq€36) and(37). In both cases, an interpreta- e}ddltlon, _that thg correlgtlon lengthof the disorder poten-

tion of the result is given in the following pararaph. The tidl satisfies the inequality

displacement mechanism for the photocurrent is discussed in \e < £<1%a (6)

Sec. IV. Our main results are in Eq%.1) and(52) along the F B

modulation direction and in Eq$57) and (58) across the Here, the first inequality reflects the fact that the disorder is

modulation direction. Estimates interpreting these results aremooth, while the second inequality ensures that the typical

again given in the paragraphs following the equations. Théump in real space of Iengtlﬁlg associated with a disorder
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scattering event is large compared to the perodf the relaxation-time approximation. Note that, in principle, this

periodic modulation. distribution function also depends on the spatial coordinate
The 2DEG is irradiated by microwaves described by they. However, it will be sufficient throughout this work to con-
electric potential sider distribution functions which are uniform in thedirec-

tion. (The dependence oq on the other hand, is included, as
B(r,t)=- Er(E*eiwt+ Eel®) = g6+ p g, (7) the momentunk also plays the role of a position in the
2 direction)
If the dc electric field points in the direction, the kinetic

where ¢, =[¢_] =—€eE-r/2. The complex vectoE contains equation takes the form

both strength and polarization of the microwaves.

In the absence of disorder and microwaves, and for suffi- of of of f o _f0
ciently weak periodic potential, the single-particle spectrum 2ok (—”“) + (—”") — -k nk (19
of the electrons can be obtained by treating the periodic po- a N Jdis NN Smw Tin
tential perturbatively. Starting with the oscillator statek),

In principle, there should also be a term which describes the
drift in the y direction induced by the dc electric field. How-
0 1 5 ever, this term has no consequences when considering distri-
€nk = wo| N+ 2 | + Vi COSQKIg). (8)  pution functions which are independentyofin the last term
on the right-hand sidef 2, denotes the equilibrium Fermi-
The amplitudeV, is given by Dirac distribution andr, denotes a phenomenological inelas-
~ 22 tic relaxation rate. The collision integral for disorder scatter-
Vo= Ve VL (QAZ/2). (9)  ing is explicitly given by
In the limit of high Landau levelsy, can be approximated as
V,=VJo(QR,) and thus exhibits slow oscillations with pe- (7) = 2 2a|(n'K JUINK P frie = Fid Slenc— €nic)-
riod kra>1 as a function of LL index. (The LL indexn dis i
enters via the cyclotron radiysthis also implies oscillations (15)

of V,, as function of the magnetic field. It is these oscillations
of V,, which are responsible for the Weiss oscillatiiaf the ~ The collision integral for disorder-assisted microwave ab-

one obtains

Ik

conductivity. sorption and emission is
If in addition, a dc electric fieldgy; is applied in thex
direction, the eigenenergies take the form of .
Jenener (j) =3 3 2mK [Tk A e = fd
€= €0 — B3 (10) mw g o=t
It is useful to define the density of statd0S) of a periodic X O €nk— €nir + OW). (16)

potential broadenend LL by ) ) ) )
The precise nature of the operafby will be given in Eq.

v'(e)=v7V (e (11) (42 below. Note that these collision integrals involve the
electron energies including the effects of the dc electric field.
If the dc electric field points along thedirection, we can
. 1 1 no longer include it in the eigenenergies. Instead, it enters the
v = 2 (12 kinetic equation through an additional term describing the
27lg mV, : i Lo
associated drift in the direction,

with the density of states at the band center

and the normalized density of states o
1 %:—eEdco"fnkq.(%) +(%> _M_
dis mw

V1-[(e= EnIV, 2 (19 4 o\ * 7in
n/Vn (17)

Here, n and e satisfy |e—E,|<V, [with the LL energy

E,=w(n+1/2)]. Note that the DOS can also be expressed ad he collision integrals are given by the expressions in Egs.
v ~ 1w/ V,), reflecting the increased density of states due(15) and(16) with the energies in thé functions taken in the

to the Landau quantization. absence of the dc electric field.

We close this section with a calculation of the elastic scat-
tering rate 1£" in high magnetic fields. The motivation for
doing this is twofold. Firsts™ is a natural parameter in terms

We now turn to setting up the kinetic equation for the of which to write our final results for the conductivity. On a
nonequilibrium electronic distribution functioiy, which de-  more technical note, computing gives us the opportunity
scribes the occupation of the LL oscillator eigenstaés?!  to introduce a convenient way of dealing with integrals in-
These occupations change due to disorder scatteringplving Laguerre polynomials, which will be used repeatedly
disorder-assisted microwave absorption and emission, dhroughout this paper. From the collision integral for elastic
well as inelastic relaxation which we include within the disorder scattering, we obtain

V(e =

B. Kinetic equation
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1 o ) This current can be expressed by counting the number of
"o 2 27’k |U[nK) 28l = €qie) (18)  disorder scattering events that take an electron from alstate
n’k’ localized in thex direction atkl2 to the left of an imaginary

2
with e=e,. Noting thatn=n’ and inserting the expression line X, parallel to they axis, to a stat&’, localized ak’lg to

(4) for the matrix element, we obtain the right of this imaginary line, and vice versa. Due to cur-
2\ T2 rent conservation, the current is independent of the particular
1 a2z, g\ [°~ choice ofx, and it turns out to be useful to average over all
- =27 | ——e 98 Lol —— W(q)5(6 €nk+ ) i i i i
7 (€) (21m)2 2 o possiblex,. This results in the expression

(19 Lé2 g
. =TS S S anwkuiner?
y

The Laguerre-polynomial factor arising from the matrix ele- Ly2 Lx oy kexgl2 K=ol
ments of the disorder potential decays as a functioqi@nbn
the scale of the cyclotron radidg, in addition to fast oscil- X[f O —f ,k,]é €nk— En'kr) (24)
lations on the scale of the zero-field Fermi wavelength

On the other hand, the argument of thdunction changes for the current in the direction. Performing the integral over
with klé on the scale of the pericalof the periodic potential. X, gives

Thus, for white-noise disorder and in the limif<a<R,,

we can average thé function separately oveg,. Using the . me / 2
identity TLLS ~IE IO = )

(8e= ep)ho = 2713 (€) (20 X &€= €. (25)
and performing the remaining integral over the Laguerrnserting the explicit expressia#) for the disorder-averaged
polynomial matrix element and performing the sum okér one obtains

d?q o2 P2\ > 1 22
—ed IB/2|:L (—B =— (21) - KA f 2. 2|2/2{ <q I5 )}
2 n 20 = lge @84 L W
(2m) 2 )] " 2ml} UL e )qu > || W@

we find the result
X[f k= nk+q ]‘%Enk nk+qy + eEd&ylé)- (26)

(22)  Expanding to linear order in the dc electric field, one obtains
for the conductivity

1 _1v(e

e T v

In the following, we will also use the notatiom =7 (e

:En)y i.e., Tou= ,n,92 (_ afgk)
LR\ den
« TV,
T (23 2q @2\ 2
2,-9°15/2
¢ f(z,n_)Z(qle) e 9B Ln( 2 ) W(Q)

This result reflects the increased density of final states in the

limit of well-separated Landau levels. xa(eﬂk— €2k+q ). (27)
For smooth disorder, we need to distinguish between the Y

single-particle scattering time and the transport scatteringor white-noise disorder andr<a<R,, the Laguerre-

time. Their zero-field values; and 7, are related to the finite  polynomial integral can be computed in analogy with the

field values 7,(¢e) and 7,(e) in analogy to Eq.(22), i.e.,  evaluation of Eq(19) above. Using

T (e) vl v (e) and Ttr(G) v/ v (e). Some details of the

calculation are given in Appendix A. d%q (@27 ,2{ (ilé)]zz ﬁ, 28
2m* Lo 2 T
IIl. DARK CONDUCTIVITY this yields
A. Conductivity o, along the modulation direction B N 1 0, 0 "
In this section, we compute the dark conductivity, i.e., the = LiLy 2mvr iy - aeﬁk 57 (). (29)

conductivity in the absence of microwaves. We start with the

situation in which the dc electric field is applied in the Expressing the sum by an integral involving the density of
direction, i.e., parallel to the wave vector of the static peri-states, we can cast this result in the final form

odic modulation. We assume that the dc electric field is suf-

ficiently weak so that heating effects can be ignored. In this df(e)

case, the distribution function remains in equilibrium Txx= J de(_ E )‘Txx(f) (30)
fuc=f 9 and the system responds to the dc electric field with

a current in thex direction. in terms of
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o R ) el den
O'xx(e)_ez<27_;(6) v(e). (31) Jy_eLXLy% K Of i (34)

This equation is written such that it includes both types ofinserting the expression for the distribution function gives
disorder. For white-noise disordef,=7.=7, while for ~ for the conductivity

smooth disorderr, # 7.. The derivation of the result for 2 0\32
smooth disorder is sketched in Appendix A. gz (ﬂ) ; Eok)ﬁ

This result for the dark conductivity can be interpreted as YL TR\ ok "
follows. The bare rate for disorder scattering isr.} ivhere ) ) ) )
each scattering event is associated with a momentum transfExpressing the sum overk as an energy integral involving
1/& This momentum transfer translates into a jump of magthe DOS, we obtain
nitudelé/g in real space so that the electron diffuses inxhe 0
direction with a diffusion constard,,~ (13/¢)?/ .. Alterna- Uyy:f de(— of (6))Uyy(€) (36)
tively, this diffusion constant can be written in terms of the
transport time aD,,=R%/2r, [using that 7,/ 7,~ (ke£)?]. .

By the Einstein relation, this diffusion constant translateswIth
into the conductivity given in Eq.31). The conductivity(31) - 2% *

can also be expressed in terms of the ZBroenductivity o9 = vy Fr()v (). 37
0xx(B=0) as 0,,=0,(B=0)/(w.7,)%. We also note that As above fora,, this result is written such that it includes
o~ 1/V2 so that the oscillations of with magnetic field  both the case of white-noise and of smooth disorder. The
[see Eq(9) abovd lead to Weiss oscillations of the conduc- derivation for the case of smooth disorder is sketched in
tivity, in agreement with previous resufté. Appendix A. We have defined the drift velocity

The energy integral in E430) is formally logarithmically
divergent due to the square-root singularity of the density of _
statesy'(e) at the band edge. This singularity is cut off by lvy(e)] =
smearing of the band edge by disorder or by the applied dc
electric field, when the latter is kept beyond linear order. in they direction, induced by the periodic modulation.

The result(37) can be interpreted as follows. With respect
to the motion in they direction, a partially filled LL consists
effectively of a set of two “internal edge channels” parallel to
they axis per perioda. Neighboring channels flow in oppo-

An app“ed dc electric field in thg direction leads to a site directions so that disorder Scattering randomizes the di-
nonequilibrium distribution functiorf, due to the drift term  rection of the motion in they direction after timer,. The
in the kinetic equatior(17). In the absence of microwaves, factorDy,=v’7, can thus be interpreted as the diffusion con-
linearizing the stationary kinetic equation in the applied dcstant of the resulting diffusion process. We note that unlike

fO
n
. (35)
&Egk

-1 (39)

mav (e)

&ng
Kk

B. Conductivity oy, perpendicular to the modulation
direction

electric field yields oy €), the conductivity o,,(€) remains finite at the band
edge. The apisotroptyyy/ oy Of the dark conductivity is thus
of gk &g 217 qzlé 2 of order(vyrisc)Z(kFg)z, where both factors are larger than

eEyc K = 277[ W e L”(T) W(q) unity. The dark conductivityr,, depends on the modulation-

induced LL broadening asxx~vﬁ, so that the Weiss oscil-
X[ 8F pkrq, = OFrid €S €nrq)- (32) lations inay, are phase shifted by relative to the oscilla-
y Y tions in oy, in agreement with standard restfts.
The dc electric field also leads to heating of the electron

Here, 8f = f—f ﬁk denotes the deviation from the equilib- ¢ The ch teristic fielf’. wh this b
rium distribution function, and we have neglected inelastic>yStéM. The charactenstic fieldy; where this becomes
levant, can be estimated as follows. The dc electric

rocesses relative to elastic disorder scattering. Due to th o . . : . .
P g leld causes a drift in thex direction with drift velocity

periodicity in thex direction, &f .= of 2. Moreover, ifk . .
and k+g, are two momenta W?:h th':*;/:me enerdy, but (Eqc/B), chan*glng _the_poten_tlal energy of_the electron _by
Y ' (V/a)(Eq4/B) 7. This gives rise to a diffusion constant in

o oty 70 -
opposite signs of the derivativi,/ ok, then dfy==fnkq, energy of D~ (V/a)?(Eq./B)?7,. Heating can be neglected
Using that for white-noise disorder ang <a<R;, we can as long as the typical energy chan@ )2 is small com-

split the g integration as in the evaluation of E(L9) and pared toV. This gives the condition

obtain
" Ba
. o of? EBae<Eoe=—F7— (39
S = — eEger (€2) ak”k. (33 A PO

for the dc electric field. It is only for these electric fields that
In terms of the distribution function, the current in tge the result(37) is valid. A more formal derivation of this
direction is given by result is given in Appendix B.
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For larger dc electric fieldgy.> E:,C, the effect of heating eER\? [ d%q 02
' i Kn+ 1K' [T nk)|? = | — By i€ 9182
needs to be taken into account. Following the arguments z + Mo (2m)? kK
given in Appendix B, one expects that the conductivity is
suppressed by heating effects and behaves in magnitude as QA2 Pz [°~
X| L1 7 - Ly 7 W(Q)
AL
Ty~ E_ eszyv . (40) (45)
dc
The reason for this suppression is that heating reducek theThys in this approximation, the matrix elements are identical
dependence of the distribution function. for absorption and emission and depend only on the absolute
value ofk—k’. It is worthwhile to point out that the differ-
IV. DISPLACEMENT PHOTOCURRENT ence between the two Laguerre polynomials reflects the fact

that disorder-assisted microwave absorption involves a co-
herent sum of two processes: In one process, a microwave
The microwaves lead to additional contributions to thephoton is first absorbed, resulting in a transition fromrtte
transition matrix element between LL oscillator states whichto the (n+1)th LL, with disorder subsequently inducing a
enters into the current expressi@l). Direct microwave ab- transition between states in tlig+1)th LL. In the second
sorption or emission does not contribute to the current, beprocess, disorder first leads to a transition between states in
cause the microwaves do not transfer momentum to the elethe nth LL with a subsequent absorption of a microwave
trons so that such processes are not associated withhoton. The divergence of the matrix element fav— 0 is
displacements in real space. In addition, such processes oan artefact of low-order perturbation theory in the disorder
cur only for w=w.. On the other hand, disorder-assisted mi-potential U. In a more accurate treatment, this divergence
crowave absorption and emission is associated with displacevould be removed by disorder broadening.
ments in real space of the order B (Ié/g for smooth
disordej. This process is allowed for microwave frequencies
away fromw,. In this section, we compute the contribution
of this displacement mechanism to the photoconductivity
within our model. In this section, we compute the displacement contribution
The transition rate between LL oscillator states involveso the photocurrent in the modulation direction. The current
the t matrix in the x direction can now be computed in terms of Fermi's
olden rule in the same manner as for the dark current in
T=U+d)+U+HGU+ @)+ -, (42) gec. l1l. In this way, one obtains

where Gy denotes the retarded Green function of the unper-

turbed system. The dark conductivity, computed in the pre- . 2me

vious section, follows in the approximatidh=U. Disorder- jpner!= IE 2 (K =K)I3[n+ 1K'[T,|nk)[?
assisted microwave absorptidn and emissioril_ is given YNk

by X[FO =10 8 e emu +@).  (46)

T, =[UGgs + .GoU]. (42)

A. t-matrix elements

B. Displacement photocurrentj, along the modulation
direction

Note thatT, andT_ contribute incoherently. Assuming that Here, we assume that_ the microwaves frequencyO is
such that it couples neighboring LLs.

couples only neighboring LLs and that the microwaves are ? : .
: . . S . . In order not to complicate the calculations unnecessarily,
linearly polarized in thex direction, the corresponding matrix . . . ;

we will consider temperaturés> V. In this regime, the tem-

elements between LL oscillator states are L
perature smearing is over an energy range large compared to
the LL width and the distribution function depends only on
)[(ni 1K'[U|n £ 1k) the LL indexn, but not on the momenturk. Inserting the
explicit expression(45) for the t-matrix element, we obtain

eER
4Aw

(n+ 1K' |Tynky = + (

—(nk'|U|nk)], (43)

where we used ohotol_ 2 5€( €ER 22 (f—f ]

X T LL, \dAw noot
1 1 Y i
Go nt tw)=—"""=F —,
O,n_lk(fnk @) EnkE 0~ €ns1x - Aw % E ﬂ e—qzlé/Z L ﬁ
- (277_ 2qy n+l 2
1 1 212\ ]2
Gonle) =———=+—. 44 q ~
0,nk (6nk) k= Ene Aw ( ) - Ln(f)] W(q)5(6n+1k - Enk+qy - w)- (47)
Using the disorder matrix elements and neglecting correc-
tions of order 1h, one finds The k summation gives
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E O €nsik— 6nk+qy - )
k

¥
i
\
\ —_— A
l‘ —— Bi/In(V/A)

]

|

|

\

T2 |L2X2Lyv : ARG EA |
WBW“{SiﬁQj—(i)J \
2 \av,

where we introducedZ):Aw—eEdcqylé. Thus, we obtain for

0.5 ~~ Aw/2V
the current N

\

-
——

.ghotolz i(@)zz [fn _ fn+l]

\

27T|§ 4Aw ||

d’q 22 o2 !

. f 2w s015e 8| Loy TB l

~ FIG. 1. The functions Aj(Aw/2Vy) (full line) and
7z |? W(q) : e
LB Bi(Aw/2Vy)/In(Vy/A) (dashed ling describing the dependence of
"\ 2 2 ng AD\2 Y2 the parallel photoconductivity on the microwave frequency, see
Vi| si 5> \ov Eqs.(52) and(68).
n

(49)

K(V1 - (Aw/2Vy)?)

where the integral is only over the region where the square ~In(|Aw|/8Vy), |Aw/2Vy| <1,
root in the denominator is real. It is useful to interpret the 2
various factors in this expression. It consists of a charge = 2(14_5“), a= 1_(ﬂ) <1, (53
density per LLe/27l3, and a ratgper LL) for jumps in the 4 4 2Vy
x direction with lengths betweeq,|3 and (q,+dg,)I3, mul- S S
tiplied by the jump lengthsy I3 Finally, the expression is This implies thatA,(Aw/2Vy) remains finite forlAw/2Vy|
integrated over all jump lengtttg and summed over all LLs. —1 (see Fig. 2 and is proportional to W for small

The sum over LLsn is trivial and for white-noise |A@/2Vyl. The sign of the displacement photocurrent is
disorder, the integral oveq can again be decoupled for 9iven by sglw.—w), similar to previous work on disorder-
\e<a<R.. Expanding to linear order in the dc electric field broadenend LL&.

and using the integral The magnitude of the displacement contributi@i) to
the photoconductivity can be understood as follows. The
d?q - Q12 G2\ |2 an bare rate of disorder-induced microwave absorption is
f(zw 5(q,13)%e 082 Ln+1(78) —Lr,(?B) ==, (1/75)(eER/Aw)? where the second factor is the dipole

coupling of the microwave field for Landau states divided by
(50)  the relevant energy denominator of the intermediate state.
Each of these scattering events is associated with a jump in
real space of the order <b§/§, resulting in an effective dif-
fusion constanD,,(eER./Aw)?. An additional factor(r,/ 7,,)

.. 7. eER? arises because of the partially destructive interference of the
o P11 (2D, ]5(—R) Afdwl2Vy)  (51) partialy

we obtain the linear-response conductivity

“\ dAw

Tir

with the function(see Fig. 1

AX) = - ﬂ—i;’iK(ﬂ -, (52)

expressed in terms of the complete elliptic functkbnNote
that the first factor in Eq(51) is just the dark conductivity
oy [See Eq.(31)] and that the result includes the case of
smooth disordexStrictly speaking, the result for smooth dis- kG, 2. jllustration of disorder-assisted microwave absorption
order is valid only up to a numerical prefactor that dependsor A =2V, In the x direction, the Landau levels are modulated

on the precise nature of the smooth disorder potential, s&gy the periodic potential and tilted by the dc field. The square-root
Appendix A for details. The behavior of this displacement singularity of the Landau level DOG3) at the band edge leads to

photocurrent forAw <2Vy and Aw ~ 2V follows from the  the singular behavior of the photocurrent for these detunings
asymptotic expressions see Fig. 1.
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two contributions which were discussed below Etf). This

interference leads to the difference of Laguerre polynomials
in Eq. (49) which introduces an additional factey/kg)? into — A —
the integral. This factor is of order 4%~ (/7).

C. Displacement photocurrentj, perpendicular to the / \
modulation direction ) /

The current in they direction can also be computed in a 05 7 Y, o5
semiclassical approach. If a dc electric field is applied in the / -
y direction, the equipotential lines of ener§yare “meander” \ /

lines defined by=V, codQx)—eE,y. This gives \\ P )

1
y= oE, [V codQx) - £&] (54) =

with an average valuey=-£/eEy.. Quantum mechanically,
we can think of these equipotential lines as states. This FIG. 3. The functionsh,(Aw/2Vy) (full line) andB,(Aw/2Vy)

_relatlorll %S well as th? CaICILljlat_lonAsketcg_edcl:n gus Se(_:tloradashed ling describing the dependence of the perpendicular pho-
Is worked out more formally in ppen.lx N cattering toconductivity on the microwave frequency, see H§S) and(71).
between such meander states that differ in energy by

Aw=w.~w (ignoring the LL energyinvolves jumping a dis- ) ) ) ,
tanceAw/eE,. in they direction. Thus, we can again com- thathhI?j'engtf;]Of tEe J(jl{mps_ le(EfrgﬁS_, with dgcr;asmg dcf'ele;_
pute the current by Fermi’s golden rule. It is important totric field and that the direction of all jJumps Is the same, fixe

observe that the direction of the jumps is fixed by the sign oP_y_ the signbofA_w. Rewriting the result in terms of a conduc-
the energy difference. Below, we will comment on the limits V1Y, We obtain

of validity of this approach. aBlmrr. \2 eER.\2

The current expression involves the rate of jumpsEJf o= [e?Dy 1] UAREU ( R) Ay (Awl2V)).
is sufficiently weak, the amplitude of the meander line is Ede 4w
very large compared to the scd®g over which jumps occur. (57)

On the scale of the jump, the meander lines are therefor:
essentially indistinguishable from the equipotential lines in
the absence of the dc field. This allows us to employ the rat
of jumps which we obtained from the calculation of the cur-

Riote that the first factor is just the dark conductivity,. The
erivation of the result for smooth disorder is sketched in
ppendix A. The function®d,(x) is defined by

rent in thex direction.[We have to seEy.=0 in the formulas Ay(x) = 2xK(V1 = x?) (58)
obtained there, see E(19).] In this way, we obtain for the o ) o
displacement photocurrent in tiyedirection and plotted in Fig. 3. The sign r?fttlhe photocurrent is given by
, sgnMw.—w), as in the case af¥, .
photol _ __€ (GER) S f - fo] The magnitude ofrD)°° can be understood as follows.
y 2713\ 4A0) " L Since all jumps are in the same direction, we estimate the

5 - current density directly. Effectively one LL contributes
Aw [ d7 _qz@z[l_ (q |B> so that the relevant density of electrons is &2 The
n+l

eEeJ) (2m)? 2 step length isAw/eEy. and the rate of jumps is given
22\ 12 - by (1/7,)(eER/Aw)X7,/7,) where the first two factors
-L (%)} W(a) are the bare rate and the last factor again reflects the partially
" 2 ,Qq (Aw)? 12 destructive interference between the two contributions
Vi sir? 2 - 2_\/n to disorder-assisted microwave absorption. Thus, we

find a current of orderj?"°'~ (e/2ml3)(Aw/eEy)(1/7)

(59 X (eER/Aw)¥(7,/ 7,), in agreement with E¢(57).
As mentioned above, we derive this expression more for- The limits of validity of this result are most naturally
mally in Appendix C. Computing the integral for white-noise discussed in terms of a semiclassical picture. Semiclassically,

disorder, we obtain the result the individual scattering events such as disorder-assisted mi-
5 crowave absorption leave the coordinate of the electron
jphoto! 8Aw (eEF%) 1 K1 =(Aal2Ve)?) essentially unchange(@o an accuracy oR,). The full jump
y (27-r)3v,\,l‘,5‘;Edc AAw/) 2m7vT N by Aw/eEy is realized only if the electron remains in the

(56) meander state it scattered into for sufficiently*long times to
explore its entirey range. Under the condition, < 7, the
valid for \p<<a<<R; andT> V. Note that the current isot  electron will diffuse on the meander line before equilibrating
linear in the applied dc electric field but rather diverges as ay inelastic processes. The typical diffusion distanBg,;,
1/Eq4. This anomalous behavior is associated with the facin the y direction should be larger than the amplitude
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V\/ eEy. of the meander line. Thus, we find that the condition S = fp— gk: Tmz s 2a/(n'K'|T,|nky| 4 f 24« —f gk]

for the validity of the expressio(b7) is K o=%
B X 80— eg,k, +ow). (61)
Eys Ej = — e (59)
dc de 2mT 7 As before, we restrict attention to temperatufesV so that
in

f 9, =12, independent ok. Inserting the explicit expression
o _ o (45) for the t-matrix element for white-noise disorder and
Note that this is just the opposite of the range of validity ofysing the decoupling of the integration for\p<a<R, we

the dark conductivityr,, computed in Eq(37). obtain for the change in the distribution function
For smaller dc electric fields, the jumps are no longer all )

in the same direction and we can estimate the displacement Sf = 2(@) Sf0, —f o]¢

photoconductivity as follows. The disorder-induced micro- "N\ 4re0) S5 ™ V2 (E - oAw)

wave absorption excites the electrons to a meatetguipo- 0

tentia) line which is shifted in they direction by Aw/eE,, X0V = €= oAw]). (62)
relative to the initial state. For definiteness, assume that thiggte thatk enters this expression only througﬂk. Strictly
shift is in the positivey direction. Since quasiclassically, the speaking, this expression breaks down Whﬁ,p—ko ap-
jump itself leaves they coordinate of the electrons un- hoaches the band edge. In this limit, it is no longer sufficient
changed(to an accuracy oR,), the electrons will initially 5 reat the microwave field to linear order in the intensity.

populate only those parts of the excited meander line, WhidEffectively, this divergence is cut off whesf,, becomes of

are at least a distana®w/eEy from its top(in they direc- g qer unity, i.e., for distancese from the band edge satis-
tion). After the excitation, the electrons begin to diffuse ONfying

the equipotential line due to disorder scattering, typically a 5 )
distance\D,,;, before they relax back. Thus, after timg, Ae< VKGER) (@)}

the population of the excited meander line will extend further y (63

[ — Ttr
in the positivey direction by a distance/Dy,7,, and the .
average positive drift per electron is Here, we used that the DOS has a square-root dlvlerge.nce_ at
[\D ﬂn/(VN/eEdc)]\f'—D 7. These arguments lead to a dis- the ba}nd edge._We al_so note that our linear approximation in
placyément photocondylj/ctivity of the microwave intensity breaks down completely beyond mi-
crowave intensities given b{eER/Aw)*(7,/ 7,,) ~ 1.
In the estimate

2 %
o fyoe!~ [éDM](%) (T—> (60) Sto~ (179) (EERJAw) (7 1) 7in (64)
Tir

w

for the magnitude obf,,, the first three factors are the rate

] . . . for disorder-assisted microwave absorption and emission.
valid for Eq<Eq. Note that this result matches with EQ. The |ast factorn, represents the time interval during which
(57) for Eqc=Ey- Itis interesting to note that even the linear- gjectrons are excited. The expressi68) will form the basis
response displacement photoconductivity involves the inelass¢ our calculation of the distribution-function mechanism for

tic relaxation timer,. the photocurrent to which we now turn.

B. Distribution-function contribution to the photoconductivity
V. THE EFFECT OF A NONEQUILIBRIUM ELECTRON along the modulation direction

DISTRIBUTION ON THE PHOTOCURRENT Going through the same steps as in the derivation of the

A. Distribution function dark current in the direction, one finds that Eq29) for o,
remains valid even for a nonequilibrium distribution func-
For nonzero inelastic relaxation timg,, the microwave tion, as long as it depends dnthrough fgk only. Thus, we
irradiation changes the electron distribution function, awayfind for the distribution-function contribution to the photo-
from the equilibrium Fermi-Dirac distribution. In this sec- conductivity
tion, we consider the contribution to the photocurrent arising 0
from this change irf . photol _ N, 5 1 _ 95t ew) |« o
, ! _ o ofh 23— S (€). (65)
The microwave-induced change in the distribution func- LyLy 2T K J€ni
tion can be computed from the stationary kinetic equation in . .
the absence of the dc electric field. Elastic disorder scatterinj!S€rtingsfy, from Eq.(62), performing the sum over the LL
contributes only when states of the same energy have diffef1dexn, and rewriting the sum ovek as an energy integral
ent occupations. Since this is not the caseHge0, we can involving the density of states, we obtain our result
ignore elastic disorder scattering when computing the hotoll 7n\ [ €ER \? .
microwave-induced change fn,. Thus, the kinetic equation o= 4<_)<K) [€’Dyev IB1(Aw/2Vy) (66)
reduces to a balance between the microwave-induced colli- Tir @
sion integral and inelastic relaxation which yields to linearfor the distribution-function contribution to the photoconduc-
order in the microwave intensity tivity. The function
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g [Unldel . . ) T JE—

Bi(Aw/2Vy) = - Kf dév (e +|Aw|)[V (€)1 B,(x) = | 8x|{ arcsin1 - 2|x|) + > 8V|x| - |x|2 [sgnx.
w -Vy
(67) (72)

is of order unity forAw~ Vy. This result shows that for the Asymptotically, this function behaves as
parallel photocurrent, the distribution-function contribution _8\@39”)(, X <1,
is larger than *the displacement contributi@i) by a large B,(x) = — (73
parameterr,,/ 7.. This result is consistent with earlier results 4V1 - [x/sgnx, 1-|x<1.

for disorder-broadened Landau "?Vgé,-‘l _ _ Interestingly, B,(x) has different signs in these two limits,

The integral (67) has a logarithmic singularity at the jnnhiving that the functiorB,(x) must have a node between
lower limit, which has the same origin as the divergence of,o arguments=0 andx=1. This node is approximately at
the dark conductivitys,, in Eq. (31). Thus, the singularity is |Aw|=2Vy/m2~0.2V. As a result, the distribution-function

cut off in the same way as for the dark conductivitior contribution to the photoconductivity P°°" has the same

small Aw, one may seemingly have a more serious smgular—sigrl asgsgotol only in the rangelAw|=0.2Vy. Again, we

ity. However, we should remember that the DOS arising,qqqciate’this behavior with the anomalous behavior of the
from 6f never really becomes singular, see the discussio

above around Eq(63).] Since the logarithmic singularity
dominates the integrdb7), we can replace by the lower

limit in the DOS 7" (e+|Aw|). In this way, we obtain the
result(see Fig. 1

The magnitude is, apart from a function Afw/Vy, of
ordera,,of. Remarkably, in this case the magnitude is of the
same order as the displacement contribution in(E). The
reason for this is that the displacement mechanism exhibits a
singular, non-Ohmic dependence on the dc electric field
In Yn SgnX. (68)  Which is cut off at small fields by inelastic processes only. A

A more detailed analysis beyond this order of magnitude com-
. o parison would require an accurate calculation of the displace-
Here, A denotes an effective broadening in energy of theément contribution to the photocurrent in the linear-response
band edge, either due to disorder or a finite dc electriGegime. Such a calculation is beyond the scope of this paper

field, which cuts off the logarithmic singularity. Interestingly, 544 the result may in any case be sensitive to details of the
this shows that the sign of the photocurrent is given bymadel for inelastic relaxation.

1 1-2x

B0 = 16 (x - WD 72

sgrwe=w) for [Aw|<Vy only. For|Aw|=Vy, we find addi- We remark that our approach can be extended to
tional sign changes which are associated with the singulafigher harmonicso~ nw, (with n> 1) of the cyclotron reso-

nature of the DOS at the Landau level edge, see(ES3). nance. In this case, one needs to include disorder matrix

elements coupling different Landau levels. We find that

C. Distribution function contribution to the photocurrent parametrically, all photoconductivities considered here are
perpendicular to the modulation direction suppressed with the harmonic indexn the same manner.

Indeed, on a naive level one expects that higher harmonics
are suppressed relative to the cyclotron resonance by
(Aw/Nwy)’n~ (Aw/ w.)?(1/n). Note that one factor oh
arises from the fact that Landau levels contribute for the
nth harmonic. However, it turns out that there are cancella-

To compute the distribution-function contribution to the
photoconductivityo,,, we note that Eq(35) remains valid
for nonequilibrium distribution functions which depend lon
through eﬂk, only. Thus, our starting point is

1 gON2 1 asf tions in the matrix elements, leading to an actual suppression
gBhoel= - = 27y ——3 < 6“k) — nk by (Aw/ we)?n™3. We note that in particular, the displacement
2m Luly e \ K/ v (€n) denk and distribution-function contributions to the photoconduc-

(69) tivity perpendicular to the modulation direction remain of the
same order even in this situation. Detailed results on higher

Insertingsf . from Eq.(62) and rewriting the sum overkas ~ harmonics will be presented elsewhéte.
an integral, we obtain the final result

D. Weiss oscillations of the photocurrent

7\ [ €ER\? .
o heol= 4<4)<_4A ) [e°Dyyv 1B (Aw/2Vy). (70) The Weiss oscillations arising from the oscillatory behav-
Ttr w . . . . .
ior of theV,, as function of LL indexn or magnetic field have
The expressiori70) is given in terms of the function two effects on the photocurrent. First, they lead to a modu-
lation of the amplitude of the photocurrent. This amplitude
PN 1 . modulation is similar to that of the dark conductivity as the
Bo(Aw/2Vy) = - A de————=7 (e—|Aw)). photoconductivity is proportional to the dark conductivity. A
Aoy riae) [V (€)] difference may arise from the additional prefactgy 7, en-

(71  tering the photocurrents, see E¢86) and(70). Specifically,
if the ineleastic relaxation ratg, depends in a different way
This integral is elementary and we obtdsee Fig. 3 on the LL DOSv" compared to the transport timg, there
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may be a distinct difference between the Weiss oscillations in eE ) , o
the dark and the photoconductivity. Depending on whether b5, =~ 27[0(1 iy)e™ + (x T iy)e“']. (77
. e ) o V2

the Weiss oscillations in the photoconductivity are more or
less pronounced than those in the dark conductivity, this mayombining the transition matrix elements for microwaves
help or impede reaching negative conductivities and hencknearly polarized in thex andy directions, one finds zero
observing the zero-resistance state. photoconductivity forg,, . In this case, thé& vector rotates

A second effect of the Weiss oscillations is associatethpposite to the circular cyclotron motion of the electrons in
with the modulation of the LL widttV,,. The expressions for the magnetic field. Fow,, , bothE and the cyclotron motion
the photocurrent66) and (70) involve a factor which de- rotate in the same direction and the photoconductivity is
pends on the ratio of the detunidge and the LL widthVy at  gouble that for linearly polarized microwave fields. We note
the Fermi energy. This implies that in the limit of well- that this dependence on the type of circularly polarized light
separated LLs considered here, the range in the detuning specific to the cyclotron resonanee- .. For higher har-
over which there is a significant photocondictivity also 0scil- monicsw~ nw,, (n>1) of the cyclotron resonance, no such
lates with magnetic field or Fermi energy. dependence existé.

In the photoconductivity, the B-periodic Weiss oscilla-
tions are superimposed on the microwave-induced oscilla-
tions which are also periodic in B/ The periods in 1B of

these oscillations area/mve ande/mw, respectively, which We have computed the microwave-induced photocurrent
can be of comparable magnitude. in the regime of high Landau level filling factors, in a model

V1. POLARIZATION DEPENDENCE OF THE in WhI.Ch thg Lgndau Ievgls are broadened into a ban_d due to

PHOTOCONDUCTIVITY a static periodic modulation. We assume that the static modu-

lation is small compared to the spacing between LLs, but

In this section, we discuss the dependence of the photdarge compared to the Landau-level broadening due to re-

conductivity on the polarization of the microwave fidld  sidual disorder. In this case, the eigenstates are still given to

We begin by calculating the transition matrix elements for aleading order by the Landau level oscillator states in the

VII. CONCLUSIONS

microwave field polarized in thg direction. In this case Landau gauge. The localization properties of these states al-
low us to compute the dark conductivity as well as the
eE . r r . . . . . .
d=——y(@+eit = g e+ g det, (74)  microwave-induced photoconductivity using Fermi's golden
2 rule. The Fermi's golden rule expression for the current di-

rectly suggests that there are two distinct mechanisms con-

The matrix elements of the operat@r are given b - .
peratg 9 y tributing to the photocurrent, analogous to previous

a ., result$14 for disorder-broadenend Landau leve(s. The
(£ mK|e.[nk) = - (i_j(‘s(k - k)) displacement mechanism relies on the spatial displacements
- associated with disorder-assisted microwave absorption and
X ‘(k—k’)2I2/4{ o((k' -k |B> emission. This contribution can be associated with an addi-
e 8™ Omoln : . . S .
: 2 tional, microwave-induced contribution to the transition ma-
) , o2 trix element in the Fermi’'s golden rule expressigin) The
) (k ‘k)|BL1<(k -k |B> distribution-function mechanism by contrast, relies on the
1 \s’% n 2 microwave-induced change in the electronic distribution
(75) function, again due to disorder-assisted microwave absorp-
tion and emission.
for m=0. UsingL}(0)=1 andL}(0)=n+1, we obtain for the For the photocurrent parallel to the modulation direction,
transition matrix element, the largen result we find that the distribution-function mechanigisee Eq.
(66)] dominates by a large faCtOﬁn/T; over the displace-
(n+1K'|T,nky = - i(@)m + 1K' |U|n £ 1K) ment contributionsee Eq.(51)], in agreement with earlier
= i\4Aw results for disorder broadened Landau levéf.The sign of
—(nK'|[U[nK)] (76) the photocurrent changes with the sign of the detuning

Aw=w.~ w of the microwaves. For the dominant distribution
valid for Aw < w,. This matrix element differs from the cor- function mechanism, there are additional sign changes asso-
responding matrix element for polarization in thelirection  ciated with the divergence of the density of states at the edge
by a multiplicative prefactor of unit modulus. As the photo- of the Landau level. Remarkably, the situation is rather dif-
conductivity depends only on the modulus of the transitionferent for the transverse photocurrent perpendicular to the
matrix elements, we find that the photoconductivity is themodulation direction. In this case, we find that the displace-
same for microwave fields linearly polarized in theandy  ment mechanism is in some sense singular with the result
directions. We also find that more generally, the photoconthat both contributions to the photocurréaee Eqs(57) and
ductivity remains unchanged for any linear polarization of(70)] are of the same order. We find that our results remain

the microwaves. unchanged for any linear microwave polarization. For circu-
We now turn to irradiation by circularly polarized micro- lar polarization, we find a nonzero photoconductivity only
wave fields which are described by when the microwave electric field rotates in the same direc-
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tion as the cyclotron rotation of the electrons in the magnetic 2 GH 2
field. e oL, 2 ) VR codqR. - m/4)  (A5)
T
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APPENDIX A: SMOOTH DISORDER POTENTIALS The same integral is involved in the computation of the dark
conductivity oyy.
As opposed to a white-noise potential, thaero- The transport time involves the integral
magnetic-fieldl single particle timerg is different from the 12
transport timer, for a smooth disorder potential. Specifi- ~ _ [ dq o¢* e §H Tl —
cally, the single-particle time can be expressed in terms of 2~ (277)22k'2;e n 92 (@) &len fnk+qy)’
the correlatoW as
(A7)
1 ~ 1 (* -~
= =27 W(Q)( €y~ €ksg)rs= —J dgWaq), where we used that 1—ca9§:q2/2k§ for g<kg. An analo-
Ts q TUrJo gous analysis as fdp above gives the result
(A1) «
_v(e 1
where the average is over the Fermi surface gndenotes 27 o (A8)
the zero-field dispersion. Likewise, the transport time can be "
expressed as The same integral appears in the calculation for the dark
1 conductivity ayy.
—=27> (1- coseq)\7v(q)<6(ek— €irq))FS A similar integral appears in the calculation for the dis-
Tir q placement photocurremtg';"to', namely,
1 (" ~ 22 212\ 2
= f dq(qZ/2k2)W(g), (A2) 5= [ B9 ol | (dTe)_ (oTe
7TUF 0 0 (277)2 n+1 2 n 2
where 6, 2denotes the scattering angle. Note that ><~W(q)a(eﬂk— 62k+q ). (A9)
Tyl 75~ (Keé)“. Y

We start by considering the elastic scattering times fofrqr smooth disorder, the difference of Laguerre polynomials
smooth disorder. For,, we need to reconsider tiigintegra- s syppressed relative to a single Laguerre polynomial. Using

tion in Eq. (19), that gR™ =qR"™+q/k, we find that the difference effec-
d?q o2 q2|2B 2_ o o tively introduces a small facthzlkﬁ into the integrand and
lo= We‘q B2l L, - W(q) & ey — Enk+qy)' thus (see the calculation far, above
3 1
(A3) p="9 L (A10)
In the limit of largeN, the Laguerre polynomial has oscilla- v Ty

tions on theq scale of)\Fllé and falls off on the scale of

5 , For the displacement photocurres§"®, we need to con-
R./1g. The correlator falls off on the scale 4and finally, the

characteristic scale of the argument of theunction isa/lé. sider
Thus, unlike for white-noise potential, it is now the cor- d%q a2 o?l2
~ . . J :J (q2/2k2)e qlg/2 L a’B
relatorW(q) which cuts off the integral at largg Under the 2 (2m)? F mi| T,
condition )\F<a<I§/§, we can still factorize the integra- 22\ 72
tion as - Ln(%)] W(q)a(egk— 62k+qy)' (Al11)
_ [ da ez, oI5| I’ 0o_ .0
lo= (27 B4 Ly, 3 WI(Q){ S €enk— € )i - Again, the difference of Laguerre polynomials introduces a
(Ad) small factorqzlkﬁ into the integrand. The resulting integral
can no longer be related directly to eithgror 7. However,
Since the integral is now cut off at largeby W, it is suffi-  noting that every factofq/kg)? reduces the integral by a
cient to employ the semiclassical equation factor of order 1(k-¢)?, we can estimate
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Vi 1 1 17 (A12) for the antisymmetric part d9a/ it)gis= — il 7o(€nd. INSert-
o~ — ~—. Al12 i i i g ;
v w7y (ked)? - ing the second of these equations into the first, we obtain
0
The precise numerical prefactor depends on the detailed na- 2. Pk _ Ok~ T B3
: (eEgo “Ts(€n)— 5 = - (B3)
ture of the smooth potential. K Tin
Note that this equation reproduces the estimate of the char-
APPENDIX B: DISTRIBUTION FUNCTION FOR LARGE acteristic electric fieldgy. This follows immediately from

dc ELECTRIC FIELDS thezfact that the characteristic scale of thelependence is
allg.

For Iar_ge dc electric figldfa? E;C, Joule heating eff_ect.s Eor Ey<E, We therefore findoy =02 This is the
become important. In this appendix, we study the distribusiarting point of the calculation leading to the expression
tion f_unctlon in this _I|m|t. We start by deco_mposmg _the dis- (37) for the dark conductivityo,,. In the opposite limit
tribution functionf,, into s_ymmetrlc and antisymmetric parts Ege> E;C, we write o, = o, + 8, Wherea, is the average of
Ok and ay underk— -k, i.e., o over k. Note thata, which determines the current and
) hence the conductivity is directly related &o,,. Then, Eq.

(B3) shows that in magnitudéo,~ (Ey/ Eq)?ooy. As a re-
(Recall that the electron dispersion is symmetric under thisult, we expect that heating reduces the dark conductivity
transformation). Specifically, we can writeo, =(1/2)[fc  according to Eq(40) in Sec. IIl.
+f_] and a,=(1/2)[f—f.-]. Inserting this decomposi-
tion into the kinetic equation in the presence of a dc electric APPENDIX C: EXPLICIT CALCULATION OF
field in they direction (and without microwaves we obtain DISPLACEMENT PHOTOCURRENT j,

the two equations In this appendix, we derive the displacement photocurrent
in they direction more formally. In order to derive the quan-
—eBye— , tum version of the meandering equipotential lines, we con-
K Tin sider the Schrodinger equation, including the dc electric field
in they direction, in LL representation

fok= okt i (B1

0
dank _ Opk~ Oy

Ionk _ Ok
B eEdC ok - ’ "t 0 H J ’
7s(€n) (NKHon"K") = €qiebh Sae — €Eg— 1) 5(5“(' fam (kK=K')
Here, we have used the inequality,> 7-; and the fact that (C1)
the disorder collision integral vanishes for the symmetric
part oy, In addition, we have rewritten the collision integral with

(B2)

nAr \ 172 , -k')?
( 2'n! ) (k_kr)n'—ne—(k—k’)zml_g —n< (k k) ) if N’ =n,

2n’ A 2
fo(k—k') = o'y \ 2 (k= K')? (C2
( o . ) (k_ k/)n—n/e—(k— k’)2/4L:’—n’< > ) fn=n’.
[

Neglecting LL mixing, we find the Schroédinger equation in Kk £- eok,
the quasiclassical limit Dk = Pon EXP if dk’ n (C5)

0 eEdc

i+ eEdc(—i)ﬁik%k:g%k (c3)  To count the number of such states, we assume periodic

boundary conditions in the direction l/fnk+Lx/|g:l/fnk, and
. thus (with | € Z)
with
_ 2mleEydg
n8) = 3 . (C4) a=—
where¢, is measured relative to the LL energy. As the ener-

This is readily solved and gives the quasiclassical meandegiesé, fall into the rangeeEycL,, the total number of states is
states LXLy/27rI§, in agreement with the LL degeneracy. Requiring

(Co)
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1=(n&|n&), we find the normalized meander states

2713 [k 5_€2kr
o= (NKINE}) = T &P |J dk’ o, | (C?

xty 0 c

To verify that these states are indeed the meander states, we

evaluate the expectation value ytid/ ok, and find

271'|2

<n5||y|n€|>— 2 <

)—— & cs
eE | eEp )

with £, = w(n+ 1/2)+5|, in agreement with the classical ex-

pectation.

Following the same arguments as for the displacement &

photocurrent in the direction, the current in thg direction
can now be expressed as

joroel= =3 S [y e PIEN) ~TIE]
L I_ynn’ &y l
X[f((‘:m) - f(gn/|/)]5(gn| - 5n/|/ - (1)), (Cg)
where the transition matrix element is given by

Yo, —ve, 2= 2710 €0 [T, InENIZ. (C10

By carrying out the summation over n’ for w.>T>V we
get

e Aw

iphotol _ E-&, +A
y LxLyeEdcg%, |7N£|~>N+15|,| A& =& ).

(C11)

The relevant transition matrix element is

o eER
|'YN£|HN+1£|,| 27T(4A )|<N5||U|N5|'>

—(N+15[UIN+ 1& )% (C12
After disorder averaging, the matrix element becomes
[(NEIUINE; ) = (N + 1&|UIN + 1€;)[2

__1 f
" 2mvr (2m)?| %

x & C[Ly,1(0%2) - Ly(g%/2) 12 (C13

> k+q (51 giax(k+ay2)| 2
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Jphotol e 277Aw<eEI%)2 1
L, eEy \4Aw

2mTvT
d2

Xf qze—qz/z[LN+l(q2/2) - Ln(g2)?
(2m)

x>

&8

2 ¢(8|)* |qx(k+qy/2

k

(g _g|r +Aw).

(C19

Performing the energy sums yields

2 | X hidyy Y2 258 - £+ Aw)

~ 2
! % |(V/eEdafk+quk cos{Qk)+iAwk/eEdc+iqx(k+qy/2)

=

(C15

The k sum can be turned into an integral which in the limit
E4.— O can be evaluated in the stationary-phase approxima-
tion. This gives the result

3 |3 g e k2| 25 - &+ Aw)
.
Ly : (C16)
(27T)2V|2 \‘ In2 Qﬂ ~ <&>2‘| 1/2*
2 \av

Note thatE,. drops out of this expression. This can be inter-
preted as follows. The length over which the electron can
jump between meander lines is proportional t&J,/ On the
other hand, the electron density along the meander line is
proportional toEy.. Thus, the overall probability to jump is
independent of the dc electric field. In this way, we finally
arrive at

J photol _ Aw ( eER:) 2 1 dzq
Y 27VI3Eqe\ 4Aw ) 2mvT ) (2m)?
1

- Ly(@?/2)1? (C17)
{sz _qz ( )2J 1/2
2V

for the displacement photocurrent in tlgedirection. Up to
the sums over Landau levels, this is just the expression for

e T2 Ly,1(0?2)

Inserting this into the expression for the current, we obtain the displacement photocurrent in thelirection in Eq.(55).
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