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Microwave irradiation of a two-dimensional electron gaBEG) produces a non-equilibrium distribution of
electrons, and leads to oscillations in the dissipative part of the conductivity. We show that the same non-
equilibrium electron distribution induces strong oscillations in the 2DEG compressibility, measured by local
probes. Local probe measurements of the compressibility are expected to provide information about the domain
structure of the zero resistance state of a 2DEG under microwave radiation.
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Microwave irradiation of a high-mobility two- which the screened potentidi(r) created by a local probe
dimensional electron syste(DEG) in GaAs/AlGaAs het- and the induced electron densify(r) change in the 2DEG
erostructures results in oscillations of the dissipative part oplane.
the resistivity as a function ab/ w., wherew is the micro- Let us start by considering the local compressibijtyn
wave frequency ane.=eB/mcis the cyclotron frequency in  the limit ql,;> 1, wherel;,=(D.7,)*? is the inelastic relax-
magnetic fieldB.! Remarkably, in systems with a very high ation length,,, is the electron-electron scattering time cal-
mobility at sufficiently high radiation power the amplitude of culated in Ref. 10, and, is the diffusion coefficient. As
the oscillations becomes larger than the dark value of thghown at the end of the paper, in this limit we can neglect the
resistivity and regions of zero resistance devéldp. inelastic-scattering induced damping of téw, oscillations
Experiment$® have shown that the main features of the ef-of y. For a nonequilibrium state characterized by an electron
fect of microwave radiation on the transport properties of adistribution functionf(s), we then have
2DEG are independent of the sample geometry.

Theoretical studies of this phenomenon have been fo- _ f ( )af

xX=—| vie

cused on the effect of microwave radiation on the electron
spectrurfi-® and on the electron distribution functi8i® As

we have shown in Ref. 10, it is the latter effect that yields thewhere 1(¢) is the density of states. In the equilibrium case,
leading microwave-induced contribution to the dissipativeEq. (1) reduces to the conventional formujg=an./du,
resistivity p,,, explaining itsw/ . oscillations observed in wheren, is the electron density and is the chemical poten-
the experiments. tial.

The question we address in this communication is how Microwave radiation changes both the electron distribu-
the non-equilibrium electron distribution, responsible for thetion functionf(e) and the oscillatory component of the elec-
effect of microwaves on the longitudinal resistivity, affects tron density of states(s). The microwave-induced correc-
the thermodynamic properties of the 2DEG, such as the contion to the compressibilityy can therefore be split into three
pressibility y. We find thaty exhibitsw/ . oscillations simi-  parts: (i) related to the change of the density of states only,
lar to those of the dissipative resistivity. We demonstrate thagii) related to the effect of microwaves on the distribution
local measurements of the compressibility may be used asfanction only, andiii ) mixed term. We notice first of all that
probe of the spatial structure of the zero resistance statéhe contribution(i), which is the only one that remains if the
hence, such measurements may verify the existence of dgfluence of radiation on the distribution function is ignored,
mains suggested in Ref. 11. is exponentially suppresstdat 27°T> w, because of the

The compressibilityy is defined as a static, low-wave- temperature smearing, see Efj). We are thus left with the
vector limit of the density-density response functidtw,q),  contributions (i), (i) to the compressibilityy=xo+ dx.

i.e., x=11(0,q) is given by dny/ ey, wheredn, is the elec-  which are governed by the deviation of the electron distribu-
tron density induced as a linear response to the application aion function f,(¢) from the equilibrium Fermi function

a static self-consisterfscreenegipotential ¢, and €<0is  fy(e):

the electron charge. Experimentally, the compressibility of a

2DEG in the limit of smallg can be determined by measur- d

ing the capacitance between the 2DEG and algatethe ox= ‘f Vmw(g)g[fmw(g) — fole)]de, 2
electric field screening in double-layer systeffiOn the

other hand, a technique utilizing single-electron transistorgvhere vy, () is the density of states in the presence of mi-
has been develop&tthat allows one to measure thecal  crowaves. Following the arguments of Ref. 10, contribution
compressibility atq~ L™}, whereL is the spatial scale on (iii) can be neglected as compareditpat 7,> 7, wherer;,

(¢)
P de, (1)
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and, are the inelastic scattering time and the quantum scat-
tering time, respectively. In other words, we can replace
vmul€) in EQ. (2) by the dark density of statege).

The distribution functiorf,,, is the solution to the follow-
ing kinetic equatiort?

)
4_2 V(8 * w)[fmw(s * w) - me(S)]
Yo+

2
Q &i[vz(g) I nule)

4yo(e) 7 de de

:| = fmw(g) - fO(S)a
()

written for o+ w 7, >1 in terms of the dimensionless pa-
rametersP andQ characterizing the power of the microwave
field £, and the strength of the dc electric fiefd,,

Ix/vo
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FIG. 1. The microwave-induced correction to the compressibil-
ity (solid ling) of a 2DEG as a function ob./w at fixed wy=27
and microwave poweﬂ?|wc:0:1. ln the zero resistance std#RS),
the electric field inside domair§,, fixes the compressibility at the

2 2 9 2 > 2 level of §y* shown by a dashed lingsee Eq.(9)1. Inside the do-
p= T €ELE wpt o’ - 27, T (4 ~ main wall, the electric fielcty. is smaller thancy, and the com-
7w @ (0P - wd)? v o pressibility depends on the local field as shown in the irifmt

o/ 0=0.45, this ratio is indicated by the arrpw

wherevg is the Fermi velocity,r, is the transporfmomen-

tum relaxation time, andyyg is the density of states at zero
magnetic field. The first term on the left-hand side of the
kinetic equation describes processes of absorption and emis-
sion of microwave quanta and the second term describes the

Sx = 1,6°F(P,Q). (8)

diffusion of electrons over the energy spectrum due to thd=quation(8) is our main quantitative result. This equation
constant electric field. The right-hand side of £8) repre-  describes the compressibility of a 2DEG with overlapping
sents the inelastic relaxation of the electron distribution funcLandau levelsg=<1, at arbitrary electric dc and microwave

tion toward the equilibrium functioffiy(e).

fields. Most importantly, the compressibility exhibits oscilla-

The local relaxation-time approximation for inelastic col- tions as a function ot/ ..

lisions is justified in the calculation of the local compress-

In the absence of the dc field, the oscillationsyohave

ibility by means of Eq.(2) if qL>1, where g, the same properties as the oscillations of the dissipative part
=(w°m,) /v is the characteristic momentum transfer in the©f the linear conductivityoy,=op[1+25%(1~F(P,0))], see
electron-electron collision integriff. Under this condition ~Ref. 10(hereop is the Drude conductivity In particular, the
one can neglect spatial variation of the distribution function!€mperature dependence of the amplitude of oscillations is
in the collision volume. Since Eqgl) and (2) are valid for ~determined by the inelastic scattering timg."" Note also
l;,>L, we conclude that the local compressibility is given by that ato=ka with integerk the microwave-induced correc-
Egs. (1)~(4) provided thatl;,> L>q11. The window forlL tions to both the compressibility and the conductivity vanish.

exists if g1l;,>1, i.e., if w.7,>1, which is satisfied in the

The above picture of oscillations of the compressibility

experiments® by a large margin. _holds if_th_e Iin_ear conductiv?ty is positiver,ph_> 0_. Howev_er,
Below we consider the limit of overlapping Landau lev- if the dissipative part of théinear conductivity is negative,

els, when the electron density of states has a weak harmonif€ electron system becomes unstable and breaks down into
modulation domainst! The magnitude of electric field,. inside the do-

mains is set by the condition that the dissipative electric

27e
v(e)=yy| L -25cos— |, S=exp -

- current jy=opEed 1+ 2841 -F(P,Q))] is zero. This condi-
werq)” (5 tion can be rewritten aB(P,Q*)=(1+256°126% whereQ*

w
. ¢ is expressed in terms ct'i’:jc according to Eq.4). Corre-
From Eq.(3) we find*° spondingly, in the zero-resistance state the correction to the
compressibility is given by
we [ dfr . 2me
fl(e) = fo(e) + 6—| —sin— |F(P,Q), (6)
2\ de O 1+ 28
. . o X*=-1o ; 9)
where the dimensionless functiéhis given by 2
PRrwl w)sin2rwlw) + 4Q which yields the compressibility for overlapping Landau lev-

F(P,Q) =

1+Psirt(rolo) +Q (7 els close tovy/ 2.
These results are illustrated in Fig. 1, where we plot the

Substituting Eq(6) into Eq. (2) for the compressibility and compressibility as a function ab./ w for fixed values of,,
assuming(in conformity with the experimenfghat the tem-  and forwr,/27=1. This choice ofwr, corresponds to typi-
perature is not too low, 22T/ w.>1, we find cal experimental valués’ /27~ 100 GHz andr,~ 10 ps.
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The oscillatory contributiordy is seen to develop with in- see Ref. 8. Corrrespondingly, the second term in the left-
creasing magnetic field, E@8). At sufficiently strong mag- hand side of Eq(3) has to be rewritten as
netic fields, zero resistance states appear, domains are

formed, and the compressibility inside the domains is given Q 155 [12(e)d.f, ]
by ox*, Eq. (9). 4vou(e) m ° emw
When crossing a domain wall, the normal component of
the dc electric field changes fror_n‘,’;—C on one side of the . De7in (V- Eydd, + V)
wall to £y, on the other, thus vanishing in between. To esti- vov(e)
mate the compressibility inside the domain wall, we note that -
Eq. (8) gives the local compressibility provided the spatial X[V (e)(e[V b = Egcld + V)l (10)

scale on which the dc electric field varies exceeds the inelas-. -
tic relaxation length. The latter gives the characteristic widthVith fmw=fma(e,r) and Dc:.U;Z:/ 202 Thg subst|tut'|on of
of the domain wall, so that we still can use E8) for the  Ed- (10) ensures that functiofiy(s —e4(r)) is a solution of
estimate. Then the local compressibility is determined by th&inetic equation for arbitrary electrostatic potentist).
strength of the local electric fielfly. and y— xo changes be- ~ The compressibilityy is related to a linear-igs term in
tweendy, Eq.(8), at @=0 in the middle of the domain wall the solution of the resulting kinetic equation by
and 8y*, Eq. (9), away from the wall, as shown in the inset = (9/€¢g) [ dev(e)fmw o(e)]g o, Wheref i, (&) is the Fou-
to Fig. 1 for w,=0.45w. rier transform of f.,,(e,r). Solving the kinetic equation
We recall that Eq(8) is applicable in the regime of over- along the lines of Ref. 10 fay<q; (which allows us to write
lapping Landau levelsy=exp(—m/ w,7;) <1, when only the the inelastic collision integral in the local form in real space
first harmonicg,; 8 of the electron density of stategs)/v, We obtain for the correction to the compressibility related to
=1+257 9,8 cog2mle/ w,) is important(coefficientsg, are  the oscillations off (&) in &:
given by g|:L|1_1(2wI/wcrq)/I andL|" are the Laguerre poli- G
nomialg. This approximation, Eq5), works well up to the X~ Xo= 3, 52K (11
point where the Landau levels become separaigd,/27 q°+lin
=1.58 For typical parameters of experiments performed UPwhere 8y is given by Eq.(8). We note the appearance Igf
to date,wry/2m=1, the approximation is thus sufficient in term in the denominator of Eq11). This term originates
the whole range of magnetic fieldsy.<w, where the from the relaxation of the nonequilibrium electron distribu-
microwave-induced oscillations take plaeror larger val-  tion function fy,(z) due to the inelastic scattering, which
ues of wr, when Landau levels get separated already abccurs on length,=(D.7,)Y/2 As a result of such relaxation,
w.<w, the compressibility as a function of the magnetic e nonequilibrium component of the compressibility cat
fleld' still has the same qualltayve. feature_s as in Fig. 1. |n<|;11 is suppressed. However, the compressibility in equilib-
particular, the amplitude of oscillations 6k increases aB  yjym is given by Eq(1) even forq=0 because a shift of the
increases. However, the peaks &f become narrower and - chemjcal potential does not lead to the relaxation of the
plateaus between the peaks appear. The quantitative analygigimi distribution functior(l-1=0).
is similar to one developed in Ref. 10 and is not presented in \y/s conclude that the Iocgl relatiain(r) = yo.ed(r) holds

this Communication. : : 0 o
i only if the L on which ¢(r) changes satisfies the condition
The measurement of the local compressibiitynay be L <l;,, otherwise the oscillatory part of thén(r) is sup-

used to study the strength of the local dc electric fields in the 2112 o
zero resistance state. Indeed, assuming that the microwa éGSSEd ati,/L". Therefore, the most favorable conditions
power is uniformly distributed over the area of the sample,

or measuring the microwave-induced oscillations of the lo-
we relate the variation of the compressibility between di1‘fer—Cal compressibility by scan probe microscopy should be re-
ent points of a 2DEG to the variation of the local fi¢lgl at

alized when the size of the probe and the distance between it
these points. The strength of the figlgl can be found from and the 2DEG are smaller than or comparap_le w;,thTh'e )
the measured value of by using Eqs(4) and (8). As the _techn!que ub(s)ed in R_ef. 14 makes these conditions feasible:
electric field decreases froffy inside the domains to zero in is estimated" to be |£_5the micrometer range under the ex-
the middle of the domain wall, the magnitude of the PETMeNtal conditions,®whereas t?f‘f spatial resolution in the
microwave-induced correction to the compressibiliy| in- local compressibility measuremefitsvas in the range of a
creases and reaches a maximumégt=0. Thus, the local

few tenths of a micrometer.
minima of the compressibilityy mark the boundaries be- To summarize, we have shown that the compressibylity
tween the domains of the electric field in the zero resistanc

gf a 2DEG exhibits oscillations governed by the ratibw,,
state of a 2DEG under microwave radiation. The length scalﬁlI

milar to the oscillations of the photoconductivity, The
that determines the shape of the minima represents the wid ey features of the effect of microwave radiation on the com-
of the domain walls.

pressibility are:(i) the period and the phase of the oscilla-
Finally, we discuss the compressibility in nonequilibrium g(r)nnsligdxeag? tt?wz S()asr(r:]iﬁaatli%::')sr itheaonsoclzlllatlcr)]r;?/oeq,ﬁ;h(él )si]rie
state of 2DES for arbitrary value afl;,. In the presence of P ¥ Iph X

i ] 7 i dependence on the electron temperature and microwave
electrostatic potentiad(r), the termecy.d, representing the o \er:iii ) at w=kw, with integerk the microwave radiation
effect of uniform dc electric field on electron* distribution zffects neithet,;, nor dy; (iv) the zero resistance state cor-
function acquires a more general fogvV ¢(r)—Eycld.+V, responds to a plateau in the compressibility. Local measure-
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