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We investigate the dynamics of a two-dimensional electron gas (2DEG) under circular polarized
microwave radiation in presence of dilute localized impurities. Inspired by recent developments on
Floquet topological insulators we obtain the Floquet wavefunctions of this system which allow us
to predict the microwave absorption and charge density responses of the electron gas, we demon-
strate how these properties can be understood from the underlying semiclassical dynamics even for
impurities with a size of around a magnetic length. The charge density response takes the form of
a rotating charge density vortex around the impurity that can lead to a significant renormalization
of the external microwave field which becomes strongly inhomogeneous on the scale of a cyclotron
radius around the impurity. We show that this in-homogeneity can suppress the circular polariza-
tion dependence which is theoretically expected for MIRO but which was not observed in MIRO
experiments on semiconducting 2DEGs. Our explanation, for this so far unexplained polarization
independence, has close similarities with the Azbel’-Kaner effect in metals where the interaction
length between the microwave field and conduction electrons is much smaller than the cyclotron
radius due to skin effect generating harmonics of the cyclotron resonance.

I Introduction.

The topological properties of condensed matter systems have been the focus of intense theoretical and experimental
research starting from the discovery of the quantum Hall effect [I 2]. Recently it has been suggested that some
systems can develop new topological properties under external periodic driving, leading to the concept of Floquet
topological insulators [3H5] and to their realization in photonic systems [6H8]. In parallel an active research on the
effect of microwave irradiation of ultra-high mobility two-dimensional systems revealed a striking microwave induced
resistance oscillations (MIRO) at weak non quantizing magnetic fields [9]. These oscillations are characterized by a
periodic dependence on the ratio between the microwave and cyclotron frequencies. At sufficiently high microwave
power the oscillations grow in amplitude leading to the formation of zero-resistance states [10) [I1]. This effect has
now been observed in several systems [I2HI6] and it has been shown that the zero-resistance regime can lead to
the onset of new thermodynamic properties like an incompressible behavior usually associated with the quantum
Hall effect [I7]. The theoretical understanding of MIRO has attracted a considerable attention stimulating several
approaches. Semiclassical and quantum kinetic equation formalisms have been used to derive an analytic description
for the magnetic field dependence of microwave induced oscillations due to interactions with residual impurities in
the two-dimensional electron gas in a Born approximation limit where re-collision or memory effects were treated
perturbatively [I8422]. Classical dynamics has been used to analyze memory effects in the non-perturbative limit
and to derive in a transparent manner the results from kinetic equation calculations [23] [24]. These theories provide
a good description of the experimental magnetic field dependencies. However they are intrinsically linked to the
cyclotron-resonance and share its strong dependence on the polarization of the radiation. This simulated careful
polarisation dependent experiments [25H29], in particular it was shown that contrarily to cyclotron resonance MIRO
is not sensitive to the orientation of circularly polarized microwave irradiation [25], 28]. This disagreement stimulated
the development of extrinsic theories where the influence of edges and contacts was considered as the main mechanism
behind MIRO [30), BI]. But recent experiments with a spatially resolved THz excitation [28, 29] have confirmed the
bulk origin of MIRO leaving the circularly polarized radiation dependence unexplained.

Here we address this issue by developing a Floquet description of the interaction between a local impurity and a
two-dimensional electron gas (2DEG) under circularly polarized radiation. We show that the properties of quantum
Floquet wavefunctions can be understood from classical dynamics even in the limit where the radius of the impurity
is of the order of the magnetic length. We then use this theory to compute the absorbed microwave power using both
quantum and semiclassical formalisms and show the appearance of a rotating redistribution of electron density around
the impurity that locally enhances the external electromagnetic field. We argue that the inclusion of this screening



correction suppresses the dependence on polarization chirality and discuss analogies with the cyclotron resonance
oscillations in metals known as the Azbel’-Kaner effect [32] [33] (see also overview of this effect in [34]).

IT Model description and Dynamics - Quantum and classical Theory

We consider an isolated impurity with a rotation invariant potential V;(r) embedded in a surrounding 2DEG under
a magnetic field B giving rise to cyclotron motion with a frequency w. = ¢B/m and a cyclotron radius R. = vg /w. (m
and g are the carrier effective mass and charge, v and Ep = mv2 /2 are the Fermi velocity and energy,  is the radial
distance from the impurity center). A circularly polarized irradiation induces an additional time-dependent potential
Vae(t) = —qEqcr cos(f — wt) where w is the microwave frequency and 6 is the polar angle. The system Hamiltonian
is the sum of static and time-dependent contributions and reads:

H(t) = Hy + Vi(r) — qEqer cos(0 — wt) (1)

where H, is the charge kinetic energy in a magnetic field. This time dependent Hamiltonian can be analyzed using
general Floquet-states theory, however as the static part of the Hamiltonian has rotational invariance it is more
convenient to move first to the rotating frame where the Hamiltonian becomes stationary. This transformation is
analogous to the rotating frame approximation in spin-resonance or in atomic physics which becomes exact for a
circularly polarized excitation. For this purpose we introduce the rotating frame angle 0z = 0 — wt and seek the
solutions of the Schrodinger equation in the form ¢ = |[¢r(r,0r) > e~ **/" The wavefunction ¢ then obeys a
stationary Schrédinger equation with a modified Hamiltonian Hg:

Hz = Hy + Vi(r) — qEqcr cos Or — wl, (2)

where [, is the orbital momentum operator defined from the position of center of the impurity, by construction it is
conjugated to the phase 6. The eigenfunctions v, of this Hamiltonian Hg give the Floquet wavefunctions in the
laboratory frame ¥ = i, (r, 0 = 0 —wt), they correspond to wavefunctions rotating at frequency w. Since the rotating
frame Hamiltonian is stationary it is possible to analyze the properties of the Floquet eigenstates using the technique
of Wigner functions and associated Husimi representations [35] that allows to draw a parallel between the quantum
evolution and conceptually simpler classical dynamics. For example, we will show that the classical description leads
to a straightforward description of the periodic dependence of transport properties on the frequency ratio J = w/w..
The methods of numerical solution of the Schrédinger equation and Newton dynamics of the Hamiltonian are
described in Supplementary Information (SI) Sec.1, Sec.2, Sec.3, Sec.4.
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FIG. 1: Left panel (a): density of Husimi function at the disc radius r = r4 shown by color (maximum for yellow/white;
minimum zero for violet/black), Poincaré section for classical Hamiltonian dynamics of is drown at the moment of collision
with disc and is shown by green dots; here J = 2.7, r4/fp = 1, qEqclp/hw. = 0.3 at energy er/hw. ~ 40. Middle panel (b):
classical Poincaré section of the collision map at parameters of panel (a). Right panel (c): geometry of collision.

Fig. a) shows the Husimi representation of a typical eigenstate of Hy for a hard disc potential with radius
ra/lp = 1 (we introduce the magnetic length {5 = \/h/mw,.) under microwave irradiation at J = 2.7 and microwave
excitation amplitude ¢E,.¢p/hw. = 0.3. It gives the semiclassical probability density in the phase space [,,0p in
the vicinity of the impurity at r = r4. It is computed by numerical diagonalisation of the Hamiltonian Hz and



using the approach described in [36, B7] and ST Sec.2. The Husimi density highlights a resonant structure with a
significant variation of orbital momentum [, with the conjugated phase #r. The variation of orbital momentum is
due to the action of the microwave field which spoils orbital momentum conservation existing at E,. = 0. On top of
the quantum Husimi distribution we have overlaid the corresponding Poincaré section of classical orbits [38] obtained
from the classical dynamics described by Hg. The results demonstrate that the resonant structure in the [, 6y plane
is accurately reproduced by classical dynamics even if the radius of the disc is comparable with the quantum magnetic
length.

The resonant structure in phase space revealed by the Husimi distribution and associated Poincaré section can be
understood by computing the change in dynamical variables after each free evolution cyclotron period and subsequent
collision with the impurity. We assume that the impurity potential V;(r) vanishes outside a characteristic typical
radius ry < vp/w. and note by « the polar angle of the velocity in the laboratory frame when an electron leaves
the interaction region r < r4. The images of typical trajectory collisions with the disc can be found in [23] (see also
Fig. c) and Fig.S1 in ST Sec.4). Without microwaves the change of « to its value @, taken after a cyclotron orbit
rotation and a re-collision event with the impurity, can be expressed as

a=a+o(l,) (3)

where o is a function depending on the impurity potential and on the orbital momentum giving the impact parameter
with the impurity (the geometry of collision is shown in Fig. c) ). For a hard disc impurity & = a + 2x — 7, where
X = a — 6 is relative angle between the velocity and the impact position; x is related to orbital momentum through
l. = muprgsin x. A more general expression of o(l,) valid for a step potential of fixed height U; is given in SI Sec.4.

Without microwaves the orbital momentum [, and the total energy Hj are conserved. In presence of microwaves
however Hpy is the only integral of motion. The change of orbital momentum during the free-evolution time between
two successive collisions can thus be expressed as:

0Hy 1

27T/Wc E
=— / qEqc(t)v(t)dt = AOF Zac [sinag — sin(ag — 27J)] (4)
0

oL w(w —we)

w w
where we introduced ax the velocity polar angle in the rotating frame ag = a — wt, J = w/w.. During the short
collision with the impurity we can neglect the microwave field so that in this approximation the orbital momentum is
conserved in the interaction region. Combining the two previous equations we find a symplectic map [38, [39] describing
the evolution of the velocity polar angle az and conjugated orbital momentum [, from one collision to another:

{ l_z :ZZ+F[S£naR—SiH(QR_2WJ)} s (5)

ar =ar + U(lz) —2nJ, F= qUFEac/[W(w - wc)] :

Here bars mark the dynamical values of variables after one map iteration (one collision) and o is a function describing
the change in the angle of the velocity after collision with an impurity with an impact parameter given by [.. For
colliding trajectories, the orbital momentum is given by [, = muvprgsinxy where y is the angle between the impact
position on the impurity and the impact velocity (see SI Sec.4). For a hard disc potential we find o = 2y — 7 whereas
for a strong attractive potential ¢ is 7w shifted and is given by ¢ = 2x. The behaviour of the map then depends on the
dimensionless force € = ¢E,./[mrqw(w — w.)] which can be strong even for weak amplitudes of the microwave field
since 4 appears in the denominator. More details on map derivation are presented in SI Sec.4.

This map gives a good description of the dynamics leading to practically the same Poincaré section as exact
Hamiltonian evolution (see Fig. [I{b)) and allows to understand the physical origin of the oscillatory dependence on
the parameter J = w/w,. In the frame of the free-particle moving under magnetic and microwave fields, the microwave
leads effectively to a vibration of the impurity position, the change in orbital momentum thus depends on the position
of the impurity at the moment of re-collisions. In the limit of a small impurity rq < R, = vp/w. the time between
recollisions will be given by the cyclotron period and the position of the impurity in the vibrating frame will depend
periodically on J. For integer values of J the position of the impurity does not change from collision to collision
leading to a vanishing kick 61, o [sinapg — sin(ag — 27.J)] as derived in Eq. ().

This result may seem surprising from a quantum point of view, since one could expect strong effect of microwave
at integer harmonics of the cyclotron resonance as it would to correspond to resonant absorption of photons between
separated Landau levels. This issue can be elucidated through the computation of the absorbed microwave power in
both quantum and semiclassical cases using the quantum Floquet master equation and classical kinetic equation and
approximate map calculations. This calculation will also reveal the connection between the absorbed microwave power
and an effective rotating dipole that appears due to the formation of a charge density vortex around the impurity
in the rotating frame. This will then give some insight on the possible origin of the so far unexplained circular
polarization dependence in MIRO experiments.



IIT Master and Kinetic equations

The Floquet eigenstates form a natural basis to write the master equation which describes excitation of the 2DEG
by microwaves and relaxation to equilibrium [40, 41]. As we would like to focus on the physical properties of the
Floquet eigenstates around an impurity, we assume a simplified master equation in a relaxation time approximation
(more sophisticated relaxation models have been studied in the limit of semiclassical quantum kinetic theory but
without computing the exact Floquet states [22]). The master equation for the density matrix 5(¢) in the relaxation
time approximation then reads:

aﬁ i~ pA - ﬁe
— = ——[H(t),p] - — 6
5 = R ®),7] . (6)

The equilibrium density matrix p., is the equilibrium Fermi-Dirac distribution for the Hamiltonian without mi-
crowaves. Following general Floquet theory, we write this equation in the basis of the Floquet eigenstates. In our
problem those are the eigenfunctions |1,/17(£1 )'> of the rotating frame Hamiltonian Hz. We find that the matrix elements

Prm =< 1/)7(? )| ﬁ|1/)§2m) > obey the following equation:

i Prm — Peg,
P+ 5 Cam P = _w (7)

where €,,, = €, — €, is the difference of associated quasi-energies.

The quantity peqnm =< 1/17(;1 )| ﬁeq\w%m) > can a-priori depend on time due to the time dependence of the Floquet
states 1¥r. However these states are stationary in the rotating frame 0z = 6 — wt and the steady state Hamiltonian
I:IO is rotation invariant. Thus, as it can be shown by an explicit calculation, the matrix elements peqnm are actually
independent of time.

At large times ¢ > 7, the density matrix p converges to a stationary solution in the rotating frame basis:

Peq,nm (8)

Prom = 1+ fenmT

This steady state density matrix can be used to compute several physical properties: microwave absorption, redis-
tribution of charges around the impurity, induced rotating dipole appearing near the impurity due to the charge
redistribution in the rotating frame.

To deepen our understanding of the link between quantum and classical dynamics, we also solve the associated
kinetic Vlasov equation for the distribution function in the classical phase space:

of [ = Jeq
R H) = - ©)

-
where we introduced the Poisson-brackets defined as

Oor Op Op Or
As in the quantum case, the kinetic equation becomes time independent in the rotating frame. In the rotating frame
the distribution function fz is found numerically by integrating the characteristic equation df;—f = —@ along
trajectories in this frame.
The details of numerical simulations of the quantum master equation and the classical kinetic equation are given
in SI Sec.1, Sec.3, Sec.5.

IV Microwave power absorption by electrons interacting with an impurity

The microwave power absorbed by electrons interacting with an isolated impurity can be obtained by averaging the
operator v - gE,. in the rotating frame. In the quantum case, this is done by computing the trace: P = Tr(pv - ¢Eqc),
for the Vlasov equation a similar procedure, described in supplementary information, is employed.

The dependence of the absorbed power P on J is shown in Fig. [2| for a strongly repulsive (Ugisc > Er > 0)
and attractive (Ugise < —FEr < 0) impurity potential, different signs of J correspond to different signs of circular
polarization. The absorbed power shows a resonance at J = 1 which corresponds to cyclotron resonance (which
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FIG. 2: Absorption power P (in arbitrary units) is shown as a function of J = w/w. for rq/lp = 2 at qEq.lp/hw. = 0.1 and
er/hwe. = 60. Data are shown for two relaxation times with w.m = 10,100 (different signs of J correspond to different signs
of circular polarization). Quantum results are obtained from the master equation on the density matrix, they are compared
with classical results from the kinetic equation. An excellent agreement between quantum and classical results is observed for
a repulsive potential. For an attractive potential the agreement is only qualitative the kinetic equation giving the same phase
of microwave absorption oscillations as the quantum calculation.

appears only for the active polarisation J > 0), P then decays as expected from an usual Drude model but presents
additional oscillations with a period AJ = 1 which become more pronounced as w.7 grows. These oscillations appear
due to the periodic structure in J in Eq. and correspond to MIRO like oscillations of the absorbed microwave
power, they are related to consecutive collisions between an electron and impurity (memory effects) [23, 24, [42]. As
expected at small amplitudes of microwave field the absorbed power P(J) is proportional to E..2 (see Fig.S4 in SI
Sec.6 and discussion of parameter scaling dependence given there; details of numerical computations of absorption
power are given in SI Sec.5.). For the repulsive impurity the results of the quantum master equation and the classical
kinetic theory are in quantitative agreement, the agreement is less accurate for attractive impurities but the correct
peak positions are reproduced by the kinetic equation even in this case. It is likely that the quantum dynamics inside
an attractive impurity has stronger deviations from the classical behavior when its depth is comparable with the Fermi
energy Er. The good overall agreement between quantum and classical simulations holds even if the impurity radius
rq is only two times larger than the magnetic length, in supplementary information we shows that this trends continues
for even smaller ry. An interesting property that appears in Fig. [2] is that the oscillations in microwave absorption
are phase shifted between the repulsive and attractive potentials, this shift is related to the additional 7 contribution
that appears in Eq. for the attractive potential. According to this equation the change of orbital momentum
due to the action of the microwave field over a cyclotron period vanishes for integer values of J. This leads to an
absorption dip at integer J values with different lineshapes depending on the sign of the potential of the impurity.
For a repulsive potential (at w.7 = 100) integer J correspond to an absorption minimum with maxima occurring close
to half integer J values. For the attractive potential, the phase m shift in the map due to the interaction sign tends
to move the position of the maxima near integer values which leads to a characteristic lineshape with a double peak
structure centered around integer values. We note that earlier calculations of the absorbed power in the MIRO regime
for the case of a repulsive potential gave similar results [42] for the position of absorption peaks/dips, Eq. allows
to generalize these results to the case of an arbitrary electron/impurity interaction. We also note that the results
for the absorption dependence on J obtained from the kinetic equation are also well reproduced by the symplectic
map description (see Fig.S2 in SI Sec.5). The dependence P(J) is not sensitive to variation of r4/¢p as long as
rq is larger than £p, in the limit r4 < £p additional quantum oscillations appear around the average semi-classical
absorption curve but those will probably ensemble average to zero in a macroscopic sample (see Fig.S3 in SI Sec.5).



V Charge density distribution induced by microwave field

The absorbed power P from the external microwave field creates a charge redistribution in a around of impurity.
To see this it is convenient to present this power P(FE,.) in the following form (see also SI Sec.5):

P =Tr(pv - qEqc) = wTr(pr) - (e, X ¢Eqe) - (11)

This formula clearly shows that in the rotating frame there is an appearance of a stationary dipole moment of charge
induced by E,.. Thus in the laboratory frame we have a rotating dipole which creates a correction to the field acting
on electrons.

The stationary solutions of the master equation and the kinetic equation @ allow to compute the charge density
variation induced by E,.. The charge density distribution in presence of microwave field is shown as a function of z
and y coordinates in the rotating frame in Fig. |3l In the vicinity of the impurity we have strong quantum Friedel like
oscillations of density [43]. The average density lineshape from the master equation @ calculation is well approximated
by results from the classical kinetic equation @ We note that the amplitude of density variation increases near the
impurity in both cases reaching rather high values of 1-2 percent of the total electron density. The steady-state
relative variation of charge density dn/ng in the whole (x,y) plane is shown in the rotating frame in Fig. 4| revealing
the formation of a charge density vortex. Since this structure is accurately reproduced from the classical dynamics,
we attribute it to a nonlinear resonance between the microwave frequency and collision frequency with the impurity
which is well described by the Poincaré section of Fig.

The results of Fig. |3| show that in the laboratory frame microwave driving creates a rotating charge density vortex
that forms a rotating dipole moment. This dipole moment will create a rotating electric field that leads to a renor-
malization of the external field in the vicinity of the impurity. We now address the issue of the calculation of this
renormalized field from the rotating density profiles.
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FIG. 3: Charge density p(z,y) dependence on z (at y = 0) and on y (at = 0) obtained from the quantum master equation
and the classical kinetic equation presented in the rotation frame. Here the system parameters are the same as for the repulsive
case in Fig. With J =27 for rq/lp =2 at qFeclp/hwe = 0.1 and €p /hw. = 40 with a relaxation time w.T = 10.
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FIG. 4: Relative charge density variation p(z,y) = dn/no (expressed in percent) shown in (z,y) plane in the rotation frame
where a microwave field is directed alone z—axis. Left panel shows the results of quantum simulations with the master equation,
left panel show the results of the classical kinetic equation. The parameters are the same as in Fig. [3]

VI MIRO of short range field near impurity

In the absence of screening, the rotating charge density vortex dn(r) around the impurity creates an electric field
that is simply given by the Coulomb integral

Eeo(r) = —~ / Sn(') L5 g2y (12)

~ dreoe, v — /|3

Within a weakly-interacting electron approximation, this corresponds to a Hartree type contribution to the rescaled
external field. We developed our Floquet theory for non interacting electrons it is thus difficult to estimate the exact
form of the interaction related corrections. Qualitatively the strength of this Coulomb field may be reduced by
screening from other electrons, however the characteristic length-scale of the rotating charge density vortex is of the
order of the cyclotron radius. A full-screening scenario seems thus unlikely as it is difficult to justify how the electron
gas could provide a complete screening on this length-scale at a frequency w which is several times larger than w,
we thus neglect screening effects here and we present numerical results for the unscreened Coulomb integral given by
Eq. .

To characterize the strength of the field renormalization we introduce the enhancement factor 7 = E../E,., which
is the ratio between the amplitude of the correction field from Eq. to the amplitude of the external driving F,..
The logarithm of this enhancement factor is shown on Fig. |5| on (z,y) plane using the data for the master equation
density distribution from Fig.[dl These results clearly show that the field can be enhanced by an order of magnitude in
the vicinity of impurity, while far from the impurity the enhancement factor goes to zero as expected. The strongest
enhancement is obtained at the boundary of the impurity and reaches two orders of magnitude.

Checking the parametric dependence of the rotating density vortex in the semi-classical model, we find that dn(r)
depends only weakly on r4/R. and w7 in a broad parameter range. This allows us to estimate the typical value of
the enhancement as 7 = Feo/Eqe ~ ¢*ne/(mwevp) ~ 6 for typical values w = 27 x 100GHz, n, = 3.5 x 10! cm~2,
and dielectric constant €5 = 10¢yp. The obtained order of magnitude is consistent with the values of 1 in Fig. [] at a
distance of around a cyclotron radius away from the impurity, an even larger enhancement enhancement occurs at
smaller distances. The estimate for 7 can be cast in a form that highlights its dependence on r4 the usual interaction
strength parameter in 2DEG 1 ~ r,Ep/hw (we remind that r, = (mn.a2)~/? where ag = % is the Bohr radius,
and g is the electron charge). A detailed discussion of scaling dependence on system parameters is given in SI Sec.6
with Fig.S4, Fig.S5, Fig.S6, Fig.S7.

The large values of the field enhancement parameter 1 show that a full interacting electron calculation is required
to obtain consistently the field acting on the electrons. Our results suggest however the following qualitative picture:
the external microwave field E,. generates a strong effective circular polarized microwave field in the vicinity of the
impurity which is significantly larger than the external field Ecfy > FEg.. This field E.sy is maximal at r = rq4
and decays to the external field on a typical scale r.ry < R.. It has a the same circular polarization as the driving
microwave field since it is created by a charge density vortex that rotates at the microwave frequency w.

We are thus justified to consider a model where the driving microwave field is localized around the impurity
instead of being homogeneous in space as considered so far in most models (with the exception of work [3I] which



FIG. 5: Variation of the enhancement factor Fe./Fq. of the amplitude of effective field acting on an electron due to the density
variation in (z,y) plane (see Fig. @ left panel) induced by the external microwave field. The results, shown in the rotating
frame, are obtained from the quantum master equation and the relations given by Eq..

also considered a strongly inhomogeneous field but only close to metallic contacts). We show through numerical
simulations, that taking into account the non-homogeneity of the microwave field can indeed solve the puzzle of the
polarization independence [25], 28]. For this purpose we use the approach of [24] computing the resistivity R, for a
sample of finite size with a fixed density of impurities using the Hamiltonian dynamics for electrons. The details of
these simulations are given in SI Sec.6. In Fig. [f] we compare the dependence of resistivity R.., on J for the case
of microwave field homogeneous in the whole space E,. (left panel) and for the case of a model screened microwave
field Eg. exp(—rQTE_fo) which decays with a Gaussian profile as function of the distance from the impurity with a
characteristic range r.fr ~ R./5 . The main result of these simulations is a qualitatively different dependence of
R,, on positive and negative J values. For a microwave field homogeneous in space there is a strong asymmetry
between positive and negative circular polarization. In contrast, to a screened microwave field localized in a vicinity
of impurity in a range refs ~ rq < R. there is no dependence of the sign of polarization (sign of J) in agreement
with the experimental results reported in [25] 2§].

The origin of the absence of sign dependence on J for a localized field is rather simple: the range of the field is much
smaller then the cyclotron radius (refs ~ 7q < R.) so that the energy change takes place only near impurity and the
cyclotron resonance appearing in the kick amplitude F o« 1/(w — w,) in is absent. In fact the kick amplitude is
determined only by a time interval At.¢s = rcff/vp of interaction of change with the field E.f; near impurity. It
can be estimated as in with F' = qE.ssresr/vp being independent of the sign of polarization. In a certain sense
we obtain a screened field near impurity. This situation is similar to the Azbel-Kaner effect for cyclotron resonance
absorption in metals. Due to the skin effect, the microwave field is screened in the bulk of the metal on a length scale
much smaller than the cyclotron radius. The electron energy change induced by the interaction with the microwave
field then takes place only in a vicinity of the metal surface [32, [33]. In this case cyclotron resonance occurs not only
at the cyclotron frequency but at integer harmonics (similarly to MIRO) and there is no polarization dependence
since the interaction range is much smaller than the cyclotron radius.

We have shown that the rotating charge density vortex around the impurity strongly renormalizes the external
microwave field since it rotates at the frequency of the external excitation. It is interesting to know if a renormalization
of the static potential created by the impurity is present as well. In a mean field Hartee type approximation, such
a renormalization could be created by the time averaged density profile of the rotating vortex. The time average in
the laboratory frame corresponds to an average over the polar angle in the rotating frame. For the semi-classical
calculation in Fig. b) the charge redistribution én. seems antisymmetric with respect to the origin and numerical
integration over angles gives a vanishing result within numerical accuracy. The situation is different in the quantum
case where a closed form analytic expression for the angle averaged density can be derived (see supplementary
materials). The time (angle) averaged density distribution < dn.(r) > obtained from the quantum calculation for the
parameters of Fig. [la) is shown on Fig.[7] while the time average value of < dn(r) > /n. are smaller compared to
the typical values for the charge density vortex they grow with microwave power. Compared to regular equilibrium



a) 50 ‘RHMW —— b) %0 ' ' " screened RH MW ——
40 40 screened LH MW —— 1
30 | 30
—_ -~ 20t
3> 20t 3
S T
x | x
e 10 o ol
or 10}
-10 20
-20 -30
05 1 15 2 25 3 35 4 45 05 1 15 2 25 3 35 4 45
J J

FIG. 6: Dependence of resistivity Ry (in arbitrary units a.u.) on J = w/w.. Left panel: the case of initial external microwave
field; right panel: the case of screened renormalized field acting on a length-scale ref¢/R. = 0.3. The results are obtained
from the numerical simulation of classical Hamiltonian dynamics of electrons in presence of impurities with Gaussian potential
Uamp exp(—r2r;2) with a density nirfl = 1072 an amplitude Uamp/er = 1.5 and a characteristic radius rqw/vr = 0.1.
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FIG. 7: Relative variation of the time averaged electron charge density < dne(r) > /n. induced by a microwave irradiation, as a
function of radial distance r from the impurity. The results are shown two microwave fields €, = 0.1 and 0.2 (€4c = q¢EaclB/hwe).
Other parameters are as in Fig. 3| (rq¢/¢p = 2, Er/hw. = 40). w7 = 100

Friedel oscillations that decay on the scale of the Fermi-wavelength, the time averaged density profile < dn.(r) > /n.
induced by microwave irradiation spreads over a much larger scale given by the cyclotron radius. In principle it is
thus possible to enter a regime where the collision cross section of the impurity is mainly determined by the long
range electrostatic potential created by < dn.(r) > rather that by the bare short range potential of the impurity. A
quantitative treatment of this scenario is beyond the scope of this work where electron-electron interactions are not
taken into account at the quantum level. In [23] we suggested an alternative scenario to the macroscopic domain
formation for ZRS in semiconducting hetero-structures, where the charge redistribution around an isolated sharp
impurity would create a smooth cloaking potential around the impurity allowing an adiabatic passage around the
impurity in which the momentum scattering would be strongly suppressed. An advantage of such a scenario compared
to the more conventional macroscopic domain formation is that charges do not have to overcome macroscopic distances
to create the electric field domains since the charge redistribution takes place on the scale of R, around short range
impurities. These calculations thus show that this scenario is plausible within the non-interacting electrons quantum
model.
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VII Discussion

We preformed extensive numerical simulations of electron dynamics in a vicinity of impurity in presence of a circular
polarized microwave irradiation. Our studies demonstrate that a description based on the classical Newton dynamics
provides a good approximate description being close to the exact solution of the Schrédinger equation in the regime
when the size of impurity r4 is larger than the magnetic length £ and the Fermi energy contains many quanta of
cyclotron frequency (Er > hw.). We also show that the classical dynamics is well described by the collision symplectic
map which allows to understand the origin of periodic dependence of MIRO on the frequency ratio J = w/w. and
disappearance of microwave effect at integer J values.

The absorption power of charges in an impurity vicinity is obtained from the numerical solution of quantum master
equation and the classical kinetic, or Vlasov, equation which have approximately similar average dependence on system
parameters, a part of Friedel like oscillations present in the quantum case. The results obtained from the master and
kinetic equations show the emergence of a strong charge redistribution created by a microwave irradiation taking the
form of a rotating charge density vortex. Thus the irradiation generates a rotating dipole field localized near impurity.
The strength of this induced localized field is significantly larger than the external microwave field, enhancing the
external field near the impurity. This strong inhomogeneity of the microwave field results in absence of polarization
dependence and absence of the cyclotron resonance in agreement with the experimental results reported in [25, 28].
This effect is similar to the Azbel’-Kaner effect [32, B3] for resistance magneto-oscillation induced microwave screened
in a vicinity of metal surface.

At the final stage of this work there appeared the MIRO results for electrons on a liquid helium under circularly
polarized microwave excitation [44]. These experimental results show that the resistivity changes significantly with
the sign of polarization in contrast to the results for 2DEG in GaAs [25] 28] [29] where MIRO are almost independent
on the sign of the circular polarization. Since the electrons densities for electrons on helium are several orders of
magnitude smaller than in GaAs 2DEG, the field amplification effects discussed here are expected to be negligible.
The difference in circular polarization dependence between the two systems could thus be a hint of the importance of
external field renormalisation in high density electron systems.
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Supplementary Information
1. Numerical solution of quantum master equation

Stationary Schrodinger equation without microwaves

The classical Lagrangian/Hamiltonian read :

=" (ﬁ + r292) _ e 2h U (r) (S1)
2
Hy = P L N (52)
0= om T omrz \ PP 2 v

2 2 2,.2

2 i We mwar
=D g U S3
2m+2mr2+ 2p9+ 8 +Uu(r) (83)

where r, 6 are polar coordinates, U, (r) is the impurity potential and:

mwer?

- (54)

po =m0 —
In absence of disc potential, the angular momentum can be related with the geometrical parameters of the trajectory:

R2 - L2

5 (55)

Po = Mwc
where Ry is the Larmor radius and L. is the distance from the guiding center to the coordinates origin.
We note that we can not obtain the Schrodinger equation directly from quantization of this Hamiltonian, this
seems due to the ill-defined nature of the operator p, in two dimensions [45]. Instead the eigenvalue equation takes
the following form which comes from rewriting the Schroedinger equation in cylindrical coordinates [46]:

. R (10 o 1 0% ihwe O  mw?r?
Hywp=——|-7|r— ——| = — £ Uy S6
oY 2m {r or (r 87“) r2 802} 2 06 * 8 Y+ Uu(r)y (56)
= F) (S7)
We introduce
X(r) e'="
r,0)="=—= S8
wir0) = X2 (58)
This leads to a 1D-Schrédinger equation on x(r):
B [d*x 1—4L2 hw,L, mw?r?
_Lex z < Uw =FE S9
5 | g2 e X]‘i‘ 5 Xt Xt (r)x = Ex (89)
We introduce dimensionless units: for length r = zfg = x4/ miwc and for energy F = ehw.. In these units
1d?y 412 -1 L x?
-4 2z -z - v = 1
5 dn2 sz X T X gx FUu(z)x = ex (S10)
We want to express this equation as a function of the quasi-classical parameters, we thus use the relation:
R%2 — 2
po = mwe—to—= = hL. (S11)
L.=ny(l- 5% (S12)
where we used Ry, = {g+/2ny, and introduced the parameter:
L.
S = (S13)

Ry,
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The Schrodinger equation then becomes:

1d*>x  4n2(1—5%)2 - nr(1—S5?) x?
T de? + 822 X + 5 X+ g X + Uw(2)x = €x (S14)

where ny, is the Landau level and S = L./Ry,. The minimum X, of the effective potential energy in Eq. reads
X4 — 412 1

Using Eq. we find that collisions with the impurity (in a semiclassical approximation) occur only for orbital
momenta [, in the range:

2np, — (V2ng + ’I“dfgl)2

Imin = 5 (S15)
2np, — (v2nr, —ralz')?

where ny, = ep/hw,, this result is useful to estimate the range of orbital momenta that have to be included in the
quantum calculation.

Schrédinger equation in the rotating frame

The time dependent potential for a linearly polarized field reads:
Ve = —F,.1 cos 0 coswt (S17)
In a circularly polarized field we find:
Ve = —Faercos (0 — wt) = —Fyercos ¢ (S18)

where ¢ = 6 — wt, since the potential then depends only on ¢ we first concentrate on the circularly polarized case.
We now seek solutions of the Schrodinger equation in the rotating wave form:

W = P(r, e F (519)
The Schrodinger equation reads:
d o .
d—f:—ma—i+E¢=H¢ (520)
. 210 [0 1 02 ihwe O w2r?
Hy=——— [7’87' (raff> n ﬂagﬂ ! . aﬁ + e 4 U () — (Faer cos ¢)b (S21)

which has the form of a stationary Schrodinger equation.
We seek the solution in the form:
) /L Z¢

P = Zaw X"\Lf Norh e E/N (S22)

where x,, 1. (r) are the Eigenfunctions of the stationary part of the Hamiltonian introduced in the first section.
This leads to the Schrodinger equation for a,, ., :

(hwL, + E)an.1, = €n,1.0n 1, — Z [F(n,L.;n',L. 4+ 1)an .41+ F(n,Lo;n', L, — 1)an 1, 1] (523)

n’

where we introduced the coeflicients:
F
P, Lin' 1) = 5[ s (s () (524)

The transformation to the rotating frame can also be done in the classical Hamiltonian:

:ﬁ p2 +7 +mw§r2
om " 2mrz T 2 DY 8

+ Uy (r) — Faer cos(6 — wt) (S25)
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We introduce the generating function for the canonical transformation:

O(r, Pp,0, Pyit) = 1Py + (0 — wt)Py (526)
Then:
od 0P

Po=py, b= —— — O —wt P P

=P ¢= 55 P, wt, po =55 =y (527)
0P

H=H+ — 2

+ 5 (S28)
p: P 2r?

= T ¢4 —P¢, LI Uw(r) — Fyercos ¢ —whPy (S29)

2m  2mr? 2 8

which is consistent with the result form quantum mechanics.

Quantum master equation

We now consider the following master equation :

0 Liage).p) - Ll

ot~ h P T (S30)

The solution of the Schrédinger equation takes the form:
[h(t) > = (r,0 — wt)e it/n (S31)
= |u(t) > e~it/h (S32)

where in the last line we recognize ¢ (r,0 — wt) as the time periodic Floquet wave-function |u(t) > and € is the
associated quasi-energy.
We now write the master equation in the basis of the Floquet functions

D i 0 .
< un\ |um >=-7 (en < un(t)] — zha < un(t )|> Pl > (S33)
a b — Ae
+ 5 cun®1p (emum®) > 4B um(®) > ) — < un| PP}y, >
h ot T
. P — Peq
ot (< unlplti >) = —i(en — €m) < Un|pltm > — < Uy [um > (S34)
where we used:
H(t)|un(t) > = ihetnt/h g <|u (t) > e—iﬁnf/ﬁ) (S35)
0

= <en|un( ) > +zha [, (2) >> (S36)

Introducing more compact notations ppm, =< Un|p|tm >, Peqnm(t) =< Un|Peq|tm > and €, = €, — €, the master
equation becomes:

a ) nm — Feg,nm t
ot 7 Pnm + henmpnm = L Peq, (*) (837)
T

Writing the expression for peg nm () :

= rdf r)u,(r —w*XIL()lLe
peq,nm@)—m(igw ( [ ardt sy .0y 2 \ﬁ) (538)

! anl o0 1t XZ,LZ(T
X (/(drd@ " )um (1, 0" — wt) N \/ﬂ

= Y air.(n)ais.(m) (S39)

eo(i,L,)<ep

/
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where a; 1, (n) are the projections of the Floquet wave function on the eigenstates of the unperturbed Hamiltonian
which were introduced in the previous section, their expression is:

—iL, 0’
c (S40)

. A%
R L
r i

we find that peg,nm (t) is time independent, this is a consequence of the stationary nature of the problem in the rotating
frame and of the isotropic character of the equilibrium density matrix.
We thus find that in the rotating frame the density matrix converges to:

peq nm
m= T S41
P 1 + & FEenmT ( )

The charge density distribution in the rotating frame can be expressed through the density matrix

Ne (T7 QR) = Z uTn (T7 eﬂ)pmnun (Tv GR) (842)

mn

Angle(time) averaged density distribution

To simplify notations we note ne(r) =< ne(r,8) >y (where we have omitted the index in 0z).
We are interested in the mean electron density averaged over angles/time

ne(r) = anm < Up(r, ) (r,0)* >4 (S43)

nm

For convenience we introduce the notation:
Upan (1) =< up (1, 0) " (1, 0) >0 (S44)

Using the decomposition of the Floquet waves in the stationary eigenbasis we find:

7,L [’ —iL’ 6

XzL my- XL (r)* e 'k
(r) =< Z a;,z.(n) Z aj,r. (m)" =—=—=— >9 (545)

‘ ]7L' T V2T
= —_— Z ai,Lz(n) Xj7LZ( )T‘XiyLz (T) (846)

i,5;L
With the notation

= Z pnmUmn (T) (847)

and using Eq. (S41]) we find a closed form expression for the angle/time averaged density:

ne(r%ZM S i () air (m) (548)

1+ fenmT coli Ly <er
For a consistency check, we set 7 = 0 then:

ne(r) =Y > air(m)Unn(r)air.(n)° (549)

eo(i,L,)<ep mm

S 1 i (M) (S50)

) 2 T
eo(t,L.)<ep

due to orthogonality relations ) a;r.(n)*a; . (n) = di;0r, 1.
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Another check is that we must recover the equilibrium density if there is no microwave, in this case a; 1. (n) = 0;,.:n
which leads to:

Z Qi,L. (n>*ai7Lz (m) = 6nm Z 5i,L2;n (851)

€o(i,L;)<er eo(i,L.)<er
1 IXi,L (7”)|2
Unin(r) = 5= ) bit.n—"" S52
SRS DILTNES (52)
We then have :
Ne (T) = Z Unn(r) Z 57J,Lz;n (853)

n €O(i7Lz)<5F

_ Z 5 i ;(7")| (S54)

eo(i,L.)<er

The previous form is not so convenient for the efficient calculation of the dependence on r :
1 1

ne(r) = 207 £ 1 4 Lyt Yo avn () ar i (m) Y ajr.(m) aip. (n)x; L. (1) Xz (r) (S55)
EnmT eo(i’,L))<er i,5:L,
ne(r) = 5— JXL: Nijp XL (1) Xi,L. (1) (S56)

where

NijL, = Z Sl (m)*az L.(n) Z air,r, (n) a r (m) (S57)

14+ zepmT
nm + nm eo(i,L))<ep

Typical numerical parameters

We provide a complete list of the numerical parameters for the charge density vortex calculation in Fig. 4.a from
the main article, physical parameters are J = 2.7, r4/lp = 2, Ugise = 90hw,, qFE..Lp/hw. = 0.1 and ep/hw. = 40
with a relaxation time w.7 = 10.

We select a finite set of Landau levels n < Nj (N = 100) and of orbital momenta L < I, < L. with
Lonin = —550 and L, = 650, for all [, in this range the one dimensional Schrédinger Eq. is solved using a

discretisation with a space step (in dimensionless units) 0.02 with a total of 8000 steps, this allows to find the Ny,

(0 )

lowest eigenvalues €, 7 and eigenvectors an for each [,. We then filter the states depending on their distance to

the Fermi level selectlng only states with |e 1, — €r| <= 8hw, this gives a basis with a total of 9400 states. The
Schrédinger Eq. ( is then expressed in this basis and dlagonahsed usmg full diagonalisation routines from the
eigen+-+ packages Th1s allows us to find the density matrix using Eq. (S41)) and the charge distribution in the rotating
frame using Eq. . We have checked that the numerical results are not changed when the basis is expanded to
include more states in the calculation, another independent check is the good agreement we find with semiclassical
calculations.

2. Husimi distribution

The Husimi function is defined via

H(.,0) =) [ doem OO =2mmr ety (¢ (558)

n YT

where ., (") describes the orbital harmonics of the wavefunction near the disc (with radius r4).
For a hard disc potential the wavefunction (r, ) tends to vanish for r — r4, we have thus followed the approach
of [47, [48] where 1., is given (up to normalization) by:

U, (0) = Optb(r =14, 0) (S59)
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This expression does not separate incoming and outcoming plane waves incident on the disc, an approximate
separation can be achieved by defining v, as:

1 dRi, n(r=r1a) il.0
w"’d (0) = Z any,l, klz,m ld?“ € (860)

ny,l.

where the coefficients a,, ;. give the components of the wavefunction in the eigenbasis R, n, (r)e?=? of the system
without microwave field:

w(n 9) = Z any 1. Ry my (r)eilzﬁ (861)

ni,ls

and gives the semiclassical momentum at the collision

B = \/2(Brn, — Ul 7a))/m (362)

with Ej_ ,,, the laboratory frame energy (without microwaves) corresponding to eigenfunction R;, ,,, (r)e®=?.

We have checked that the two approaches give similar results in the limit 4 < 7.. In Fig. 1(a) we use the represen-
tation which capture the separate contribution of the in-going wave. This can be seen from the representation
of two in-going/out-going waves 1(r) « Ay (exp(ik(r — rq)) — exp(—ik(r — r4))) with a certain amplitude Ay and the
condition ¢ (r =rq) = 0.

3. Solution of the kinetic equations

The kinetic equation in the laboratory frame reads:

or . of NI T

1
a +v- a + |we X Vv — Eaer + EF(t) v - - (863)
ﬁ _ ﬁ _ 7f - feq
5 TULH)) == . (S64)

where d/dt is the derivative along a trajectory in phase space.

By moving to the rotating frame, the kinetic equation becomes stationary in the same way as the quantum master
equation, this can be seen for example by making the canonic transform Eq. on Eq. . The distribution
function f thus converges to a steady state value f(7,?) in the rotating frame coordinates 7 = re~! and ¥ = ve ™!
(r and v are the position coordinates/velocity in the laboratory frame in the complex notation r = z + iy and
v = vy + dvy). We find the distribution function by integrating the equation % = —@ along trajectories in the
rotating frame.

Trajectories outside the impurity are found by exact integration of the free equations motion in magnetic and
microwave fields, they give the following expression for the change of charge velocity from ¥; at time ¢; to ¥y at time

ty after a time interval At =ty —¢;.

1 Floc ~ Flae (We—w
17f=2+(vi— ; )6( eTwAt (S65)
We — W We — W
. 1P ) ) —i(w—we)At —iwAt 1
~ ~ —iwAt Wi _jwAt twe At € €
=7 i 1 — fwe F,e — — S66
e = e + wce (1-e )+ (wc(w—wc) WWe w(w—wc)> (566)

The time step in the stepping algorithm is adapted as function of the distance to the impurity and collision times are
found with a Newton method. For repulsive impurities a specular reflection occur at the interface, for an attractive
potential the particle is propagated inside the impurity using Eq. hold inside the impurity for a box potential.

This procedure allows us to find the distribution function for energies close to the Fermi energy on a four dimensional
grid of size NV, x Ng X Ny, x Ng where IV, = 160 is the number of entries for the discretization along the polar distance
7, Ng = 100 the number of entries for the polar angle §, N, = 30 the number of entries for the angle x between
position and velocity vectors and N = 30 the number of entries for energy dicretization centered around the Fermi
energy (parameters are given for calculation of Fig. 4b in the main text).
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Supplementary Figure S1: Geometry of reflection during collision with a disc in case of attractive and repulsive potentials.

4. Derivation of the collision map

The geometry of elastic collision with a hard disc is shown in Fig. 1(a) and Fig. The collision angles shown in
these Figs. are defined as

0. =2a—0—-28+m
{ Qe =a+2m—24 (867)
where
B =arg (1 + z’”e—i“’—“)) (S68)

After the collision 7 = |r|e?? | v = |[v]e!® |, x = a — . Without microwaves: conservation of angular momentum
and energy implies that x is conserved during a collision: ¥ = x. New values for a can be found from geometrical
arguments

a=a+o(l,) (S69)
l, =rqupsiny (S70)
t
o = 2x — 2arctan L S (S71)
1— 22U

muv¥, cos? x

with U the amplitude of the impurity potential (o, x € (—7/2,7/2)).
In the special case of a collision with a hard disc repulsive potential (U — o0) :

o=2x—T (S72)
for an attractive disc potential with a large amplitude (amplitude U — —o0) this gives instead.
o=2x (S73)
The change in kinetic energy during a period due to microwaves is :

sinag — sin(ag — 27J)

(S74)

B 27 fwe ) .
EF—-—FE= / FycRe (UFelaRez(wciw)t) dt = vplFy.
0

W — We
however

E ~ H + wryV2mH sin x (S75)
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where H ~ ep is conserved during the time evolution we thus find

FD.C

sin)_(—sinx = m
(&

[sinag — sin(ag — 27J)] (S76)
This leads to the following map:

{ siny =siny + ﬁ [sinaR —sin(ag — 27TJ>] (877)

ar =agr+2y—20(x)—2nJ

Under the approximation sinx ~ x, o(x) = 7/2 (hard disc) we recover the previous (approximate map) for J > 0
(check J < 0)
We now determine the kinetic energy from the standard map using the energy conservation in the rotating frame:

mvz

H= - FocRicosp —wPy (S78)

where muv? /2 is the kinetic energy, ¢ the angle in the rotating frame and P, its conjugate momentum.
We need to express the rotating frame variables from the standard map variables, we find :

¢=ar—Xx (S79)
R2w,
Py = mvRgsiny — % (S80)
We thus find an equation on v:
2 R2
H = % — (mwRy)vsiny — FueRqcos ¢ + m% (S81)
To zero order in Ryq, E = mv?/2 = H, going to first order in Ry we find:
E=H+wRyV2mH sinx + F,.Rgcos ¢ (S82)
at the Fermi energy F,./(mwvp) < 1 so we can approximate:
E~H +wRyV2mH sin x (S83)
The exact solution is:
v = mwRgsin x + \/2H + 2F,.Rqcos(ag — x) + m?R3w? sin y — Riww, (S84)
We can also determine the trajectory parameters Ry, L, :
1 P2 P, wer 2
Ry = — 4/ = ¢ 4 e S85
L |wel \/m2 + <mr + 2 > (S85)
1 P? P, wer 2
L.=— ~ £ _= 586
|we] \/m2 + (mr 2 ) (S86)

where K is the kinetic energy.

5. Calculations of absorbed microwave power

We first provide the derivation of the approximate relation between absorbed microwave power and the rotating
dipole moment around the impurity.

P =Tr(pv - ¢Eac) (S87)
= L T(plr, Ho) - qBoc) (588)
= T (plr, Al + i) - qB) (389)
= L Te(ple L] Bac) + 1 Te(xlp, ] - B (590)

= wTr(pr) - (e, x qEq.) + O(1/7) . (S91)
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In numerical quantum master equation calculations the power was estimated using:
P = ~qEac - L Te(ple, Hi) (392)
for high values of w.7 we found a good agreement between exact calculations using Eq. and estimations from the

dipole moment Eq.
For the semiclassical kinetic equation we can compute the average absorbed power using the relation:

o < / . / o Ho(w.r) - By LTV fo<r,v>> (593)

T

= </d2v/d2r {m;Q + Uw(r)] J(x,v, 1) = folr, v) >t (594)

T

(o foe o] ),
(Jon o ] ),
- </d2v/d2r[v-F(t)]f>t (597)

where Hj is the Hamiltonian without microwaves.

The advantage of equation Eq. (S93]) is that the function that is integrated is always positive as opposed to Eq. (S97)
which has cancellations between positive and negative terms, Eq. (S93) is thus more suited to Monte-Carlo type of
evaluation.

2.5 . . .
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Supplementary Figure S2: Dependence of the average absorbed microwave power P,;s for electrons colliding with an impurity
for parameters: qEq../(mwvr) = 0.013, rq/Re = 0.13, weT = 100, Ugisc = +2€r, a good agreement is observed between results
from the kinetic equation and from the collision map [S77]

Finally it is possible to estimate the absorbed power from the standard map Eq. , in this case the exact dy-
namics over one period is replaced by the approximate map; the distribution function is then computed by integrating
% = —@ for free evolution with the map parameters during time 27 /w,. which separates successive collision events
(in the approximation r4 < R.). The absorbed power is then also computed from Eq. . The results presented
in Fig. show that the absorbed power obtained from the kinetic equation is in a good agreement with the results

based on the approximate collision map Eq. (S77). This shows how physically relevant quantities can be computed
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from the simplified map dynamics. We note the significant difference between the case of attractive and repulsive
impurity potentials.

The dependence P(J) at various sizes of repulsive impurity potential 4 is shown in Fig. These data show a
good agreement between the quantum and classical simulations until the impurity diameter 2r; remains larger than
the magnetic length £g.

Paps [a.U.]

O = N W & 01 O N © ©

J = w/o,

Supplementary Figure S3: Dependence of the microwave absorption Pgps on J (arbitrary units) for different values of impurity
radius r4 obtained from the quantum master equation Eq. (full curves) and the classical kinetic equation Eq.
(dashed curves). Here Ugise = 2€r, qEaclB/hwe = 0.1 and w.r = 100. The semiclassical curves reproduce correctly the
results from the quantum master equation. For rq/¢p = 0.5 additional fluctuations appear in the quantum calculation around
an average lineshape which is still well describe by the semiclassical calculation. We attribute those to interference effects
which become more pronounced when the size of the impurity becomes closer to the Fermi wavelength. In a real sample such
fluctuations would probably be suppressed by ensemble average leaving only an average average value which would correspond
to the semiclassical result.

The results obtained from the quantum master equation (6) show that at small microwave driving the absorption
power scales as P o F,.> (see Fig. . The results of numerical simulations of classical kinetic equation give the
same scaling.
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Supplementary Figure S4: Scaling dependence of the microwave absorption Paps rescaled by incident microwave power oc E2,
on J (arbitrary units) for different amplitudes of microwave field Fqc. The results are obtained from the quantum master
equation Eq. for a repulsive impurity potential (Uq = 90fiw.) at we.r = 100 and 0.01 < E4. < 0.1. The data show that
the scaling P.ps o< E2, is highly accurate. At the lowest microwave powers the data become more noisy and start to shows
individual resonances, we think that the sharp peaks comes from contributions of individual levels trapped around the impurity

that lead to sharp resonances due to the high w.r7 = 100 value. At higher microwave power the individual resonances are
broadened giving the semiclassical absorption curve.



23
6. Estimates for charge density variation

In general we can write the following scaling form for the charge density vortex :

5 e EU‘[“
Tt :f7(1:R;1,yR;1,rdR;1,L,i,wcT,e—F) (S98)

Ne MWUE We hw,

where f7 is a dimensionless function of its seven dimensionless arguments.
In the semiclassical limit the parameter ;- is not relevant, this parameter describes the amplitude of microwave
c

induced Friedel oscillations. Also in the linear response regime % o %‘LCF (due to the connection between the

rotating dipole and microwave power absorption this scaling is related to the o< E2, scaling for the absorbed power,
its accuracy is shown on Fig. [S4)).
This leads to the following scaling form:
on, qF _ _ o w
¢ = 1% fo(zRIVyR Y, rqR — WeT) (S99)

Ne MWUR c

where f5 is a dimensionless function of the remaining five arguments.

Figs. show the scaling dependence on the remaining parameters r¢R; ", & and w,T.

Fig.|S5[shows that dn. only weakly depends on ryR_ !, this is perhaps the most surprising result since the number of
electrons colliding with a given impurity during a cyclotron period is ~ neR.rq, this would suggest that dne o< ne Rergy.
Our simulations show that at least in the semiclassical limit, this argument does not hold when the map parameter
is small € = % < 1 (see Eq. )7 in this case it seems that the r;l dependence from the kick amplitude
in the standard map equations partially cancels the o r4 dependence from the collision cross section. Of course in
the limit r4 — 0 the map parameter € diverges so that this cancellation holds only for sufficiently small excitation
field E,.. Other figures show an approximate 1/J dependence (for a fixed value of mod;J) in Fig. and a weak
dependence on w,.7 in Fig. Combining these results together we find the following scaling relation:

one _ qEqc

= —"= fy(zR; ", yR;") (S100)
Ne mwug

which is the result given in the main text.
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Supplementary Figure S5: Dependence of dn.(x = 0,y)/n. on y/R. for different impurity diameters, results are shown for the
kinetic equation calculation.
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Supplementary Figure S6: Dependence of dn.(z = 0,y)/n. on y/R. for different values of J = w/we.
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Supplementary Figure S7: Dependence of dn.(x = 0,y)/ne on y/R. for different values of w.t.
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