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Photovoltaic and rectification currents in quantum dots
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We investigate theoretically and experimentally the statistical properties of dc current through an open
quantum dot subject to ac excitation of a shape-defining gate. The symmetries of rectification current and
photovoltaic current with respect to applied magnetic field are examined. Theory and experiment are found to
be in good agreement throughout a broad range of frequency and ac power, ranging from adiabatic to nona-
diabatic regimes.
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Transport in mesoscopic systems subject to time-varyingn the dot is fully chaotid! Then the time-independent part

fields combines elements of nonequilibrium physics andyy = may be considered as a random realization & & M
quantum chaos. This combination extends the scope of Mnarix from a Gaussian unitary ensemble with the mean
soscopic physics and is likely to be important in quantum . LA .
information processing, where fast gating and quantum colevel Spacings, and M~ Er/4,. Perturbation is a matrix
herence are both required. Of particular importance is th&f0m & Gaussian orthogonal ensemble characterized by the
ability to control external fields applied to the mesoscopicstrengthCy=m Tr12/M25,. The paramete€, determines the
system and to distinguish effects of these fields on quanturanergy displacement of an electron state due to the applied

dynamics of the system. For example, two distinct contribupertyrpation). The contact between the lefight) lead and
tlon_s tq direct current through an open ql_Jantum dot due to afhe got containd\,(N,) open channels, we enumerate chan-
oscillating perturbation have been identifiéchnd observed nels, @, in the left (a=1 N) and the right (=N,

experimentally in Ref. 3. .

FI)n this papgr, we investigate the statistical properties of dc L+ Nen contacts,No,=Ni+N,. The corresponding ex-
currents resulting from an applied ac electric field over aP€rimental setup is shown in Fig. 1.
wide range of excitation frequencies, paying particular atten- The dc current® through the dot is determined by the
tion to the presence or absence of symmetry with respect tecattering matrifSq(t,t’')],5 (see Ref. b
magnetic field in various regimes. Theoretical analysis is

27w +00
based on recently developed time-dependent random matrix @ - ew dtf dt.dt
theory*® Experiments use a gate-defined GaAs quantum dot 27 ), Lo
subject to ac excitation of a gate at MHz to GHz frequencies. R R . R
At low excitation frequenciesy < ral (74 is the electron ><Tr{f(tl,tz)[Sfp(tz,t)ASq,(t,tl)—Aét,tlémz]}. (1)

dwell time in the dok the present theoretical results are con-
sistent with those obtained by adiabatic approximatichs. Here &, =d(t-t") and
However, the analysis is applicable over a wider range of t
frequenciesiw < Et, whereEr=%/ 7, iS the Thouless en- 5aﬁexp|:i§f Va(r)dr}
ergy andr.,ssis the electron crossing time of the dot. At _ kgT t’
fiw=Er, the system may be studied by methods developed fap(tit’) = Th sinfmkaT(t-U)/A] 2)
for disordered bulk conductor$ 8

Three distinct contributions to dc current through the dotis the distribution function of electrons in channreht tem-
can be identified, resulting froni) an applied dc bias(ii) peratureT and voltageV,(t). At sufficiently low frequencies
an ac bias at the excitation frequengye., rectification w<E./% (E. is the dot charging energy,(t) is simply
effect®); and (iii) photovoltaic effect$:® Although the ori- related to the bia®/(t) across the dotV,(t)=A,,V(t). Ele-
gins of the rectification and photovoltaic effects are different,ents of the diagonal matriA are Ao =N,/Ng, for 1<a
these two effects are hard to distinguish in experiment with N;, and A, =-N,/Ng;, for Ny< <N,

rectification current being dominatft. The purpose of the We consider the biad/(t) across the dot in the form

present Rapid Communication is to describe distinct featureg(t)zvo+v cogwt+ey). The dc current through the dot to
between the rectification and photovoltaic effects. We restricﬁrst order iar)1 dc biad/, and ac bias/,, is?2
w

our attention to a one-parameter excitation, noting that while

in the adiabatic regime one- and two-parameter excitations 12=12 412490y, 12=gPV (3)

. X . . phtl1 ¥ o Vo, 11 =01 Ve,
affect the system differentfybeyond the adiabatic regime, _
w= 14, the differences disappear. where the first term represents the photovoltaic currgpt

The Hamiltonian of electrons in the dot in the presence of:ﬁ’(vazo), see Eqgs(1) and(2). The second and third terms
a magnetic fluxp is represented by a Hermitidd XM ma-  in Eq. (3) represent the contributions to the current due to dc
trix H(t)=Hq+)V coswt. We assume that electron dynamics biasV, and ac biad/,,, respectively,
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T 7w ’
1.0 — Go?w'Cody (2 dtdt h
<(|§’h)2> T o2 dT d9K+Bf ot/ -6;7
W °
. 0.8t
S (6)
g 0.6 2 52 /
.or 2 27w ’
L D i P Gow dtdt
> (6G, P 8G ") = 2 2h2 dr deK Bt 01—
@ 0.4f DC Conductance (k=0)1
E Vg — T/v=1Gyfr=10 (7)
@ 02 ~ 7 T=1G/y=01 and<| ) 0 (see Ref. & In Egs.(6) and (7) the angle
----- T/y=5Cyly=10
. o T/y=5C,y=01 brackets( -y stand for the averaging with respect to realiza-
1'0 i tions of7:lq). FunctionsBEt), and Bf’?, describe the distribu-
' L tion function® of electrons in the dot in the presence of
- Rectification (k=1)
2] il  TH=1GCyy=10 time-dependent electric fields and kern&l$= K“, 0., de-
s T 0 scribe the evolutlon of electron statean these fields. Both
g T i f dBP,_and the kernel h
LY T T/y=5GCyly=10 | unctlontht, andB;,._and the kerne Ktt, 5, contain the
> — - = T/y=5C,/y=0.1 diffuson D(tl t,, ) =exdg- ftll“(r t)dt] or the Cooperon
® o4l Cry, 7, t)=exd - ( )lef(T t)dT] Here, I'(7,t)=7ve+7v,
E +4C, sirfwt S|n2(wr/2) where y,= 6;N./ 27 is the electron
5 02k Photeveltsic surmrt b, ] escape rate ang, is the electron phase relaxation rate due to
TR e inelastic processes.
phTph Sna e In the experiment, the ac biag, results from capacitive
QOp= o= == = e = = = T coupling between the leads and the gate on which the ac

04 2 ®488& g 2 3456 qg 2 2145 voltage is appliedsee the inset in Fig.)1 ThereforeV,, is
Frequency (®/Y) proportional to the amplitude of the ac voltage at the gate.
Assuming thatCy is linear in the applied power to the gates,
FIG. 1. (Color online Symmetry factor S we writeV,=a,\Co/ v.. The coefficieni,, has units of volt-
=(8G;® 6G, *)/((8GY)?) as a function of frequency for k=0 (up- ~ age and is independent of realizations of the quantum dot
per panel andk=1 (lower paneJ at two values of temperature (we disregard fluctuations of over different realizations of
and powerC, of the ac excitation. Inset: micrograph of the device 7 ‘Hg). Therefore, the correlation functions of the rectification

and a schematic picture of applied voltages. 3 —3
currentl? =g}V, are determined by the correlators &®;

S — S — o €
@ = _[Go- 3G 0], gr=-—GrM, (4 =5 <ars ? 5GY"). (8)
7h Th
where Gp=N|N,/N, is the classical conductance and We also notice that in the limil,,> 1 the correlation func-

21l w
%k(t) Is 5Gk(t)wdt/ 2 stands for time averaging of the tjon of the photovoltaic currerifl, and the rectification cur-
“instantaneous conductanc&=0, 1) ) T
rentl; vanishe$ (Ip 17)=0.

o Flrst we use Eqg7) and(8) to analyze the magnetic field
Gy (t)zf dTFk(T)fdacos(k(“’g*"Pk)) symmetry of the rectification currerf’. Although in the
adiabatic limitw << y./# the rectification curren?f is sym-
xTr{AS‘T< )A$¢<t 0+ T)} metric with respect to magnetic field inversioh — -®), at
higher frequenciesn= y./# the symmetry of?f iS sup-

, pressed. Indeed, the magnetic field symmetry is related to the
o7 = M, (D= 27Tk_BT sin(w/2) _ time inversion symmetry. For a harmonic field at frequency
sinh(wkgT7/h) frw sinh( kg T7/h) w, the time-inversion symmetry holds only on time scales
(5) much smaller than 1d. Transport through the system is de-
termined by times of the order @f/ v, and consequently the
We observe thabG,(t)=dGy(t)codwt+¢q) in the adiabatic magnetic field symmetry of the rectification current breaks if
limit Zw<<maxXNgd1,kgT} considered in Refs. 2,13. hw= v, We plot the ratioS;=(5G;* 6G;*)/((6GT)?) as a
_ Below we study the variance of the photovoltaic currentfynction of#w/ y, in Fig. 1. ;=1 represents the symmetric
on and the conductancey’ andgy gy’ with respect to random  cyrrent!® e 5GY with respect to magnetic field inversion. In
reallzat|ons of the Hamlltonlam{q, Following Refs. 5 and the adlabatlc regime this symmetry originates from the On-
14, we find in the limitN,,>1 and at magnetic field® sager symmetfy of the dc conductivity(see Eq.(5) and
> ®yNgy/M destroying the weak localizatioib,=hc/e) Refs. 2,3. As the frequency increaseS, vanishes, signal-
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ling the suppression of the magnetic field symmetry. There-
fore, the absence of magnetic field symmetry no longer
serves as a feature which allows one to distinguish the pho-

D

tovoltaic currentlgh from the rectification current.

We notice that the magnetic field symmetry of the dc
conductanceﬁ?{f is more sturdy than the symmetry of the
rectification currentsee Fig. 1 Particularly, at temperatures
KgT= v, dc conductance‘ﬁGf)I> is nearly symmetric at fre-
quenciesio <KkgT, since the dc correlation function is deter-
mined by processes on a time scal&kgT. The symmetry is
not fully suppressed even at>kgT/#; the suppression de- 10F
pends onCo/ ye Theo Experiment

We apply Eqs(6)—(8) to the analysis of the experimeht. 562k ryz P A e
The quantum dot used in the experiment has an @ ea — (T ) 5 <I+I_> -
~0.7 um?. Relevant energy scales are the Thouless energyn [ - (1%) VAL ,-’m' o}
Er~160ueV and the mean level spacing;=m7y, &10°F ’
~10 ueV. The measurements were performed at the base ©
electron temperaturel =200 mK (kgT=5.4y,). From the S0}
size of conductance fluctuations without ac fluctuation on the =
gate, we estimate the dephasing rage= 0.2y, (see Ref. 18 § 10°}
for detaily and thus disregarg,, and energy relaxation rate
Y.< 7, in our quantitative analysis. |

In the upper panel of Fig. 2 we show the variance of the
conductance as a function of the incident poweat w/27 5 .
=5.56 GHz(hw/ y,~7.2). We also plot the variance of the W o T 5 100
conductance calculated from E€7) (k=0) at temperature C,®
T=5.4y./ks. Assuming that the rati€/ y, is proportional to
the powerP of the ac excitation applied to the gate, i.e., FIG. 2. (Color onling Upper panel: Variance of the conductance
Col y.=PIPy, we rescaleP to obtain the best fit of the ex- as a function of the ac excitation pow®=PyCy/ 7, at w/27m
perimental points by the curve of E¢7). We find Pj=9 =556 GHz(hw=7.2y,) and the theoretical result of E¢7) with
X108 W. k=0. We usePy=9x 108 W andkgT=5.4y,. Lower panel: Sym-

In the lower panel of Fig. 2 we show the correlators metric (solid triangle$ and antisymmetri¢open triangles current
<|_+<I>F‘1>> of the measured current. Although the traces of thecorrelators as a function of ac excitation strengg The solid line
magnetic field sweepsee Fig. 3 in Ref. Blook quite asym- shows the variance of the photovoltaic current E&j.with param-

metric for the measured current, the antisymmetric correlatopters fixed by the fit in the upper panel. The dashed and dotted lines

e S L . . show the symmetric and antisymmetric correlators of the rectifica-
(I**17®) is not significantly smaller than its symmetric coun- y y

; . - . tion current Eq(8) with «,=0.4%1w/e and ¢,;=0.
terpart. We notice however, that if the averaging is per- a8 * © 1

formed ovem realizations, the measured correlatbi®I"®)  =0.4%iw/e. For the rectification current, the saturation at

can be estimated &"1*®)/\n (n~50 in the experimept  large power is not expected: according to Fig.(2,"17®)

We plot the variance of the photovoltaic current, B8),  *(Co/ vo)* with a=~0.6.
as a function ofCy/y, for kgT=5.4y, and Aw=7.2y, (to We similarly discuss the data fab/27w=2.4 GHz. Per-
facilitate numerics, we used the approximatfon> v,). We  forming the fit of the experimental values of the conductance
emphasize that the horizontal shift between the data pointuctuations and the result of E¢7) with k=0 and tempera-
and curve is fixed by the fit in the upper panel for the dcture T=5.4y./kg, we find the relation between the strength of
conductance and there are no fitting parameters for the varthe perturbationC, and the powerP=PyCy/vy, with Py
ance of the currenfalong the vertical axis At Cy=< 7., the  =2.5x107 W.
variance of the measured current changes quadratically in In Fig. 3 we show the symmetric and antisymmetric cur-
Col ye, consistent with quadratic dependence @nof the  rent correlators for 2.4 GHz. For comparison we plot by a

theoretical curves fol ;2)h> and therefore our assumption that solid line the variance of the photovoltaic currefjt, calcu-
C, is proportional to the power of the ac excitation is justi- lated from Eq.(6) at~w=3.1y,. We observe that the fluctua-
fied. At Co= v, the variance of the measured current startgions of the measured current significantly excéeyla fac-
saturating. This saturation is expected for large power asgor ~100 the expected magnitude for the photovoltaic
ymptote of the photovoltaic current due to the spreading ofurrent, and therefore are likely due to the rectification of the
the distribution function of electrons in the doBome de- bias across the dot. The low power data can be fitted by Eq.
viation between the experimental points and the theoretical®) with a,=4.7hw/e.
curve is expected due to the approximatiég> 1 used for The above choice fot, = {fiw,kgT}/e limits the applica-
derivation of Eq.(6) (N;,=2 in the experiment bility of the linear expansion Ed3) to small powers of the
For illustration, we also plot the correlation functions of ac excitationC,, such thatCy/ y.=< (hw/ea,)?. The higher
the rectification current, using Eq8) for ¢;=0 and «, order corrections in the biag, do not restore magnetic field

5.56 GHz

— Theory
0ol © Experiment

<0G (C,) >/<6Gy(0) >
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FIG. 3. (Color onlineg Symmetric(solid triangle$ and antisym-
metric (open trianglescurrent correlators ab/27=2.4 GHz as a

function of powerP=P,Cqy/ v, With Py=2.5x10"" W. The solid
line shows the variance of the photovoltaic current &j.at tem-

peratureT=5.4y./kg and frequencyw=3.1y,/A. The dashed and
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field symmetry to dephasing due to dot heating by the dissi-
pative current. Increasing the powerat fixed w drives the
system into the adiabatic regime since the heating makes the
ratio iw/(ye+y,) decrease. As shown in Fig. 1, the rectifi-
cation current is symmetric in the adiabatic regime. The as-
sumption thaty, increases as powét increases is consistent
with the observed change of the correlation field for the cur-
rent fluctuations. Indeed, according to Fig. 4 in Ref. 3, as the
power changes from 10 to 1AW, y.+y, increases by fac-
tor of 4 and becomes larger thdiw. In this regime the
rectification current is mostly symmetric with respect to
magnetic field inversiorisee Fig. 1

In summary, we studied ensemble fluctuations of dc cur-
rent through an open quantum dot subject to oscillating per-
turbation. We showed that as frequency of the perturbation
increases, magnetic field symmetry of the current disappears,
regardless of the mechanism of the current generation. We
demonstrated that the power behavior of the current fluctua-
tions is an important tool to distinguish effects of an ac ex-
citation on dc current.
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