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Orbital effect of an in-plane magnetic field on quantum transport in chaotic lateral dots
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We show that an in-plane magnetic field is able to break time-reversal symmetry of the orbital motion of
electrons in two-dimensional semiconductor structures, due to the momentum-dependent inter-subband mixing,
which results in supression of weak localization effect. Then, we analyze the influence of the in-plane field on
weak localization correction and universal fluctuations of conductance in large-area chaotic semiconductor
guantum dots.
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A high sensitivity of phase-coherent transport throughthe 2D gas?!It has been observed in further studfethat
guantum dots to external perturbations has recently enablegh application of an in-plane magnetic field also results in a
one to transform studies of mesoscopic effeétmto a spec- complete suppression of a weak localization part of the con-
troscopic tool for detecting tiny energetic changes in theductance, which cannot be attributed solely to the interplay
electron gasand for studying electron dephasing and inelas-between spin-orbit coupling and Zeeman splittthdput re-
tic relaxation rate§.” A convenient object,once used as a quires lifting the time-reversal symmetry of the orbital mo-
mesoscopic thermomet&gonsists of a lateral semiconduc- tion by the in-plane field. In the present publication, we show
tor dot weakly coupled to the reservoirs via two leddand that, due to a finite exterX, of the electron wave function
r, each withN, ;=1 open conducting channels, and, there-across the heterostructure, even a perfectly tuned in-plane
fore, quantum conductancgg,=(2e2/h)N,',. Information  magnetic field may break time-reversal symmetry of the or-
concerning fine energetic characteristics of single-particldital motion of effectively 2D electrons. We compute the rate
electron states in a dot can be extracted from the variancef such time-reversal symmetry breaking in 2D semiconduc-
and parametric correlations of universal conductance fluctuaer structures and, then, determine the range of fiB|dthat
tions (UCF), sg=g—{(g)), measured as random oscilla- would affect WL and UCF’s in experimentally studied quan-
tions of the dot conductancey around the mean value, tum dot devices,in addition to spin-related phenomena.
(9))=09,9,/(9,+9,) +9w., upon variation of a perpen- The Lorentz force generated by a planar field on electrons
dicular magnetic field;® the Fermi energg?® or the dot moving acros$; within the 2D plane mixes up the electron
shapé and combined with the analysis of parametric depenimotion along and across the confinement direction, thus re-
dences of the weak localization part in the average dot corsulting in the electron momentunp dependent subband
ductancegyy, - mixing and, therefore, in a modification of the 2D

Energetic resolution of such a spectroscopy is set by thdispersion;>** E(p)—E(B,p). In particular, () the 2D
level broadening of single-particle states in a particular deelectron mass increases in the direction perpendiculBy o
vice, which is limited by the carrier escape into the leads, whereas(b) in heterostructures which have no inversion

symmetry in the form of confining potentid, also lifts the

TQS%Z(NDL N,)A/h, p— —p symmetry in the dispersion IaW:E(BH .P) —E(By,

—p)oc(p-[BHxIZ])3¢0. The change in dispersiofb) has
where A=27#2/mS is the mean level spacing of single- potential to reduce the fundamental symmetry of chaotic dot
particle states of spin-polarized electrons with masi a  from orthogonal(o) to unitary (u), as a perpendicular mag-
dot with areaS. The use of larger dots with weaker coupling netic field would do. The efficiency of time-reversal symme-
to the leads increases the sensitivity of the dot conductandgy breaking by an in-plane magnetic field can be character-
to the variation of external parameters. The use of larger dotzed using the rate-gulfvbBﬁ’Jr an specified in Eq(8). A
also enables one to assess directly the low excitation energymilar conclusion has recently been made in Ref. 15. With-
characteristics of the two-dimension&D) electron gas, out spin-related effects, this parameter would determine the
since the electron properties in=110 um*-area dots con- value of the WL correctiongy, (B))=((9(B))))—((9)),
taining 1G—10* particles are less affected by the confine-and of the variance of UCR( 5gZ(BH)>>, as compared to
ment effects. Recently, large area dots were used for studyingeir nominal values, gw, (0)=((g)),—((g)), and
spin polarization of a 2D electron gadn order to enhance (({5g?)),:*®*
coupling between a magnetic field and electron spin, J. Folk
et al® used a magnetic field finely tuned to lay exactly par-

allel to the plane of 2D electrons and observed a suppression Owi (B =gw (0)[ 1+ 7/ 7oeel ™%

of the variance((égz(BH)» by an in-plane fieldB; much 1)
stronger than that associated with a mere spin splitting, 5 5 1, 1y

which can be understood in terms of spin-orbit coupling in ((89°(B)))) = ({89 {1+ [ 1+ 7/ 7ol %}
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The latter parameters can be measured as the UCF’s finger-
prints in the “shape of a dot” space in multigate devies,

by varying the Fermi energy in backgated dots. The rise in
the mass anisotropy upon the increaseBpfwould also
manifest itself: as a change in a UCF pattern scanned as a
function of a perpendicular magnetic field. A varying disper-
sion relation for electrons studied at different fielBg, and

Bjo, can be characterized using the ratgl(Bul,BHZ)
«(Bf,—Bf,)? in Eq. (6), which can be used to describe auto-
correlation properties of a fuB, -dependent UCF pattern,
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The effective 2D Hamiltoniafor electrons in a hetero- = Eoor /,....-'
structure with a potential profilg(z) and in the presence of g = :3;; A
an in-plane magnetic field can be obtained from the 3D s °
Hamiltonian, 0, 5 2 25
| o |2 n (10" em ™)
i 52,2 ( —iAV— EA) FIG. 1. Calculated dependence of parameterand 8 on the
Hayp=— 2mz +V(z)+ o +u(r,z), 3 sheet density of 2D electrons. Insets show the effe@ obn sym-

metric, [E(p,)+E(—p,)]/2 and antisymmetric,[E(p,)—E
using the plane wave representatiain :eip~r/h(P0 (2) for (—p.)]/2 parts of the 2D electron dispersion in a broader range of
the lowest subband electrons. He@e;rzz— 20) B||><TZ is the B, where a pertubative expansion is not applicable.

vector potentialzy=(0]|z|0) is the center of mass position of To obtain quantitative estimates for parametgrand 3,

the electron wave f“”Ct'°m>E¢§JO)(Z)_'” the lowest sub- \ye evaluated the electron dispersion at in-plane magnetic
band forBj=0, andu(r,z) is a combination of Coulomb  fie|ds using a full self-consistent numerical method. The
potential of |mpur|ye_s and lateral potential forming the quan-guantum-well confining potentia¥(z) was constructed us-
tum dot. Due to mixing between subbar@$ and|[n>0) by  jng the nominal growth parameters of the sample studied in
an in-plane magnetic field-dependent componenig,(z)  Ref, 5 which was an Al,GagAs/GaAs heterojunction/(z)

are different for different in-plane momenta, and we use  giso included Hartree and exchange-correlation potentials
both the perturbation theory angl;fé*iand a numerical self-  generated by the free carriers in the quantum well. The Har-
consistent-field technique to fingoy(z) and the energy ree potential was derived from tieedependent 3D density

E(By,p) for each plane wave state. o of electrons by numerical solution of the Poisson equation.
For a weak or intermediate-strength magnetic fiBld  The exchange-correlation term was calculated within the
the effective 2D Hamiltonian takes the form local-density approximatiot?. A flat-band boundary condi-
p? tion was used, i.e., we assumed that the electric field pro-
QZD:%_ pf y(B)+ pfﬁ(B”)ﬁLU(r)- (4) duced by donors in théAl,Ga)As barrier is screened out in

the GaAs buffer layer by the 2D electron gas. In each loop of
) ) the self-consistent procedure we solved numerically the
In Eq. (4), p=—iAV—(e/c)a(r) is a purely 2D momen-  schralinger equation with the Hamiltonian in E¢B) to get
tum operator, ang, =p-[Byx|,]/By is its component per- the 3D electron density, neglectingr,z). Then, a new/(z)
pend|CU|ar tOB” . TYVO additional terms in the free-electron was Constructed, which entered the next |00p of the proce-
dispersion part of bk, are the result of the, -dependent dure until the self-consistency condition was achieved. The
inter-subband mixing. The first of them lifts rotational sym- numerically obtained dependences pfand 8 on the in-
metry by causing an anisotropic mass enhanceridntn- plane magnetic field for an electron sheet density of 2
creases the 2D density of states and, for a 2D gas with a fixegt 10'* cm™2 are shown in insets of Fig. 1. At low fields,
sheet density, it reduces the Fermi energy calculated from the~ Bﬁ and g~ Bf, as anticipated in the perturbation theory
bottom of the 2D conduction band,Eg(B))= E?  treatment. The proportionality coefficients are plotted in Fig.
—[Y(BH)/ZJPE- A cubic term in Hp is related to the time- 1 versus_the' eIe_ctron sheet dgnsity. Both the effe_ctive—r_nass
reversal symmetry breaking 1. Note that, depending on renormallgatlon in the quadratic term of_energy_dlspersmns
the choice of a gauge, one may also generate a lipear and the time-reversal symmetry breaking cubic term are
term, but this one can be eliminated by a trivial gauge translarger at lower 2D electron gas densities, due to a weaker
formation. A perturbation theory analysis of this problem isconfining electric fieldi.e., longer),).
discussed in Ref. 18, and for a moderate field it results in the In H,p in Eq. (4), disorder is incorporated in the form of
parametric  dependences y~m~Y(\,/\g)* and B  a scattering potential(r)~ (0|u(r,z)|0). This can be char-
~(N,/mh)(\,/\g)®. acterized by the value of the mean free pathh/pg, or a
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momentum relaxation time related to the diffusion coeffi- and the Cooperoridiffuson) suppression by time-reversal
cientD=v27/2. The modification of the electron density of symmetry breakindthe difference in condition of quantum
states byB| only slightly affects the value of the electron diffusion). The latter effect can be analyzed for an infinite
mean free path. The presence of a parallel field also chang&ystem, where the derivation is simplified by the use of Fou-
the symmetry of Born amplitudes of scattering betweerrier representation for Cooperofuiffusons.

plane” waves W, =€ "oy (2), fo0=(Wu(r,2)|¥,). Using the Fourier form, the equation for the diffuson
Due to the momentum-dependent subband mixfg, ac-  (Cooperon correlation function,IT-Py(c)(w,q)=7"*, can
quires an additionfpp,=fé%),{l+(pL+ p!)ByZ}, where be obtained from the analysis of a kernél=1),

_ e 5 (Ou(p—p'.2)|n) (n|z/0)
me i1 (0lu(p—p’,2)|0) &n &0’

which is equivalent to the presence of a random gauge fieldshere sign+/— is related to diffusonCooperoi, respec-
in the effective 2D Hamiltonia}** tively. Disorder-averaged retarded and advanced single-
particle Green function&G®* correspond to different values
a=2[Bx1,] S (0Ju(r,2)|n)(n|[0) _ of By. G™* were calculated pertubatively with respect to all
n=1 €n— &g terms containingB;, which relies on the assumption that

. . within the relevant parametric regime the variation of the
The latter can be interpreted as a result of an effective “curv- P g

ing” of a 2D plane by impurities in systems withdependent '?hneersgc)gtisr(iﬁg) r;géidh?ZB%Z fgﬁlllt IE ac;otrﬁgafgfr%n o\;v[[tr?e
scattering potential, which in the presence of an in'planediffusion equation '
magnetic field generates a random effective perpendicular '
field componentp, =[rota],. In systems, where scattering
is dominated by Coulomb centers behind a spacer and is
almost independent af a smaller effect may be taken into .~ . 2
accountda= 7B x1,]([ByxI,]- V)2u(r). However,sa has It containsw=w+ & with 6=pg[y(Bj1) — ¥(B2)1/24 and
a negligible influence on the quantum transport characteridh® rate
tics of 2D electrons, as compared to the effect of dispersion.

Quantum transport characteristics of chaotic dots (WL _1_TPr 5, 2%, 2
and UCF's)are studied in this paper by modeling dots as 2D "d :@[?’(BM)_ Y(B) ]+ TpF[BHl_ B2l® (6
billiards filled with a short-range disorder. It has been shown
befOI’e that the resu|tS Obtained f0r a Zero-dimensional ||m|t'|'he ﬁrst term in Eq(G) comes from the deformation Of a

of diffusive systemssee>L%/D andL>1, are universally Fermi circle byBy, the second takes into account the field
applicable to the deSCfiption of WL and UCF's in a broad effect upon the Scattering of p|ane waves. Equa(ﬁ)m]so
variety of quantum chaotic billiards;> even in ballistic  contains the difference between the electron kinetic energies
ones™ We also used a semiclassical diagrammatic lanin two measurements of conductancay=E(B,)
guage to calculate two-particle correlation functions, Coop-_ Er(By,), each of them ShiftedEF(BH)=Eg—%pﬁy(BH)

. ’ H . 3
eronsP¢(w;R,R’) and diffusonsP(w;R,R")." These cor- it respect to the Fermi enerdsf in the electron gas with

relation functions emerge in the form of ladder di_agramsthe same sheet density Bt=0. The latter fact is important,
from the perturbation theory analysis upon averaging OV€Eince, for lateral dots where electron density is fixed, one
disorder the Kubo-formula conductance. Schematically, the ' '

form of a weak localization correction and of the varianceSnould substitute w=w+6=0, so that only the
and correlation function of UCF can be represented as  Bj-dependent anisotropy of the electron wavelength along
the Fermi line affects the interference pattern of current car-
gwe(B))=[dRW(R)P(0;R,R) riers. _ , ,
The Cooperon equation derived after the calculation of
and the integral inlI(w,q) can be represented in the form

((69(Bj1) 69(B|2)))
OCdedR'W(R)W(R')Edd Pdvc(w;R,R')|2,

where o =Eg(B)1) —Eg(B|2), andEg(B)) is the Fermi en-
ergy of the 2D gas calculated from the bottom of the 2D 6
conduction band determined in Ed4). Dispersionless —1_7PF
. . Tc =
weight factorsW(R) both take care of the particle number 8%42
conservation upon diffusion inside a &band incorporate
coupling parameters to the leads. In the zero-dimensionalbhich accounts for dephasing between electrons encircling
limit, both gy, and((8g(Bj;) 69(By,))) are dominated by the same chaotic trajectory in reverse directions, the result of
the lowest Cooperofdiffuson) relaxation modergschr Tg(ld) lifting the time-reversal symmetry by an in-plane magnetic
determined by the interplay of the escape to the reservoirBeld. The corresponding dephasing rag<ﬁ1= Tgl(BH By,

d
(0,0)=1- [ 50— GF, (e.p)GA (o~ . = [p—a))

[—i{w+ 8} —DV?+741]Py=8(R—R’). (5)

4 2

[—iw+D(—=iV—q)?+ 7.+ 73 ]Pc=8(R—R"). (7)

It contains an additional decay ratfgl(Bnl,BHz),

B(Bj1)+ B(B|2) 2+ {?p2
2 27

[Bj1+By2l?
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can be used when describing the WL correction to the con
ductivity of 2D electron gases in semiconductor heterostruc
tures and field transistors. The second term in this rate woul
be dominant in low-mobility structures with strongly asym-
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Finally, we can apply the rate of time-reversal symmetry
breaking due to the in-plane field in E() to analyze the
WL correction to the quantum dot conductance in Ep,
and also the—u crossover in conductance fluctuations un-

der conditions that the magnetic-field direction is finelytuned
%[g have only the in-plane componé&hand the UCF are stud-
d by slightly varying the shape or area of a dot using the

multiple gates technigfeln a ballistic billiard, or in a het-

metric potential disorder, such as the interface roughness Qfosirycture witlz-independent scattering potential, it would
impurities positioned inside the electron accumulation layerpa gominated b)Bff dependencéalso found in Ref. 15that

The first term in Eq.(8) would be the main one in high- e attribute to the effect of the cubic term generatedBijn
mobility structures with carrier scattering at remote chargespe 2p electron dispersion, thus giving rise to a relatively

behind the spacer.
To mention, a shift in the Cooperon gauge in Eq,

q=3/2hpEmB(B))[B|x1,1/By,

sharp crossover between “flat” regions related to orthogonal
and unitary symmetry regimes. For a large-area yBv)
quantum dot with electron densityx210* cm™? studied by
Folk and co-workers;!2 we estimated the crossover field as

is the result of the following artifact: cubic term in the effec- Bj=0.6+0.8 T. When studying the crossover, one has to
tive electron dispersion not only lifts the inversion symmetryt@ke into account that the in-plane field also causes fluctua-

of the lineE(B),p) =Er(B)), but also shifts its geometrical

center with respect to the true bottom of the 2D conductio
band. Since in conductance calculations only electrons wit’y
E=Er matter, such a shift would be eliminated by choosing
a slightly modified initial gauge, which can now be corrected

by applying a gauge transformatiéh.= €'% RP. directly to

tions in conductance, without breaking time-reversal symme-

A1y, as described by Eq#2,6). For the same parameters of a

tructure, we estimated the field where such a random depen-
dence would appear & ~0.3 T, and the result in Ed6)
suggests that, for a perfectly in-plane field orientation, varia-
tion of the UCF fingerprint is faster at higher fields.

the Cooperon. One may say that the phase-coherent transportWe thank B. Altshuler, C. Marcus and J. Meyer for dis-

is only affected by th®-induced p— — p)-asymmetric dis-

cussions and for information concerning unpublished

tortion of the Fermi circle into an oval, but not by a shift of works?!® This research was funded by EPSRC, NATO

such an oval in the momentum space.
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