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Subband densities in quantum wells under in-plane magnetic fields
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The dependence of the subband densities in a potential well with tunable symmetry on a weak in-plane
magnetic field is investigated experimentally by analyzing Shubnikov—de Haas oscillations. We measure a
strong carrier redistribution between the subbands, which is explained by individual magnetic-field—dependent
density of states in different subbands rather than by the diamagnetic energy shift. The measured carrier
redistribution is quantitatively explained considering the in-plane field in second-order perturbation theory.
[S0163-182698)07927-3

I. INTRODUCTION bolic quantum wel(PQW) were compared with the analyti-
cal solution of the parabolic confining potential, although the
An electron system confined in one spatial dimensioreffective potential is closer to a rectangular well. In order to
with an additional magnetic field is a textbook example thatcompare the measureg(B)) with the diamagnetic energy
allows one to study the behavior of quantum-mechanical enshift, a perturbative expression for the diamagnetic shift was
ergy levels and wave functions in detail. If the magnetic fieldconsidered in Ref. 14 and 15. However, the varying DOS
is oriented perpendicularly to the plane of the electron sysWas not taken into account. As was pointed out in Ref. 9, the
tem, the Hamiltonian can be separated with respect to théarying DOS can have a significant effect on the depopula-
in-plane and perpendicular motion. Therefore the Landadion of the upper subband.
quantum numbers and subband quantum numbers are inde- In this paper, we present measurements confirming that
pendent of each other and level degeneracies occur at certdfte influence of th@-dependent DOS on the measured sub-
magnetic fields. In the case of a parabolic confining poten- band densities may be dominant over the diamagnetic shift.
tial, the Hamiltonian can be solved analytically for any ori- We have measurell| dependencies of subband densities in
entation of the magnetic fiek® For arbitrary confining po- @ wide PQW with tunable electron sheet density and poten-
tentials one relies on perturbative approaches. A lot ofial symmetry. The effect of these parametersipis studied
theoretical**as well as experimental work has been done infor small B. The data are compared with a perturbative
this field*~*" In this paper we focus on the importance of calculation of the energies to second order, using self-
second-order perturbation theory for a small—but arbitrarilyconsistently calculated wave functions B0 as a basis.
oriented—magpnetic field. In particular we find a strong re-The first-order term determines the diamagnetic shift,
distribution of the subband electron densities due to an inwhereas distortions of the Fermi sphere are due to the
plane magnetic field, which we quantitatively explain by asecond-order term. As we will show, the latter effectrpris
subband-dependent density of states. of the same order of magnitude as the diamagnetic shift. It
The in-plane field has two effects: The energy levels arenay even dominate tH# dependence af; in the case when
diamagnetically shifted, and the dispersion relation of theghe DOS in the individual subbands differ. By applying a
in-plane electron motion is modified, which can be describedront-gate bias, we experimentally control the difference be-
by a magnetic-field—dependent effective ma&s®Thus the tween the subband-dependent DOS and study its influence
two-dimensional density of stat¢®OS) depends on the in- on the measured subband densities.
plane magnetic field.

Experimentally, the electron densitiesof the subbands Il EXPERIMENT
in the presence of an in-plane magnetic fiBldcan be de- '
termined by analyzing Shubnikov—de Ha&dH) oscilla- The investigated samples contain a 760-A wide and 79-

tions in a transport measurement. In the case of one occupigdeV-deep AlGa, _,As/GaAs parabolic quantum well grown
subband, the diamagnetic shift of the subband energy has rity molecular beam epitaxy. The well is remotely doped with
influence on the measured subband density. However, th® on both sides. Back- and front-gate electrodes allow a
modified effective mass can be determined by measuring theontrolled variation of both electron density and potential
temperature dependence of the SdH oscillafibtisor by ~ symmetry. In order to increase the asymmetry induced by the
optical experiment$® Only if more than one subband is front-gate bias, a 3-ML-thick Al;{Ga, gsAs spike is situated
populated, the diamagnetic energy shift may lead to a redign the center of the well. The detailed sample layout is de-
tribution of subband densities. The parallel-field dependencecribed in Ref. 20. A standard Hall-bar geometry was used
of n; has been measured for heterojunctidrend for para- for transport measurements.

bolic quantum wellg® In Refs. 19, measurements of a para- The sample was mounted on a revolving stage. Measure-
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FIG. 1. Measured magnetoresistanggs as a function of the
perpendicular field, for different tilt anglese between—4° and
65°. Thep,, values are offset for clarity. The upper part of the
figure shows a contour plot of the same data as a functi@®) ahd
B, . Darker regions correspond to highgg, (the grey scale is
indicated on the right side

ments were performed at 1.7 K. The tilt angldetween the
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FIG. 2. Density of the lowest subbang, normalized to the
densitynyg(B;=0) as a function of the in-plane field, as obtained
from measurements presented in Fig. 1. For the determinatiog of
filling factors of theE, subband between 12 and 28 and tilt angles
between—4° and 65° have been evaluated.

sample surface. Figure 3 presents the measyrgdotted as
a function of ng. Note that the potential symmetry also

sample normal and the direction of the magnetic field washanges witmg, due to the inserted potential spike and the

determined by scaling both the Hall resistangg and the
Shubnikov—de Haa&SdH) minima in the magnetoresistance
pxx 10 cosa (with the sample being in the single-subband
regimeg. We estimate the accuracy of the obtained amgte

be better than 0.2°.

In the case of two occupied subbariflg andE; (densi-
ties ny and n,), the SdH minima do not scale with cas
anymore. In a weak perpendicular fidld , p,, is periodic
in 1/B, with a frequency proportional tng. The oscillation
due to theE,; subband is weak and not observed for low
densitiem; (Fig. 1). If the sample is tilted by an angte, the
degeneracy of each Landau level is still determinedby
Analyzing theB, positions of even filling factors allows one
to determineng in tilted fields.

Figure 1 shows measured tracespgf plotted as a func-
tion of the perpendicular magnetic fiedB] = Bcosa with the
tilt angle o as a parameter. As there is no spin splitting
observed at low magnetic fields, each minimumpin(B)
corresponds to an evdty, subband filling factow, which is
deduced from the,, trace atae=0. The subband density
no=eyyB, /h is determined by thd3, position of such a
minimum. In Fig. 2, we presemi, as a function of the in-
plane fieldB by usingB =B, tana. Several filling factors
vy between 12 and 28 and tilt anglesbetween—4° and

65° have been evaluated. In the case of two occupied sub

bands,n, generally increases witB;, corresponding to a
depletion of the upper subbaft?! We limit the discussion
to small magnetic field8;,B, <1 T. To first order, the in-
crease ofng is quadratic inB;. We therefore introduce the
coefficienty=dng/d Bﬁ, which we determine from a para-
bolic fit to the measured data.

Of interest here is the variation gf with the total density

boundaries of the well. Up to densities around=3.0
X 10 m~2, y increases and reaches a maximum value of
1710 m 2 17714,

In the following section, we compare the data with a per-
turbative calculation of the diamagnetic shift and the DOS,
and with the analytical solution for a parabolic confining
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FIG. 3. Measured change of density per magnetic figld
=dno/dBﬁ as a function of the sheet density (symbolsg. Note
that ng is varied by applying a front-gate bias, and thus also the
symmetry is changed with increasing. A maximum ofy is ob-
served neang=3.0X 10'® m 2. The error bars indicate deviations
in y originating from evaluation with different filling factors. The
dotted line corresponds to the first-order perturbation thgeay 3],

and the symmetry of the well. For this purpose, measurewhich is up to seven times smaller than the measured values. The
ments as presented in Fig. 2 were performed for differentyi line indicates the full second-order calculations, the dashed line

front-gate biased/r;. The total sheet densitgs increases

the first term An[&/2+(Bq+ B1)/4], which neglects subband-

with V¢, and the electron distribution moves closer to thedependent DOS.
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potential. It will be shown that th®; dependence of the following, we assume that two subbanfg andE, are oc-
DOS results in up to five times higher values farOnly if  cupied E>Eg,E,). With An=n0—n1|BH:0, we obtain for
this B dependence—obtained by the second-order term of— qn, /d Bf

the perturbation calculation—is included, the calculation can

quantitatively account for the measured 1)
7=An§, (©)
11l. COMPARISON WITH THEORY with
A. First-order perturbation theory 5 5 5 5 5
. e” (z2—(z —(z°—(z
In the following we calculate the energy spectrum of a 5= — =2 )1; <O () >°°_ (4
two-dimensional electron system subjected to an in-plane 2m Ei—Ep

field B . The perpendicular field has not to be included intheBy solving the Poisson and Scldiager equations for our
calculation, as we use small fields, where the Landau ladd QW self-consistently, we find the wave functio¢§ and
is smoothed out to an approximately constant DOS. A per- T o : ’ . :
turbative calculation of the effective cyclotron masg in  cnergiesky for different gate biases. The consistency of
tilted fields is presented in Ref. 16, where Biedependence these values can be checked by comparing the obtﬁﬁed
of m* originates from a shift in Landau-level separation due"ith the measured subband densitesit zero in-plane field,
to the coupling Hamiltonian. The effective mass obtaineddivided by the DOS. In a previous paper we have demon- _
from the Landau-level spacing is equivalent to that considStratéd good agreement between calculated data and experi-
ering the dispersion modification due to an in-plane field. mentally obgained energy levels and wave functithié.the

With the vector potentiah = (0,— B|z,0), the momentum calculated¢; andE; are ms_erted into Eq.3), one obtains
operatorp, in the z direction, the elementary charge and values _fory that are up to 7 times smaller than the measured
electron effective massi*, the Hamiltonian of noninteract- °nes(Fig. 3.
ing electrons mobile in the-y plane and confined in the
direction by a potentiaV/(z) is found to be B. Second-order term and subband-dependent DOS

We have to take into account second-order perturbation
theory. Neglecting powers @ larger than two leads to the

2 22 R2E2 2p? following corrections toE; (K, ,ky):
o= P +V(z)+h K2 R eByfiky g i(Ke ky)
zm* 2777,* Qm* 2m* m* hz X

Hy H' El”(ky) = — m_*yB'Bﬁ (5)

oY)

The wave function is separated into plane waves along the with
andy directions(wave numberk, andk,) and the solution

#i(z,ky) to Ho+H' with energyE;(k,). The total energy is B :e_z (2%

given by E;(ky,ky) =E;(k,) +%%(kZ+k)/2m* . Nondegen- * mr E9-EY

erate perturbation theory is applied to the eigenstatdsof

with energiesE? and wave functionsp’, treatingH’ as a e2 (2)2,

small perturbatiorsmall in-plane field$). The first-order ,31=—* o —o  Po- (6)
correction to the energy results in m* E;—Ep

202 a2 ) This second-order term leads to a modified dispersion re-
h kx+h (ky—ko) lation in the y direction h2k§/2m§ with m§=m*/(1
2m* 2m* —ZﬁiBﬁ), whereas the direction remains unaffected. This

signifies that the Fermi sphere is distorted to an ellipsoid,

Ei(Ky k) ~E2+

ezBﬁ ’ 2 which can be accounted for by a modified, subband-
+ ﬁ“z )i =2, 2 dependent effective mass
_ ~ 2
where(---);; denotes the matrix elements corresponding to mf = ymgmy~m*(1+ BB). @)

the wave functions¢ and &7, respectively, andky  Therefore the DOS depends B and on the subband index
=eB(2)i /. The diamagnetic shift in enerQys quadratic |-

in By and proportional tqz?) —(z)2. The magnitude of the

shift increases with subband numbedue to the increasing D;=D(1+p; Bﬁ). (8)

spatial extent of higher subband wave functions. Addition- _ ’ L
ally, the Fermi surface is displaced in tRedirection byk,. !N the équations above we assumed fdj <1, which is a

This displacement has no influence on the DOS and the efrerequisite for the applicability of peiturbation theory. The
fective massn*. Thus the magnetic-field dependence of theParameters is proportional to the ratio of Landau energy

subband density,=m* /74 2(Ec— Eo) is given by theB, ﬁezai/rzn* .and subband energy .difference, as well as on
dependence c&, andEg. The Fermi energfs depends on (210! B, with the squared magnetic Iengtﬁhzh/eBﬂ - Thus
B) because of the rearrangement of subband densities. In th®th the Landau energy compared to the subband difference,
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FIG. 4. Calculated values foEf — EQ) ~* and(z)2, for different 5 o
sheet densitiess. The dominating contribution tg/ originating ns (10> m™)
from the second-order term is proportional(@?2y/(ES—EJ). The _
insets show the self-consistent potential, the wave funcigghand FIG. 5. Measured values of (symbol$ for differentng com-
the energy level€? for subbands =0,1,2 and for two different ~Pared to results from second-order perturbation thetime) for a
densitiesns. sample with a weak potential spik&l contentx=0.05, width 8.5

A) centered in the potential well. The error bars correspond to
and the off-diagonak-matrix element compared with the evaluations at different filling factors. The dotted line describes the
magnetic length have to be small for the applicability of diamagnetic shift only, the dashed line includes ghe- 8, term.
perturbation theory.

In the approximation used here, the subband-dependeff+1/2), with the cyclotron frequencw.=eB/m*. The
correction to the DOS varies quadratically with the in-planeDOS is independent of the subband number and is found to
field. In the description of the subband density, we thereford€
have to be careful in converting the energy levels to subband

densities. The subband densities are writtemasD;(Eg wg vz
—E;). With ng=ny+n,; we obtain fory: D(B))=D| 1+ Y (10
6 Botpi Bo— B1 i
= _ Thus one obtains fo
0% An(2+ ) +ng R 9 L4
In the first term we recognize the first-order result of B}, B e?
with & replaced bys+ (By+ B1)/2. As we will show in the y=DAQ o (12)

next section, this corresponds to a doubled value in the case

of a parabolic czonfining potential. Because of the increase "Considering that <z>'i‘oz hI2m* Q) <z>'§‘1: AIm*Q  and

the DOS wnhBH , more carriers a_ccommod_ate in the Iower<22>11_<22>002ﬁ/m*97 we recover exactly the result of

subband, which gives rise to an increaseninof the same  Egs. (6) and (8). It is worth noting that in the case of a

order as from the diamagnetic shift itself. _parabolic potential the perturbation theory up to or%r
The second term being proportional to the sheet dens‘%ives the exact result. Considering E@®), we find that

ns and the difference of the DOS paygg and 3, cancels out (Bo+ B1)/2= 8, and By— B,=0. Thus the second-order re-

in an exact parabolic potential. For arbitrary potentialsgt is exactly twice the first-order result of E@), and the
though, theB| dependence of the DOS can be quite differentgym, proportional tas in Eq. (9) vanishes.

for the two subbands, leading to an additional redistribution
of the carrier densities between the two subbands. The influ-
ence of this term omy(B)) can even dominate. IV. DISCUSSION AND CONCLUSIONS

If we insert the calculateeh} andEY into Eq.(6) and(9), The data presented in Fig. 3 provides evidence that the
we in fact observe strongly differeg; and the second term  B-driven carrier redistribution among the two subbands is
of Eq. (9) dominates the resulting (Fig. 3). In contrast to  dominated by theBj-dependent DOS. We observe a maxi-
the first-order result, this calculation is in good agreementnum in y(ng) that is due to a subband specific DOS, de-
with the experimental values, and perfectly reproduces thecribed by the term in Eq9) containingB8,— 8. Using Eq.

maximum aroundhg=3.0x 10 m~2, (6) one finds that
C. Exact solution for a parabolic potential ()3,
. . . + B ——— 12
In the exact solution for a parabolic quantum well with Bot B = (12

potentialV(z) = m* Q?z%/2, the subband energy levels for an
in-plane field B, are given by® E,=#(w’+0%*? and
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TABLE |. Calculated contributions to the subband carrier redistribujidar a heterostructure, a parabolic potential, a PQW without and
with spike as measured, and a double quantum @EQW). y is split into the diamagnetic shift pasty;, (containings) and the DOS part
vpos (containingB, and B;). In the DQW and PQW the wave functions are centered in the well.

Sample ) Bot B1 Bo—B1 Ns Ng—Ny Ydia Ypos
(T7? (T7? (T7? (10" m=2) (10" m™2) (10 m=277?) (10 m=277?)
Heterostructuré 0.013 0.032 -0.027 4.9 4.6 0.15 0.04
parabolic potential 0.024 0.024 0 3.2-6.4 3.2 0.19 0.19
PQW 0.104 0.080 0.058 2.8 1.3 0.34 0.67
PQW+spike 0.128 0.045 0.181 2.8 0.9 0.29 1.37
DQWb 0.011 0.001 0.311 5.2 0.4 0.01 4.04

aSpacer layer 100 A, residual acceptor concentratioxx 20F° m~2, donor layer 6.5 10'®> m™2,
bwell width 140 A, barrier 28 A, as in Ref. 17.

2 2 the well, the more important th8,— B; term becomes. In

2(2)70 (2)51 " . ) .
Bo=B1* =50~ o —o- (13)  addition, this term has to be weighted by the total carrier
Ei—Eo Ex—E; densityng rather than by the subband density difference. In a

. . . heterostructure8y— is negative, which weake ,
As an illustration, we consider the calculated wave func- Po— B1 9 Moos

. . .~ such thatyg, determines the carrier redistribution. The large
tions and energy levels for our samples. Since the most im- Ydia 9

et ; s vpos for DQW structures is a result of the well-known ef-
portant contribution to éhe Sa_”l'er redlsztn_bun_on s g fective mass change for peanut and lense shaped Fermi
— B4 term, we presentH; —Eg) ~ - and(z){, in Fig. 4, plot-

. _ _ contours’
ted as a function of,. Both functions clearly show a maxi-

: v th | h i In conclusion, we have described tBg dependence of
mum at approximately the same valuergf. From the self- o 5y phand density, by an analytical expression, derived

consistently calculated wave functions, one finds that thig;o second-order perturbation theory. The comparison with
maximum position corresponds to a front-gate bias where thg, .-« ;rements on PQWs gives good agreemertfarl T
electron distribution is centered with respect to the spike. 1N, conyrast to earlier publications, our results are not domi-
this S|tuat|_on, the twq occgp_ned subbands are symmetglc anHated by the diamagnetic shift, but by the influenc&@pbn
asymmetric states with minimum energyzdlffererﬁ%— Eo-  the DOS of the two subbands, which leads to a redistribution
At the same time, the matrix elemefit)i, is maximum.  of the carrier densities among the subbands. This explanation
Generally, the inverse energy difference and the squared of{yas confirmed in measurements where the shape of the con-
diagonal matrix element respond similarly to a changing eXfining potential could be controlled.

ternal parameter. _ It should be worthwhile to check this effect by cyclotron

~ We expect a less pronounced maximum for weaker poternresonance experiments, where we expect a pronounced split-
tial spikes. This is confirmed in a measurement on a similafing of the absorption because the effective masses in this

sample with a weaker potential spike, where we find a monopyg-subband system display a differedt dispersion.
tonic increase ofy(ng) (Fig. 5. We want to emphasize that

even without a potential spike, the subband carrier redistri-
bution is strongly influenced by the DOS contribution.

For arbitrary confining potentials, one has to compare rel-
evant matrix elements and energy differences. In Table |, we We appreciate the contributions to this work by L.
present the calculated values for a heterostructure, a par&oschier and M. Huberty and thank T. Ihn for fruitful dis-
bolic potential, a PQW with and without spike, and a doublecussions, and P. Studerus, A. Hermann, and B. Graf for tech-
guantum wellDQW). In order to clarify the relative impor- nical assistance. We made use of a one-dimensional poisson-
tance of the diamagnetic shift and the DOS, we splitom  solver written by G. Snider. This project was financially
Eq. (9) into the two contributiong/g;, and ypos. The weaker  supported by the Swiss Science Foundation and AFOSR
the tunneling coupling between the left and the right side ofGrant No. F 49620-94-1-0158.
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