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Wave Function Spectroscopy in Quantum Wells with Tunable Electron Density
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We present a new approach to investigate quantum-mechanical probability density distributions of
electrons in a screened wide potential well, based on low-temperature magnetotransport measurements.
Differences of subband energy levels shifted by an inserted controlled potential perturbation are
measured and used to extract the difference of the squared amplitude of the respective wave functions
at the location of the potential spike. The position of the wave functions and the carrier density can
be tuned independently via front- and back-gate voltages. We find excellent agreement between the
measured data and self-consistently calculated wave functions. [S0031-9007(97)04818-7]

PACS numbers: 73.20.Dx, 73.50.Yg, 73.61.Ey

Spectroscopy of electron states in artificial model struc- In this paper, we demonstrate that differences of one-
tures is at the heart of quantum mechanics. Wave funcelectron probability density distributions of PBWs in the
tions of intentionally modified surface states have beemresence of electron screening can be probed by mag-
probed using the scanning tunneling microscope [1]. Imetotransport measurements. This paper is organized as
a different approach, the energy shift of quantized statefollows: After presenting the concept of wave function
due to an inserted, highly localized potential perturbatiorprobing, we briefly describe the measured samples and the
was measured. In this way, wave functions of electrongxperimental details. The method is then used to extract
confined in semiconductor quantum wells [2] and in sur-the difference of electron probability density distributions
face states of metals [3] have been investigated. of two occupied subbands in the PBW for different electron

Semiconductor quantum wells are generally realized irsheet densities. We proceed by comparing the experimen-
Al,Ga,_,As/GaAs heterostructures. Based upon the highal results with self-consistent band structure calculations,
degree of perfection achieved with molecular beam epiwhich are in excellent agreement. Finally, we discuss re-
taxy, it is possible to realize a large variety of conduc-strictions in the applicability of the presented method.
tion and valence band profiles in the growth direction of The concept introduced in Ref. [2] is straightforward:
semiconductor heterostructures. In particular, so-calleé potential perturbationVd(z — zp) at the positionzg
parabolic quantum wells (PBW) have attracted a lot ofwithin the PBW shifts the quantum-mechanical eigen-
attention because they can be used for unique experimerggates;(z) with energiesk; in first-order perturbation
inaccessible to other potential shapes. Once filled witliheory as
electrons via modulation doping [4,5], transport experi- . 2
ments confirm that the screened potential approximates a Ei = Ei + Vlhi(zo)l (1)
square well whose single particle energy levels can b#easuring the shifted energies on many samples with
probed [6]. different spike positiongy and comparing them to an

In contrast, spectroscopy of energy levels of a screenednperturbed sample, the probability density distribution
PBW is not possible with optical intersubband transmis{;(zo)|*> for different subbands was mapped out in
sion experiments, because the equidistant energy levels Bfef. [2]. In our samples, the spike position is fixed.
a bare parabolic potential are measured, as if there was rihe electron distribution itself can be displaced along the
electron-electron interaction [7,8]. This striking observa-growth direction with respect to the spike by applying
tion was explained by the generalized Kohn's theorem [9]electric fields across the parabola. Because of the unique
With a potential spike inserted into the PBW, the singleproperty of a parabolic potential that the curvature of
line of the collective intersubband transitions splits, whichthe potential remains unaffected by the superposition of
is explained in terms of resonant tunnel processes [10]. a linear electric field, the wave functions are merely

In order to probe probability densities with interband displaced, and the unaltered shape of the spatially shifted
optical transitions in Ref. [2], the conduction band aswave functions can be probed at one spike position in the
well as the valence band states had to be considered, asdme sample. Obviously, this statement remains valid in
the probability density distribution of electrons and holesthe presence of electron screening.
was assumed to be equal. Additional complications result Here we determine the single-particle energies of
from light-hole and heavy-hole transitions. the screened PBW by measuring Shubnikov—de Haas
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(SdH) oscillations of the longitudinal resistivity. The Here we concentrate on the case of two occupied sub-
frequencies of the SdH oscillations yield the electronbands. For the realization of our experimental idea, we
densitiesN; of the occupied subbands. Based on thehave displaced the electron distribution inside the well
energy independent density of statles= m*/7h*> of a by applying appropriate gate voltages, keeping the Hall
two-dimensional systemn(* = effective electron mass), density Ny, as obtained from the low-field Hall effect,
one obtains the difference of the Fermi energy to  constant.
the respective subband energy levél. In order to In Fig. 1, contour lines of constay in the Vig-Vi,
eliminateEr, which itself depends on the subband energyplane are shown for sample 2. SdH oscillations were
levels, one subtracts two subband densitiés,and N;.  measured for magnetic fields between 0 and 1.2 T for
Therefore, transport experiments measure differences @fach pair ofVy, and Vy,, along a line of constanvy
subband energies\; ;E' = E| — E| = %(N; — N;). (symbols in Fig. 1). The subband density, of the
According to Eq. (1), the influence of the potential spikeground state can be evaluated with best accuracy from
is then written asA, ;E' = A, ;E + VA;;|y|?, with Fo.urier transformation. The Qensiwl is determingd
Al = ghi(zo)I* — |ip(z0)I>. We obtainA, ;|¢|*> by ~ using Ny = Nu — No. The dlﬁergnce of proba_blhty
comparing energy differences of two samplesand »  density Aly|* := Ao, l¢|* in Eq. (2) is then proportional
with different spike strengthg, andV,: to differences ofNy, measured at the saméy on two
samples with different spikeg, andV,,

wh* No(Vy) — No(V,) 3)
m* Vo —Vp ’

The denominatorV, — V, is a well known growth Figure 2 presents measurementsNof at Ny = 2.4 X
parameter. With this approach we have developed 40" and3.9 X 10" m~2 for samples 1 to 4. Distinct
method to measure differences in probability densitiegninima in Ny are visible, which get more pronounced
of occupied conduction band sublevels, based on loor larger spike strengthe. The difference inN, for
temperature magnetotransport experiments.

We have grown a set of four different samples similar
to those described in Ref. [10]. In all of them, the PBW is
realized as a 760 A wide AGa _,As layer withx vary-
ing parabolically between 0 and 0.1 [11]. The well is em-
bedded in 200 A undoped MGa ;As spacer layers with

AijE' (V) — AijE' (V)
Al = SERO_SUEED () AlgP =2

200

symmetric remote Si doping on both sides. The back gate g

is a 250 A thickn " -doped layer located 1.3&m below 0 oF

the well, separated by 0.,am of low-temperature grown o
1200

GaAs [12]. A TiPtAu front-gate electrode was evaporated
on top of the structure. The two gates allow independent
tuning of the carrier density and the position of the electron
distribution inside the well. The experiments were done
in standard Hall-bar geometries.

In sample 1, the unperturbed parabolic potential is
realized. In each of the samples 2 to 4, a three-
monolayer thick AlGa, —,As potential spike was inserted
in the center of the PBW, withk = 0.05, 0.1, and 0.15, -200
respectively. The spikes are described B$(z — zo),
whereV denotes the potential height times the width of e
the spike. With a spike width of 8.5 A and a potential -2000 0 2000
height ofx X 790 meV, we have/ = x X 6720 AmeV. Vie (@V)

These potential perturbations are weak enough to be

SN Eat. ; — FIG. 1. Lower part: Measured contours of constant Hall
treated in first-order perturbation theory for= 0.15. density Ny for sample 2. The dots correspond to front- and

I\?{Iagnélet(_)tra'msport'measurements were carried out in B'ack-gate voltages/;, andV,,, as applied in the experiment.
He*/He® dilution refrigerator at about 100 mK. The elec- ypper left part: Calculated wave function and #;, the
tron density can be varied between 1 &ng 10> m~2by  corresponding subband energies (straight lines), the Fermi
applying voltages’r, andV,, between the electron gas and energy (dashed lines) and the screened potentiaNat=
the front- and back-gate electrodes, respectively. Typical % 107 m~ for a symmetric situation (A) and with the

e . wave functions shifted to the left (B). In the upper right part,
electron mobilities are about 15%fV's, as obtained from oo ¢ e magnetoresistivitips, and Hall resistivitiesp,, are

the resistance at zero magnetic field. SdH-oscillations cagisplayed for the two sets of gate voltages (A) and (B), with
typically be observed above 0.2 T. same Hall densities but displaced electron distributions.

- 15 -2
N,=4.410%m

v, mV)
=

_ 15, 2
N~ 1.910°m
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a function ofVy,. This displacement is obtained experi-

mentally, analyzing the measured lines of conspégtin

the Vi,-Vy, plane (Fig. 1) with a two-capacitor model.

The model regards the capaci€f, between the front-

gate electrode and the upper edge of the electron gas as

being connected in series with the capadity, between

the lower edge of the electron gas and the back-gate elec-

trode. In this way, the distance between the front-gate

electrode and the upper edge of the electron gas can be

calculated [13] and thus gives the desikd(V,). The

result forNg = 3.9 X 10 m~2 is shown in Fig. 4 (tri-

angles). As expected, we find an approximately linear

relationshipAz (V).

FIG. 2. Measured subband densi®y, as functions ofVr, Figure 4(b) shows self-consistently calculatAdky|?

for Ny = 2.4 X 10° and3.9 X 10" m™ and for samples 1 for a PBW without a potential perturbation for two

to 4 (spikes with Al contentx = 0.0, 0.05, 0.10, and 0.15, gifferent gate voltages. Similar to the experiment, the

respectively, from top to bottom). The minima M, are due . .

to the potential spike. The difference of two curves at equaFOtal carrier density was kept gonstant whien a’_’?‘ Vg

sheet density is directly proportional mlﬂlz were varied. In order to ObtalﬁZ(Vfg), the position of
maximum A||> was traced as a function Oft,. The
obtained slope ofAz(Vy,) agrees with the experimental

two samples with different spikes is smaller at higherdata to within25% (solid line in Fig. 4).

densities. This is due to the fact that the width of the From both experiment and calculations, we find a larger

wave functions increases with density leading to a I’educedisplacement per front-gate voltage at higher electron

amplitude of the wave functions at the spike positions. densities. This is explained by the larger extent of

According to Eq. (3), the measured data’af shown  the electron distribution screening the parabolic potential

in Fig. 2 can be used directly to pldi||* as a function closer to the front-gate electrode. Thus the applied
of the gate voltages. For this purpose, the data in Fig. 2

was interpolated in order to subtract subband densities of
different samples. The central result is shown in Fig. 3,
where all combinations of data from samples 2, 3, and 4
are shown (symbols) for two different Hall densities.

In order to obtain the spatial dependence of the mea-
suredA||?, it is necessary to know the relative displace-
ment, Az, of the electron distribution at constaN; as

N, (10"m™)

Az (R) Az (&) °§ . Ay
100 0 -100 200 100 0 -100  -200 —
=1 T T T T < (@) ~
'.‘E N )
=) fo el | :
e /iNo)
T oF oA fg e gas bg
< 15 -2 152 05 -200 = I |
2F Ny=2.410"m - Ng=3910m"~ o -200 -100 0
| L | 1 | 1 | | 1 I
400 -200 0 200 -100 0 100 Vi, (mV)

V (mV) Vi (mV) . . , .

FIG. 4. Relative electron displacemeht as obtained experi-
FIG. 3. Measured (symbols) and calculated (solid lines) dif-mentally (triangles) and from self-consistent calculations (solid
ferences of probability density distributiors|ys|*> of the two  line) for Ny = 3.9 X 10" m™2. For the experimental determi-
lowest subbands foNy = 2.4 X 10 m™2 and Ny = 3.9 X nation of Az, a two-capacitor model was applied to measured
10" m™2. The data are obtained by subtracting interpolatedraces of constan¥y in the Vi,-Vy, plane (Fig. 1). The model
values ofN, from Fig. 2. Triangles correspond to differences regards two capacitieSy, andC,, connected in series (a). The
from samples withx = 0.10 andx = 0.15, circles from those change of the charge on the front-gate electrode (fg) is assumed
with x = 0.05 and x = 0.10, and squares toc = 0.05 and to be compensated by the change of the charge on the back-
x = 0.15. The error bars correspond to an estimated error ofyate electrode (bg) while displacing the electron distribution at
2 X 10" m~'. The front-gate voltage¥;, are linearly trans- constantVy. The inset (b) shows self-consistently calculated
formed to positionsAz (upperx axis) according to the experi- Aly|?> at Ng = 3.9 X 10 m~2 for two different sets of gate
mentally obtained data (Fig. 4). voltages.

5108



VOLUME 79, NUMBER 25 PHYSICAL REVIEW LETTERS 22 BCEMBER 1997

voltage drops in a smaller region, and the electric fieldhe centerA|y|*> remains mainly unaffected. From the
causing the displacement is increased. self-consistent calculations we estimate the correspond-
With the obtainedAz(Vi,), we map the measured ing error in Aly]? to be less tharD.5 x 10’ m~! for
Aly|* as a function of spatial coordinate and compareAz = =150 A andNy = 3.9 X 10" m~2. Thus the as-
them to the calculated data. The upper axis of Fig. 3 indisumption of a pure displacement of wave functions is rea-
catesAz as obtained from the experiment. The solid linesonable for the investigated rangef .
corresponds to the calculatex|>. The data provides In conclusion, we presented a method to probe locally
clear evidence that differences of single-particle probadifferences of one-electron probability densities of elec-
bility densities are measured. With increasing electrorirons in a screened potential well. This has been done in
density, the screening of the parabola is increased and tleetransport experiment at different electron sheet densities.
wave functions spread out. Simultaneously, the amplitudélthough, in principle, the method can be applied to any
of the wave functions is reduced due to their normalizakind of potential well using a large number of samples,
tion. Both features are observed in the presented daia the special case of a PBW, the spatial distribution of
(Fig. 3) and are solely due to electron screening of therobability density differences can be mapped out with
parabolic potential. only two samples. We have demonstrated that in PBWSs,
The introduced method is based upon the validity ofthe spatial distribution can be scanned by displacing the
first-order perturbation theory. Calculations show thatwave functions without changing their shape. Our ex-
in our samples with a three-monolayer thick potentialperimental results are in excellent agreement with self-
spike, the second-order contribution is at least 5 timesonsistent subband calculations.
smaller than the first order, even for the spike with We gratefully acknowledge fruitful discussions with
x = 0.15. Experimentally, the accuracy is mainly limited W. Zwerger, T. Heinzel, and T. Ihn. The self-consistent
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effects. These are found to be small because the lowGrant No. F-49620-94-1-0158.
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