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Strong Effect of Resonant Impurities on Landau-Level Quantization
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We investigate experimentally the effect of a random distribution of nitrogen (N) impurities on the
Landau-level spectrum of a GaAs quantum well. Our magnetotunneling study reveals complex and
nonequally spaced Landau levels and a quenching of the Landau states at a well-defined bias and electron
energy which is resonant with that of the N atoms. Analysis of the magnetic field dependence of the tunnel
current into the Landau levels of the well also provides quantitative information about the nonresonant

component of the N-related scattering potential.
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The Landau-level quantization of the electronic states of
semiconductors by a strong magnetic field has provided the
condensed matter physicist with a powerful means of prob-
ing fundamental quantum phenomena [1], such as the
integer quantum Hall effect [2]. The effect of disorder on
the Landau levels (LLs) has played a key role in under-
standing this and other phenomena. Work has focused on
different types of disorder potential [3—6] and particularly
that caused by a random distribution of nonresonant scat-
tering centers. In this case, the disorder lifts the degeneracy
of each LL to form a broad energy band containing local-
ized and extended electronic states. However, recent devel-
opments have made it possible to realize epitaxial
structures in which the energy of the localized states asso-
ciated with the scattering centers is resonant with extended
continuum states [7,8]. These systems include mismatched
III-V semiconductor alloys doped with highly electroneg-
ative N impurities which have an energy level, Ey, in
resonance with the conduction band states of the host
lattice [9]. The effect of this type of scatterer on Landau-
level quantization is still largely unexplored.

Here we investigate the quantized LL states in a GaAs
quantum well (QW) containing a small concentration (1
part per 1000) of randomly distributed N impurities. Our
tunneling spectroscopy measurements reveal the presence
of nonequally spaced LLs and a quenching of the Landau
states at energies close to Ey. In addition, our analysis of
the measured magnetic field dependence of the tunnel
current into the lower energy LL states of the QW allows
us to quantify the strength and spatial extent of the non-
resonant component of the N-related scattering potential.
Our results are of general interest as the magnetotunneling
technique could be used to probe other types of disordered
potential. They are also relevant to novel devices based on
III-N-V alloys that have potential for long-wavelength
telecommunications [10,11] and high-frequency elec-
tronics [12].

For our study, we use GaAs/Alj,GaycAs/Ga(AsN)
resonant tunneling diodes grown by molecular beam epi-
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taxy on (001)-oriented Si-doped GaAs substrates. The
sample that we examine in detail here contains an 8 nm
wide Ga(AsN) QW layer with N ~ 0.1% embedded be-
tween two 6 nm wide Alj4GaggAs tunnel barriers; un-
doped GaAs spacer layers of width 50 nm separate the
Al 4Gay g As barriers from the Si-doped GaAs layers [13].
The samples were processed into mesas with a diameter of
100 pm and with a ring-shaped metallic top contact layer
to provide optical access for current-voltage, I-V, mea-
surements under illumination. Throughout this Letter,
positive bias corresponds to the top Si-doped capping layer
biased positively.

By tuning the voltage between the top and bottom Si-
doped GaAs layers, the energy of a quantized subband of
the QW can be aligned with that of the occupied states in
the emitter layer [Fig. 1(a)]. This gives rise to resonant
tunneling of electrons and to a series of peaks in /-V. In a

FIG. 1. (a) Schematic band diagram of our resonant tunneling
diode. (b) I-V at T = 4.2 K and various B,; B, is increased from
0 to 23 T in steps of 0.5 T. (¢) Differential conductance, G(V),
plots for B, = 0,8, 16 T. For clarity, the curves are displaced
along the vertical axis. The sample was illuminated with laser
light of wavelength A =633 nm at a power density
<0.01 W/cm?.
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previous paper [13], we showed that by applying a mag-
netic field, B,,, parallel to the QW plane, xy, an electron
can be tuned to tunnel into a state of in-plane wave vector,
k, of the QW subband; by tuning the electron energy, &,
with the applied bias, this experiment mapped out the
energy dispersion curves, g(k), of the lowest energy sub-
bands, E,_, E,_ and Ej,; of the QW [Fig. 2(a)]. These
subbands arise from the hybridization of the unperturbed
QW subbands, E and E, of the GaAs host matrix with the
localized N-resonant state. Around k = 0, subbands E_,
E| _ exhibit a dominant bandlike character, while E,, has a
significant impurity-N-like nature [13]. For this configura-
tion of magnetic field, LL quantization of the QW sub-
bands does not occur since the quantum confinement
provided by the two tunnel barriers is dominant.

We now focus on the configuration in which the mag-
netic field is applied along z or tilted by an angle 6 relative
to z. For 6 = 0°, the magnetic field, B,, quantizes the
electron motion in the QW plane into LLs. In the absence
of scattering, electrons should tunnel from the emitter into
the QW with conservation of the LL index, n [14]; this
corresponds to conservation of the in-plane wave vector for
the case B, = 0. By tilting the magnetic field axis relative
to z, it is possible to switch on otherwise ‘“forbidden”
quantum transitions, which involve a change in n [15,16].

Figure 1(b) shows the I-V characteristics at T = 4.2 K
at different B,. At B, = 0 T, the /-V curve shows resonant
features Ey—, E;- and E,.. A strong enhancement and
narrowing of the resonances is observed as B, is increased
above about 5 T. For B, > 5 T, the I-V are also modulated
by additional features, which are more clearly revealed in
the plots of the differential conductance, G(V) = dI/dV
[Fig. 1(c)]. To track the voltage position and amplitude of
the resonances with increasing B,, in Fig. 2(b) we show a
gray-scale plot of the intensity of G versus B, and V. In this
plot, the white stripelike regions correspond to the minima
of G just beyond the resonant peak in I-V. The stripes
provide a clear, sharp marker of the resonances since the
current falls abruptly when the bias is increased beyond the
peak of the current [13].

The enhancement and sharpening of the resonances with
increasing B, is a “density-of-states’ effect caused by the

discrete nature and high degeneracy of the LLs. Our data
also reveal a LL splitting pattern, which is relatively simple
in the low bias region around the E,_ resonance. Reso-
nance E,_ splits into two distinct features, which shift
linearly with increasing B,. We attribute these to tunneling
transitions involving elastic or quasielastic scattering from
the lowest (n = 0) LL in the emitter layer into the first two
LLs of the E,_ subband. In Fig. 2(b) we label these two
resonances with the LL index change, An = 0 and 1. Note
that the An = 1 feature, which would be forbidden in the
absence of scattering, is weaker than that with An = 0, but
is nevertheless clearly discernible over a wide range of B,.
The dependence on B, of the higher bias (V > 0.6 V)
resonances is instead more complicated and strongly non-
linear. However, at B, (>10 T), a fanlike series of features
emerges in the gray-scale plots, with the voltage positions
shifting steadily upward with increasing B,.

Both the intensities and voltage positions of all the
resonances in /-V are modified by tilting the magnetic
field, By, at an angle 6 to the z direction [Figs. 2(c) and
2(d)]. Tilting the field decreases the intensity of the fea-
tures with weak magnetic field dependence (corresponding
to no change in n) relative to those with a strong magnetic
field shift. Note that the An = 0 resonance of E,_ de-
creases in amplitude, while the An = 1 resonance is en-
hanced, together with a new feature due to electron
tunneling into a LL with n = 2 [Fig. 2(d)].

These data reveal a complicated LL fan diagram and an
unusual quenching of the LL features at a well-defined
bias, which corresponds to an electron tunneling close to
the energy, Ey, of the N level [see horizontal arrow in
Figs. 2(a) and 2(d)]. As discussed below, this information
combined with the measured intensity of the transitions at
different B, provides us with a means of probing the
N-related scattering potential.

We model our magnetotunneling experiment using a
sequential tunneling analysis illustrated schematically in
Fig. 3(a). We divide the system into three subsystems: a
two-dimensional (2D) emitter, a QW, and a 3D collector.
The tunneling from the QW to the 3D collector is assumed
to be a nonresonant process so that the observed resonant
features in /-V arise entirely from tunneling transitions

FIG. 2. (a) Energy dispersion relations,
g(k), for a Ga(AsN) QW as derived from
magnetotunneling  experiments  with
magnetic field,By, parallel to the QW
plane (@ =90°). The inset shows the
definition of 6. (b)—(d) Gray-scale plots
of the differential conductance, G, vs V
and By,. (b) 6=0° (c) 6 =19°
(d) 6 =34°.
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from the 2D emitter into the QW. Each subsystem is de-
scribed by a Hamiltonian that includes the effect of both
components of By, namely, the LL quantization arising
from B, and the symmetry breaking effect of B,,. For the
QW states, we use a band anticrossing model that considers
the hybridization of the GaAs I'-conduction QW subband
states with the localized N-resonant level [8,9].

We consider first the purely “ballistic’” component of
the electron tunnel current in which electrons tunnel from
the emitter into the QW with no scattering. The tunnel cur-
rent, Iy, is proportional to the product of the squares of the
moduli of the Bardeen transfer matrix element [17] and the
in-plane tunneling matrix element, M, between the emit-
ter and QW states, i.e., My = (¢} | @7’ ), where |¢;”) and
| 37 ) are the wave functions for electrons in the emitter and
QW layers, respectively. Scattering of tunneling electrons
by the disorder introduces an additional contribution, I,
given by the modulus squared of the matrix element, M; =
(@ |Ul@?”), where U is the scattering potential seen by
the electrons as they tunnel in the QW. In our calculation
Ur) = U, zf’:l e IrriP/& where d and U, represent, re-
spectively, the characteristic length scale and strength of
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FIG. 3 (color online). (a) Schematic diagram describing the
sequential tunneling model. (b) Dependence on B,,, at constant
B, = 12 T, of the amplitude of the resonant features An = 0 and
1 in the dG/dV plots. The dots are the experimental data. The
lines are the calculated curves for the case of ballistic
tunneling (dotted line), short-range delta-function-like
scatterers (dashed line), and finite range scatterers with d =
8 nm and o = 107'® m? (solid line). (c) Color plot and asso-
ciated contours versus d and o of the quantity R = ) ;R;, where
R; is the difference between a data point (i) and the calculated
curve shown in part (b). The analysis of the experimental data is
based on two fitting parameters o and d. By using the indepen-
dently determined value of o = 107'® m? (see vertical dashed
line), the best fit to the measured data is obtained with d =
(8 = 2) nm (see horizontal dashed line).

the scattering potential. The sum is taken over a randomly
distributed set of P points located at r; in the xy plane.

Our model indicates that the tunnel current depends
sensitively on the parameters P, d and U,. At B,, =0,
the intensity ratio between the An = 0 and 1 transitions
can be expressed as In,—;/Ir,—o = o /(72 + o), where
I, = (h/eB,)"/? is the magnetic length and o =
0.5pm?*h~*£2U3m>d**>. Here m is the electron effective
mass in AlAs, ¢ is the thickness of the tunnel barrier, £ is
the penetration length into the barrier of the wave-function
of electrons in the emitter (¢ = 1 nm) and p = P/S,
where S is the mesa area. By fitting to our measured value
of In,—1/Ian— at B, = 12 T, we obtain o = 107!® m?.
We can now incorporate this value of ¢ into our analysis of
the tilted field data.

Figure 3(b) compares our measured plots of the intensity
of the An = 0 and 1 LL features in the dG/dV plots as a
function of B, and constant B, = 12 T with the calculated
dependences derived from our model assuming different
forms of the scattering potential. In this configuration of
magnetic field, the effect of the B,, component is to pro-
vide the tunneling electron with an additional in-plane
component of wave vector, kg, which breaks the orthogo-
nality of the initial and final LL states with different values
of n [15,16]. In the absence of scattering, the calculated
curves [see dotted lines in each box of Fig. 3(b)] have the
form expected for the wave-function probability density in
k space of the electron in the n = 0 and n = 1 LLs since
the tunneling matrix element, M,, can be expressed in
terms of the Fourier transforms gozsz)(k), of the real space

LL wave functions of the emitter and QW, i.e., My =
[ oo (k — kg)@y (k)dk. Here, kg = eB,,s/his the k vec-
tor gained by an electron tunneling across the barrier into
the QW and s is the effective tunneling distance from the
emitter to the center of the well. The calculated curves de-
scribe qualitatively our measured data. However, note that
the measured intensity of the An =1 LL feature at B,, = 0
is nonzero. This identifies the presence of a scattering-
related contribution to the measured tunneling current.
We can determine the nature of the scattering potential
by noting that the precise form of the B,, dependence of
the An = 0 and 1 LL transitions is very sensitive to d. As
can be seen in Fig. 3(b) (see dashed lines), for a random
distribution of short-range delta-function-like scatterers,
the calculated amplitude of the tunnel transitions remains
large even at high B,, (>5 T), which is not consistent with
our data. To determine d, we use the procedure shown in
Fig. 3(c). Here the color plot and associated contours in the
d-o parameter space quantify the fit between our model
and the data points in Fig. 3(b). Using the value of o =
10~ '® m? deduced from the independent measurement of
Inn=1/Ipn=0 at B, = 12 T, we obtain d = (8 = 2) nm [see
lines in Fig. 3(b)]. This value of d is considerably larger
than the calculated radius of the highly localized and reso-
nant eigenfunction associated with the N atoms (~1 nm)

236802-3



PRL 96, 236802 (2006) PHYSICAL

REVIEW LETTERS

week ending
16 JUNE 2006

1.8

(a)

—

i
f/
i

i
7

1.7

e(eV)

1.6

FIG. 4. (a) Calculated gray-scale plots of current / vs energy &
and B, (6 = 0°). (b) Calculated dependence of the LL energy ¢
on B,. The energy is plotted relative to the valence band of GaAs
atT =42 K.

[18]. However, it is consistent with the length scale ex-
pected for local fluctuations in the N content at low N con-
centrations (~0.1%) [19]. This result can be understood by
noting that the energy of the electrons which resonantly
tunnel into the first two LLs of the £, QW subband are
well below the resonant energy associated with the indi-
vidual N atoms in GaAs. Hence the Fourier component
U(k) of the scattering potential, which determines the
scattering-induced current should correspond to relatively
small wave vectors, considerably smaller than those arising
from the highly localized part of the N-impurity potential.
The amplitude of the scattering potential, U, is estimated
by using the expression for o with values of d and o
derived from our analysis and assuming that Prrd> < .
This gives Uy = 120 meV, which indicates a strong per-
turbation in the potential of the well due to the randomly
distributed and highly electronegative N atoms [19].

We now consider the complex series of LL features
corresponding to energies closer to that of the N level.
Our calculated gray-scale plot in Fig. 4(a) indicates that the
N atoms act to resonantly quench the LLs at a well-defined
energy, Ey, where admixing and hybridization of extended
and localized states occurs, thus resulting in a strong
suppression of the I'-like character of the states [9]. This
is in qualitative agreement with the measured gray-scale
plot of Fig. 2(b). Also, note that the calculated energy of
the LLs have a strongly nonlinear dependence on B, [see
Fig. 4(b)]. This is caused by the unusual form of the (k)
dispersions and corresponding strong dependence of the
electron cyclotron effective mass upon energy and hence
upon B,. Although our calculated LL spectrum does not
replicate the measured LL splitting, there are qualitative
similarities to the measured plot: the LLs maintain a linear
dependence on B, over an extended range of energies and
deviate from it only at energies close to Ey; also the

apparent forking of the LLs for V>0.7 V and B, ~
10 T in Fig. 2(b) resembles the form of the calculated LL
splitting above Ey.

In conclusion, our magnetotunneling experiment in a
GaAs quantum well incorporating N scatterers shows that
the LL levels are admixed and are quenched at energies
close to the resonance state of the individual N impurities.
For the energy range below the N level, we demonstrate
that our analysis of the magnetic field dependence of the
tunnel current provides quantitative information about the
length scale and amplitude of the nonresonant component
of the N-related scattering potential.
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