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Intersubband magnetophonon resonances in quantum cascade structures
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We have studied magnetotransport in GaAs/GaAlAs quantum cascade structures. These systems initially
designed for intersubband laser emission are peculiar double barrier resonant tunneling structures. Under
strong magnetic field applied parallel to the vertical current, we have observed marked quantum oscillations in
the magnetoresistance that have field positions independent of the applied bias. These oscillations are explained
as intersubband magnetophonon resonance due to electron relaxation by emission of optical phonons.
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Ever since the pioneering work by Firsovet al.1 the mag-
netophonon effect has been regarded as an important too
investigation of the electron-optical-phonon interaction
semiconductor systems, particularly in confined structu
In a two-dimensional~2D! electron gas under a perpendic
lar magnetic field, the effect is observed for in-plane tra
port (IW'BW ) of electrons distributed at thermal equilibrium2

Quantization of the carrier motion into discrete Landau le
els ~LLs! of energies (N11/2)\vC , wherevC5eB/m* is
the cyclotron frequency, gives rise to quantum oscillatio
due to resonantabsorption of longitudinal-optical ~LO!
phonons that are thermally excited. The magnetopho
resonance~MPR! condition readsN\vC5\vLO , whereN
is an integer. The resonant magnetic fieldsBN are given by
the equation

BN5
1

N

m*

e
vLO .

Another situation is met in a quantum well~QW! when
the electron distribution between two subbands is stron
out of equilibrium, and the intersubband energy exceeds
LO-phonon energy,E22E1.\vLO . At high magnetic
fields, the energy relaxation into the lower subband ta
place in a zero-dimensional system with discrete LLs den
of states. The relaxation is inhibited each time energy
momentum conservation forbids transitions mediated b
single phonon.3–5 In contrast, the relaxation is enhance
whenemissionof a single LO-phonon allows an electron
relax from the upper subband ground LLE2,0 into one of the
LLs E1,N of the lower subband. This process describes
intersubband MPR resonance given by the equation,E2,0
2E1,N5\vLO . The resonant magnetic fields are expres
by the equation,

BN5
1

N

m*

e S E2,02E1,0

\
2vLOD . ~1!

In this paper we report on the observation of the inters
band MPR in the magnetotunneling current (IWiBW ) in GaAs/
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GaAlAs quantum cascade lasers~QCL!, a device initially
designed for mid-infrared emission.6,7 These systems are
peculiar type of unipolar double barrier resonant tunnel
structures~DBRTS!.

So far, observation of the intersubband MPR effect h
been reported in a bipolar process occurring in the electr
minescence of a GaAs/GaAlAs DBRTS inserted in ap-i -n
junction.8 The MPR effect appeared as magneto-oscillatio
in the luminescence intensity arising from the recombinat
of electrons and holes in the confined states of the cen
QW. However, MPR oscillations were not observed clea
in the current across thep-i -n junction.

In standard DBRTS what is usually observed in vertic
transport (I iB) is ~quasi-!elastic or inelastic LO-phonon as
sisted resonant tunneling across the emitter barrier into
central QW. Typically, in the case of a~quasi!2D emitter
biased at a fixed biasV, transitions into the LLs in the well-
give current peaks series moving up in magnetic field po
tion as the DBRTS bias is increased.9,10 In a simple model,
the resonance fields depend upon the biasV as

BN~V!5
1

N

m*

e S E0
in j1eV2E1,0

\
2avLOD , ~2!

whereE0
in j is the emitter level at zero bias,a50 for ~quasi-

!elastic transitions anda51 for transitions with LO-phonon
emission. In addition, inter-LL-tunneling with the emissio
of two LO phonons (a52) have been observed in a GaA
AlAs superlattice.11 By contrast, the MPR peaks positions d
not depend on the bias, being only related to the central Q
states. A possible reason for not observing the effect pr
ously in standard DBRTS systems is because the elect
injected into the upper subband can too easily escape f
the central well.

Figure 1 shows schematically the measured DBRTS st
ture with a central region including a three-coupled-QW d
veloping three subbands. The intersubband MPR transit
betweenE1 andE2 subbands are indicated by wavy arrow
The structure includes superlattice emitter-collector regi
©2002 The American Physical Society17-1
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that are designed as Bragg reflectors to prevent electron
escape from the upper subbandE2 of the central QW, while
allowing their rapid extraction from the lower subbandE0.
Another feature of this system is the energy difference
tween the two lower subbands that matches the LO-pho
energy in order to ensure a rapid extraction of electrons
the collector. Therefore, when the structure is biased to in
electrons into the upper subband, the net result is the in
sion of population betweenE1 andE2 subbands. In this situ
ation, the current across the DBRTS becomes controlled
the intersubband relaxation rate since both injection and
lection tunneling rates across the barriers are much fa
processes. The current then simply readsI 5en/t2, wheren
is the electron population andt2 the upper subband lifetime
This expression predicts that when the current is set cons
the central well populationn must follow the change of the
relaxation time with the magnetic field. Then, a peak in
relaxation ratet2

21, which occurs at intersubband MP
cause a dip in the central well population. The dip store
positive charge in the central well while a negative charg
stored in the adjacent collector. The stored charges induc
electric field opposite to the bias field and therefore, prod
a series of voltage minima as the magnetic field is swe
Notice that the cascade structure provides a gain on the
voltage amplitude equal to the number of cascades. On
other hand, when the voltage is set constant the MPR pe
are displayed not by minima but by maxima because
opening of the MPR channels drives more current across
structure.

We measured two sets of GaAs/GaAlAs QCL samp
emitting at 11.4 and 9.2mm wavelength which are describe
in details in references.12–14 Since both structures give sim
lar results, we report the data obtained on the 11.4m m
structure. This sample based on GaAs/Al0.33Ga0.67As hetero-
structure includes 40 periods betweenn1 doped GaAs
ohmic contact layers. The active regions are undoped

FIG. 1. Conduction band-diagram representing a one perio
the laser active region consisting of a double barrier structure.
horizontal arrows symbolize the flow of electrons that are re
nantly injected under bias into the central well upper subbandE2.
The intersubband magnetophonon resonance is sketched by
lines pointing scattering with LO-phonon emission from the grou
Landau level of the upper subbandE2,0 into the excited Landau
level E1,N of the lower subband. TheE0 subband is set to accelera
the extraction of electrons toward the collector.
12531
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consist of 5.6 nm AlGaAs emitter barrier, three coupl
GaAs QWs~1.9 nm, 5.8 nm, 4.9 nm width! and 2.8 nm
AlGaAs collector barrier. The emitter-collectors aren doped
in their central part to obtain under high biases a stable u
form electric field distribution along the entire structure ele
trically neutral. The structures were processed into me
etched bars, 20mm wide and 1 mm long. The intersubban
energies were accurately determined at 4.2 K from spec
luminescence measurements,E22E15111 meV and E2

2E05148 meV.
Magnetotransport measurements were performed usin

pulsed magnet delivering up to 62 T with total pulse durat
of 120 ms.15 All data were obtained at 4.2 K under consta
current bias in a wide range from 40 to 600 mA and in t

longitudinal configurationIWiBW . Short current pulses of 2ms
length and 200ms repetition time were used in order t
avoid heating effects.

We need to identify the bias range where the electrons
effectively injected into the upper subband. Figure 2 displa
in the insert theI (V) curve measured at 4.2 K and ze
magnetic field. A plateau-like region at about 2 V consists
multiple small negative differential segments, the number
jumps is close to the number of periods of the QCL. Suc
structure is caused by sequential alignment of Q
periods.16 The upper edge of the plateau corresponds to
situation when the 2D-emitter andE1 states become aligne
over all the structure. Above the plateau, the current start
flow through the upper subbandE2 and reaches the lase
threshold at the bias of 6.5 V.

Figure 2 shows the voltage directly measured across
structure as a function of magnetic field for two current
ases at 42 mA~4.6 V! and 602 mA~5.7 V!. A complex
spectrum of oscillations is observed in both curves in
entire field range. A more detailed investigation of the osc
lations pattern is obtained by plotting the second derivat
2d2V/dB2. Figure 3~b! presents the results for current b
ases set respectively, at 42, 50, 100, 314, and 602 mA.
remarkable result is that most of the peaks do not shift
magnetic field position, although the zero-field voltage b

of
e
-

vy
d

FIG. 2. Voltage across the entire device as a function of m
netic field for two different currents~42 mA and 602 mA! and at 4.2
K. The insert shows the current-voltage curve of the structure
zero magnetic field. The gray area displays the bias range of
magnetotransport measurements.
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is raised by 25%. On the other hand, in the same bias ra
a few peaks do shift to higher magnetic fields.

We now analyze the main set of oscillations independ
on bias. Figure 3~a! displays a plot of integers versus reci
rocal of resonance fields pointed as voltage minima. The
series that appear fulfill the intersubband MPR equation~1!.
In particular, this model identifies the respective minima
(49.860.3)T and (36.860.3)T as resonant relaxation from
E2,0 into E1,1 and E0,2 LLs. For these values of fields, th
cyclotron mass ratios given by Eq.~1! are respectively,
(0.078060.0005) and (0.076960.0006).

FIG. 3. ~a! Fan chart of integersN versusB21 for the current
I 5602 mA. Voltage minima are distributed over two series w
fundamental fields'50 T ~circles! and'74 T ~squares!. ~b! Sec-
ond derivative of the voltage across the device as a function of
applied magnetic field, at different current bias, respectively fr
top to bottom, 42, 50, 100, 314, and 602 mA. Most of the osci
tions peaks do not shift in magnetic field position as the bias
raised. Vertical lines indicate the series with the fundamental fi
'50 T. The asterisks and crosses point the field positions of ine
tic LO-phonon assisted tunneling and elastic tunneling. These p
are not reported in Fig. 3~a!. ~c! LO-phonon emission rate calcu
lated as a function of applied magnetic field (B.10 T) for transi-
tions from the ground Landau level of the upper subbandE2,0 into
the two sets of Landau ladders of lower subbands. Vertical li
correspond to the transitions intoE1,N . The circles mark the peak
due to acoustic phonons.
12531
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To our knowledge there has been no cyclotron resona
measurements of effective masses in GaAs~neither 2D nor
bulk! in the range 22–70 T~see, for example, Ref. 17, 18 an
reference therein!, probably due to the lack of convenien
excitation sources. It is thus instructive to compare our
sults with theoretical calculations. Nonparabolicity effects
a QW in a perpendicular magnetic field have been treate
Ref. 19. We used the approximate analytic expression for
LLs:

Es,n~B!5Es1~N11/2!
\eB

mi
2

1

8
@~8N218N11!a8

1~N218N11!b8#F\eB

mb
G2

, ~3!

where N50,1,2, . . . is Landau level index,Es is the sub-
band energy,mi50.069m0 is the mass ratio parallel to th
layers, mb50.0665m0 is the bulk GaAs mass,a8
50.642 eV21 and b850.697 eV21. This model predicts
that the cyclotron mass measured at resonance field of 49
should be equal to 0.0795m0. The good agreement with ou
experimental result (0.078060.0005)m0 indicates that po-
laron effects not included in the model are small at such h
magnetic fields.

It is of interest to notice that confined phonon modes
the QW do not appear as MPR series. The situation can
completely different in heterostructures with larger dielect
constant difference as AlAs/GaAs.

We briefly analyze the series in Fig. 3~b! which shift with
the bias. Equation~2! suggests to plot peak energies per p
riod ~eV/40! versus resonant magnetic fields. One finds
quasilinear dependence. The peaks denoted by asterisks
slopes equal to 1.60 and 3.50 meV/T while the peaks poin
by crosses has a slope of 3.3 meV/T. The former peaks
identified as LO-phonon assisted tunneling intoN52 and
N51 LLs of the QW subband. The latter peaks are int
preted as elastic tunneling transition into theN52 LL of the
E0 QW ground subband.

We finally develop a calculation of the phonons emiss
rate by electrons in the upper subband ground LLE2.0. In
addition to LO-phonon, we also include acoustic phono
emission in order to estimate the contribution of this qua
elastic intersubband process. The relaxation rate is expre
by the relation

tm,i
215

2p

\ (
j
E dQW

~2p!3
d@D2\vm~Q!#@11nm j~QW !#

3uMm, j~QW !Zi~qz!u2R0N~q!, ~4!

where index m stands for optical~LO! or acoustic ~A!

phonons,nm j (QW ) is the phonon distribution function,QW

5(qW ,qz) is the three-dimensional vector,j labels the phonon
mode,vLO(Q)5vLO andvA(Q)5sQ. Mm j (QW ) are the ma-
trix elements of electron-phonon interaction.3,20 For the
acoustic phonons we took into account both deformation
tential and piezoelectric couplings. The form factorsZ(qz)
andR0N(q) are given by the expressions
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Zi~qz!5E dzeiqzzx3~z!x i~z!,

R0N~q!5
1

N!

~qlc!
2N

2N
e2(qlc)2/2. ~5!

To take into account the disorder effect, we introduce
broadening of Landau levels in a Lorentz form with width
2 meV and average the relaxation rate over Landau le
distribution.

Figure 3~c! plots the electron relaxation rate from theE2
subband into theN5125 LLs of the lowerE1 andE0 sub-
bands due to emission of both optical and acoustic phon
The plot as a function of magnetic field displays the acou
series mostly in coincidence with optics peaks except at 3
T and 20.4 T where weak peaks are visible. The acou
emission process involves a single phonon of energy
than 1 meV having a wave numberq, l c

21 as indicated by
the form factor in Eq.~5!. In total, the model predicts the
overall observed resonance magnetic field positions v
well. For example, the optical-phonon emission series ag
within 1%(3%) with the data for the series related to th
MPR relaxation into theE1(E0) subband LLs excited states
r

y

e

d

s

N
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We believe the acoustic phonons is at the origin of the we
peaks found in the two measured laser structures.

We finally mention that very recently we obtained anoth
direct signature of the intersubband MPR by measuring
QCL light emission when the device is biased above the la
threshold. At MPR fields, the laser switches off because
the resonant drop of the upper subband population. A
tailed analysis of the optical results will be reported
Ref. 21.

In summary, we report a direct evidence of intersubba
magnetophonon resonance obtained measuring the ma
toresistance of a double barrier-like structure implemented
a GaAs/GaAlAs quantum cascade laser structure. The ef
is manifested as series of magnetoresistance oscilla
minima with field positions independent on applied bias. T
intersubband MPR provides another spectroscopic tool to
vestigate the electron-phonon coupling in semiconductor h
erostructures.
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