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The theory of inelastic electron resonant tunneling through a double-barrier nanostructure is extended
to establish a theory of phonon-assisted resonant magnetotunneling when a magnetic field is applied
parallel to the tunneling current. At higher temperatures we have discovered an interesting characteris-
tic oscillation of the width and height of the main peak in the I-V curve when the ratio wo/w. changes
between integer (double resonant) and half integer (single resonant), where wg is the LO phonon fre-
quency and o, is the cyclotron frequency in the well. If confirmed experimentally, our theoretical pre-
diction provides an additional method to determine the electronic effective mass in the well.

PACS numbers: 71.38.+i, 72.10.Di, 73.40.Kp

Resonant tunneling through heterostructures under a
magnetic field B has both intrinsic theoretical interest
and great potential in device applications. Recent investi-
gations have focused on the case BII, where I is the tun-
neling current. I-V characteristics and I-B curves have
been measured on different types of GaAs/Al,Ga;-,As
samples with geometric structures of single barrier [1-3],
double barrier [4-17], triple barrier [18], laterally re-
stricted double barrier [19], quantum dots [20], superlat-
tice [21], and Coulomb island [22]. The magnetic field
enhances the peak-to-valley ratio which is important for
device performance. In the resonant regime, from the
magneto-oscillation one can deduce the effective mass,
the charge buildup in the well, and the dimensionality
(2D or 3D) of the emitter.

As a general problem for transport properties, inelastic
scatterings complicate the experimental data. Therefore,
except for a few attempts based on simplified models
[23-26], there exists no realistic theoretical study on in-
elastic resonant magnetotunneling through heterostruc-
tures. In high quality samples where scatterings due to
impurities and interface imperfections can be much
suppressed, electron-LO phonon interaction is the dom-
inating inelastic scattering channel. Phonon-assisted
tunneling through double-barrier resonant-tunneling
(DBRT) structures has been thoroughly studied both ex-
perimentally and theoretically. Therefore, it is natural to
extend such experiments to measure the phonon-assisted
resonant magnetotunneling (PARMT) in those high
quality samples [11-17]. Among various interesting phe-
nomena exhibited in these PARMT data, magnetopola-
rons are observed if the electron system in the emitter is
2D [14,15].

The purpose of this Letter is not to propose ambitiously
a complete theory, but to present a thorough treatment of
the effect of phonons, with emphasis on an extremely im-

portant case when the ratio wo/w, of the LO phonon fre-
quency wo to the cyclotron frequency o, is an integer.
This double-resonant tunneling will lead to the formation
of magnetopolarons at low temperature which has been
observed [14,15]. At finite temperature, our theoretical
calculation shows that when the electron system in the
emitter is 2D, the double resonant modifies drastically
the main peak of the I-V characteristics, from which the
cyclotron effective mass electron in the well can be de-
duced. To our knowledge, such finite temperature feature
is predicted here for the first time, and remains to be
confirmed by future experiments.

The DBRT structure is shown schematically in Fig. 1
with conventional terminology. The magnetic field B is
perpendicular to interfaces which are assumed perfect
and define the x-y plane. The electron states in both the
emitter at the left and the collector at the right are
specified by the set of quantum numbers B=(n,k,,k .)
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FIG. 1. A schematic illustration of the PARMT through a
GaAs-AlGaAs DBRT structure.
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with corresponding energy es=¢,+(n+ § )hw., where
e.=h%k3%/2m*. The electron states in the well are
specified by the set of quantum numbers a =(n,k,) with
corresponding energy E,=e.+(n+ ¥ )hw.. We then
consider the model Hamiltonian # =%+ #n+#; in
which the electronic part is

el = Zp epcjlfp cj,ﬂ+ZE,,cha
I a

+ z [Vj_paCJCj‘ﬂ‘{'H.C.] N (1)
J.a.p

where j =1 (or r) refers to the left emitter (or right col-
lector). In order to obtain quantitative results, we restrict
ourselves to the bulk LO phonon Hamiltonian %
=3, hwgblbq. The role of confined or interface phonon
modes will be discussed later qualitatively. For PARMT,
the relevant electron-LO phonon interaction occurs when
the electron occupies the state in the well. This interac-
tion is expressed in terms of the Frolich Hamiltonian

M
He= 2,
a,a',q V0q

(a'le T |a) (b +b —g)cte, )

where a=(n,k,), a'=
X (1/€00— 1/60).

(n',k, —qy), and M?=2re’hw,

Twtler,n) =TT, 2 fds dt e =90 ()0 (1 ) ca(t — )t (Dew(t)ed (0)) .

The Green’s function is calculated with the Matsubara
technique analytically continued to the complex energy
plane. Tio(€i,n) contains both the intra-Landau-level
tunneling T(e, —¢.) and the phonon-assisted inter-
Landau-level tunneling Tle, —e.+(n—nhwo* ho.l,
where T(e) =4I T,/[4¢2+ ([, +T,)2].

At higher temperature we have discovered another in-
teresting observable phenomenon in connection to the
double resonant condition (n —n')hw.=hwo. In order
to demonstrate our important finding, we have performed
detailed numerical calculations with a realistic GaAs/
Alp3Gag7As DBRT sample of barrier width 4 nm and
well width 5 nm. In our earlier works [27,29,30] one
finds the values of all material parameters and computa-
tion procedure, which is general for a 3D emitter. If the
emitter is 2D, the calculation of tunneling current is even
simpler because the integration over €, can be ignored.
Our calculation T (€.,n=0) at temperature 7 =200 K
is shown in Fig. 2. Besides the main peak (marked as M)
and the usual phonon replica (intra-Landau-level tunnel-
ing with the emission of one phonon, marked as Ph -R),
we also see the inter-Landau-level PARMT with both
phonon emission (marked as Eq,) and phonon absorp-
tion (marked as Ag,). When the double resonant condi-
tion wo/w.=v=integer is satisfied, both the pure in-
tra-Landau-level resonant tunneling and the phonon-
absorption inter-Landau-level resonant tunneling occur
simultaneously, and consequently the main peak and the
Ao, peak merge into a broadened peak. The width of

Since the interfaces are assumed perfect, within the
effective mass approximation, for a given DBRT struc-
ture and a given bias, the quasibound state energy
€. +iT/2, V| g, and the matrix elements V, g, in Fig. 1 (or
in 7)) can be computed from a one-dimensional Schro-
dinger equation [27]. In the absence of an external mag-
netic field, if we neglect the electron recoil (within the
framework of the linear model [28]), then all LO phonon
modes have been derived numerically and used to calcu-
late the phonon replicas, which agree excellently with ex-
perimental results [29]. When the electron recoil is taken
into account, the inelastic electron tunneling should be
analyzed with three-dimensional phonon dispersion. In
this case we will neglect the weak dispersion of the LO
phonons and use the approximated phonon Hamiltonian
Fon=hwoXqbdbq in order to produce quantitative re-
sults [30]. The mathematical analysis for the present
work on PARMT including the electron recoil is very
similar to that used in Ref. [30]. Therefore, we will
present here only the key formulas.

Within the wide band approximation [28] 24|V gal®
x5(eg—€)=T; which is energy independent, the total
transmission probability of an electron tunneling from the
emitter (j=1/) to the collector (j=r) with energy ¢=¢,
+ (n+ ¥ )h o, can be expressed as

3)

this broadened peak grows with magnetic field strength.
With increasing magnetic field, as wo/w. passes the in-
teger v, we see first the 4o, peak merging into the main
peak, and then the A4¢,,+ peak emerging out of the main
peak.

Knowing the transmission probability, for given bias V'
and given electron system in the emitter (ESE), we can
calculate the tunneling current 7 [29,30]. If the ESE is
2D, we found many interesting features, which become
much less distinct if the ESE is 3D, because in this case
the energy spectrum is no longer completely discrete, and
one needs to integrate over ¢,. In the following we report
the most important new result derived with a 2D ESE of
realistic electron density 4x10'' ¢cm =2 For a 2D ESE
the potential curve in Fig. 1 contains a pseudotriangle
well (not shown in the figure) in the emitter region.
Since the resultant single-electron potential in Fig. 1 de-
pends on the bias, both quasibound energy levels in the
pseudotriangle well and in the middle quantum well also
depend on the bias. Such a feature has been taken into
account in our calculation. Corresponding to Fig. 2, the
main peak in the /-V curve at temperature 200 K is
shown in Fig. 3 for double resonant cases wo/w,=1.0 and
2.0, as well as for single resonant cases wo/w.=1.5 and
2.5. The general feature is that between two double res-
onant cases wo/w. =v and v+ 1, the peak for single reso-
nant tunneling wo/w, =v+ 1 is the sharpest one with the
largest peak current.
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FIG. 2. Finite temperature electron transmission probability

Tiw(eL,n=0) exhibiting the characteristic features of double
resonant tunneling.

The results in Fig. 3 indicate the interesting oscillation
in the width and height of the main resonant current
peak, a modulation of transmission spectrum at high tem-
peratures via magnetic field induced double resonant tun-
neling. In order to determine the experimental conditions
under which this new phenomenon can be observed, be-
sides the above-mentioned bias dependence of the single-
electron potential and the quasibound energy levels, we
must specify one more point concerning the 2D ESE used
in our calculation. It is known that the sheet electron
concentration n; of the 2D ESE also changes with the ap-
plied bias. Since all peaks in Fig. 3 occur at almost the
same bias, say V,, to reduce the uncertainty caused by
the variation of n;, when the bias changes, we will try to
set the bias at ¥, and detect experimentally the oscilla-
tion of the peak height with a sweep of the magnetic field
strength B. At this fixed bias, the possible change of ng
with B is expected to be a secondary effect, and is too
weak to destroy the predicted oscillation. With the bias
V, for maximum resonant-tunneling current, in our cal-
culation, the upper bound of #; is restricted by the condi-
tion that for a given B and a given temperature, only the
lowest Landau level is heavily populated, while the popu-
lations in all higher Landau levels are negligibly small.
At the temperature 200 K, this condition is satisfied with
our choice n; =4x%10'' cm 72, provided that B> 12 T.

With only the lowest Landau level in the 2D ESE pop-
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FIG. 3. Normalized current I/Imax(w. =wo) as a function of
the bias at the temperature 200 K, for the ratio wo/w. varying
between double resonant values and single resonant values.

ulated, the electron effective mass in the 2D ESE is not
important to the condition of observation. On the other
hand, higher Landau levels in the well are involved in the
double resonant tunneling. Taking into account the non-
parabolicity effect [31], we found the corresponding vari-
ation of the effective mass of electrons in the well to be
less than 7%. Consequently, our predicted modulation of
peak height is observable at higher temperatures. Again,
since the cyclotron frequency w, appeared in Fig. 3 is as-
sociated to the electrons in the well, our theoretical pre-
diction, if confirmed experimentally, provides an addi-
tional method to measure the electronic effective mass in
the quantum well with a small error of a few percents.

While at higher temperature the required coherence
for the formation of magnetopolarons is destroyed by the
electron-LO photon interaction, it is restored at very low
temperature and so two Landau levels are strongly hy-
bridized in the anticrossing region where (n—n")hw,
— hawp is small. In this case electrons tunnel primarily
through two hybridized states which are created by the
operators

t =y ot tot
Ak, + =up,Coi, + Zq‘. Vk,.qbqCn' k, —q,
and
t I ¢ _ * t
Ay, — =uk,Cp' k,—q, Zq: vk,,qbaCn.k, -

Our calculation of tunneling current can be largely
simplified by incorporating these two hybridized states
into (3). Here in Fig. 4 we only plot Tiu(e.,n=1) to
show that the peak width for wo/w. =1 at low tempera-
ture is much narrower than those at higher temperatures
given in Fig. 2 for wo/w. =integer.

In our calculation we have considered only the bulk LO
phonon modes which lead to the B dependence of the
replica intensity. One can easily show that the same VB
dependence holds also for interface modes under the usu-
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FIG. 4. Zero temperature electron transmission probability
Twi(eL,n=1) exhibiting the characteristic features of an-
ticrossing.

al experimental condition L,, </ =~/ch/eB. On the other
hand, for LO phonon modes confined in the well, the
effective values of g, are of the order of 1/L,, > 1/I. This
situation is similar to the impurity elastic scattering and
therefore the magnetic field dependence should be pro-
portional to B [32]. All these phonon modes can be in-
cluded in our calculation without difficulty if their disper-
sions are negligibly weak.
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