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We study the resonant tunneling through double barrier structures in a longitudinal magnetic field. The study
shows the necessity of taking into account both the energy dependence and the finiteness of the decay widths
of the resonant energy levels, which are closely associated with interesting effects such as the hysteresis, the
magnetic-field-induced negative differential conductance, and the shot noise suppression or enhancement. The
Landau level quantization produces a strong fluctuation of the noise versus bias at a given magnetic field or the
noise versus magnetic field at a given bias. The obtained results provide a better understanding of available
experimental data.
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The double barrier resonant tunneling structures
�DBRTSs� have attracted much attention, both experimental
and theoretical, since the original discovery by Tsu and
Esaki.1 Besides the very high potential device applications,
these structures provide an almost ideal tool for testing dif-
ferent quantum properties of the electron tunneling process.
The interest in DBRTSs is related to the very particular
current-voltage �I-V� characteristics, which exhibit a strongly
superlinear region at relatively low �preresonant� applied
bias and a negative differential conductance �NDC� typically
accompanied with the hysteresis behavior at higher bias. The
hysteresis behavior, observed first by Goldman et al.,2 has
been attributed to the intrinsic bistability, which arises from
the feedback of the electrostatic potential, induced by the
electrons accumulated in the quantum well, on the tunneling
current. Such an electron accumulation was also experimen-
tally examined by Young et al.3 and subsequently discussed
in Refs. 4–7. Theoretically, the intrinsic bistability observed
in I-V curves of DBRTS has been analyzed in a number of
works.8–12 Blanter and Büttiker �BB�11 have shown that the
observed hysteresis behavior is related to the interaction
taken into account via the charge accumulated in the well
due to capacitive coupling to reservoirs.

A magnetic field perpendicular to barriers makes the in-
plane motion of electrons quantized into Landau levels, and
therefore, strongly affects the coupling between the energy
levels in the emitter and those in the quantum well. As a
result, the I-V curve should have plateaulike features in the
preresonant region and the width WB of the bistable region
should become field dependent. In reality, such magnetic-
field related effects have been observed.5,13 Two kinds of
AlGaAs-GaAs-AlGaAs DBRTS measured in Ref. 5 corre-
spond to different electron lifetimes in the well, much longer
or about the same as the transition time. In the range of
magnetic fields �6 T, while for the former DBRTS the
width WB with some fluctuation totally increases, for the lat-
ter ones it decreases rapidly and tends to zero, as the mag-
netic field rises. Theoretically, the magnetic-field effects on
the current have been partially described in Ref. 9, where by

solving self-consistently the Schrödinger and Poisson equa-
tions the magnetic-field-induced fluctuation of the width WB
as well as of the peak current was qualitatively explained as
a direct consequence of the fluctuation of the density of elec-
trons accumulated in the well.

While for the current the magnetic-field effect has been
widely examined, there are only a few reports on the effect
on the shot noise. It is believed that the noise should be even
more sensitive than the current to the magnetic field.14 The
most interesting experimental data we have found are those
reported by Kuznetsov et al. for GaSb-AlSb-InAs-AlSb-
GaSb DBRTS.15 The main features observed in Ref. 15 are
as follows: �1� at zero magnetic field the shot noise is equal
to the full shot noise value of 2eI in the low bias region
�where e is the elementary charge and I is the current�, then
becomes significantly suppressed �sub-Poissonian noise�,
and eventually increases beyond the full shot noise �super-
Poissonian noise� as the bias increases; �2� the suppression
may be as strong as the noise becomes less than half of the
full shot noise value; �3� a low magnetic field makes the
noise oscillate with bias and the produced noise peaks may
exceed the full shot noise value; and �4� the voltages at
which the noise peaks occur correspond to the NDC regions
in the I-V curve. Theoretically, the suppression and the hys-
teresis behavior of the shot noise at zero magnetic field have
been analyzed in a number of reports.10,11,14,16,18 Actually, the
crossover from sub-Poissonian �in the positive differential
conductance region� to super-Poissonian shot noise �in the
bistable region� in DBRTSs has been predicted by BB.11

Such a crossover is believed to be caused by the Coulomb
interaction which affects more the shot noise than the current
behavior. Moreover, assuming the decay widths associated
with two barriers to be much smaller than all other energy
scales in the problem, BB repredicted that the low-limiting
value of the noise power spectrum S is half of the full shot
noise value.11,17 In other words, following BB the Fano fac-
tor, defined as F=S /2eI, should never be smaller than a half,
F�1 /2. Later, Aleshkin et al.18 have claimed that the BB
statement of F�1 /2 is, in fact, the consequence of the as-
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sumption on the very small width of the resonant energy
level. When this is not the case, calculations18 reveal that the
noise power spectrum can be considerably smaller than half
the full shot noise value. Note, however, that in Ref. 18 the
decay width of the resonant level was taken to be energy
independent. Such a simplification may cause a loss of fine
structures in the I-V characteristics as well as in the shot
noise behavior, and particularly, does not allow us to study
adequately the hysteresis behavior.11 Actually, the effect of
the magnetic field was not taken into account in both Refs.
11 and 18. The shot noise expression in a longitudinal mag-
netic field has been derived in Ref. 20, but, as noted by the
authors, it is not evident and too complicated to be even
qualitatively discussed.

The aim of this work is to calculate the current and the
shot noise power spectrum in DBRTSs in the presence of a
longitudinal magnetic field, taking into account both the en-
ergy dependence �neglected in Ref. 18� and the finiteness
�neglected in Ref. 11� of the resonant level decay widths.
The model under study essentially is an extension of that
suggested by BB.11 Besides the quantization of the motion in
the longitudinal �z� direction, giving rise to the resonant en-
ergy levels En �n=0,1 ,2 , . . . �, the longitudinal magnetic
field B causes also Landau quantization of the electron mo-
tion in the �x ,y� plane. Assuming that the longitudinal and
the transverse motions of electrons are separated, the total
electron energy measured from the band bottom in the well is
given by

Enl = En + �l + 1/2��c, n,l = 0,1,2, . . . , �1�

where �c=eB /m* is the cyclotron frequency �the constants �
and the light velocity are set to 1�. The density of states
�DOS� in the well can be factorized as

D�E� = D��E��Dz�Ez�, E = E� + Ez, �2�

where the transverse DOS, D�, in the presence of a magnetic
field has the form

D��E�� = �m*/2���
l

�c��E� − �l + 1/2��c� , �3�

which reduces to the standard two-dimensional DOS of D�

=m* /2�, when �c→0, and the longitudinal DOS, Dz, in the
Breit-Wigner limit is defined as

Dz�Ez� =
1

2�
�

n

	�Ez�
�Ez − En�2 + 	2�Ez�/4

. �4�

Here 	�Ez�=	L�Ez�+	R�Ez� is the total decay width of the
single resonant level En and 	L�R��Ez� is the partial decay
width for tunneling through the left �right� barrier. From the
problem of transmission through a single rectangular barrier,
we can write11

	L�Ez� = 
L�Ez�Ez + U − V���Ez���Ez + U − V� ,

	R�Ez� = 
R�Ez�Ez + U���Ez + U� , �5�

where V�eV with V being the voltage applied across the
structure, U�eU with U being the voltage drop across the

right barrier, and 
L and 
R are dimensionless parameters. In
the following for simplicity we assume that, of all longitudi-
nal energy levels En, only the lowest level E0 is relevant for
tunneling, while all other energy levels are much higher.

Next, following the work of BB,11 we derive the follow-
ing expression for the current:

I =
e

2�
� dE�D��E�� � dEz

	L�Ez�	R�Ez�
�Ez − E0�2 + 	2/4

��fL�Ez + E�� − fR�Ez + E��� . �6�

Moreover, for the zero-frequency shot noise power spectrum,
S
��S
��0� �
 ,�=L ,R�, we get

SLL = �e2/����L
2P1 + �LP2 + P3� ,

SRR = − SLR = − SRL = SLL, �7�

where

P1 =� dE�D��E�� � dEz
	L�Ez�	R�Ez�

��Ez − E0�2 + 	2/4�2

��fL�1 − fR� + fR�1 − fL�� ,

P2 =� dE�D��E�� � dEz
	L�Ez�	R�Ez�

��Ez − E0�2 + 	2/4�2

��	R�Ez� − 	L�Ez���fL�1 − fR� + fR�1 − fL�� ,

P3 =� dE�D��E�� � dEz
	L�Ez�	R�Ez�

��Ez − E0�2 + 	2/4�

�	1 −
	L�Ez�	R�Ez�

��Ez − E0�2 + 	2/4�
�fL�1 − fR� + fR�1 − fL�� .

�8�

In these expressions �6� and �8� fL�R� is the Fermi distribution
function of the left �right� reservoir. The partial decay widths
	L�Ez� and 	R�Ez�, following Eq. �5�, depend on the voltage
drop U. For a given bias V, due to the Coulomb interaction
this quantity U should be self-consistently determined from
the total charge Q in the quantum well. Denoting the capaci-
tance, associated with the left�right� barrier as CL�R�, the self-
consistent equations for U and Q are given by11

CL�U − V� + CRU = eQ ,

Q = eA �

=L,R

� dE�D��E�� � dEzD
�Ez�f
�Ez + E�� ,

�9�

where A is the structure area in the �x ,y� plane, DL�R��Ez� is
the partial longitudinal DOS associating with only the left
�right� barrier, i.e., Dz�Ez�=DL�Ez�+DR�Ez�, and

D
�Ez� = �	
�Ez�/	�Ez��Dz�Ez�, 
 = L,R . �10�

The partial decay widths 	L�R� can be calculated by solving
Eqs. �9� and �5� self-consistently.
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The “interaction energy” �L in the noise expression �7� is
defined as �L=egLA / �CL+CR+C0� with C0=−e��Q� /�U
and gL=��IL� /�U, where the average charge �Q� and current
�IL� are given by Eqs. �9� and �6�, respectively.

The expressions �6� and �7� have been obtained for
DBRTSs in a longitudinal magnetic field, taking into account
the finiteness of the decay widths. Setting the field to be zero
and replacing in expressions above ��Ez−E0�2+	2 /4�−2

and ��Ez−E0�2+	2 /4�−1 by 4�	−1��Ez−E0� and
2�	−1��Ez−E0�, respectively �implying infinitesimal decay
widths�, these expressions reduce, respectively, to expres-
sions �10� and �28� derived in Ref. 11. Without this approxi-
mation, the calculation of both the current I �6� and the shot
noise power spectrum S�SLL �7� must be performed
numerically.

In order to proceed calculations we have to introduce the
following parameters: the capacitances CL and CR associated
with the left and right barriers, respectively, the decay width
parameters 
L and 
R, the resonant energy E0, and the mag-
netic field, measured by the frequency �c. Here, for simplic-
ity we consider only the case of zero temperature and assume
that CL=CR�C and 
L=
R�
. Furthermore, we assume
that the Fermi energies EF in the two reservoirs are equal and
that E0�EF. Then, choosing EF as the unit of energy, the
number of device parameters to be considered reduces to
three: 
, E0, and C. Hereafter, the capacitance, the bias, and
the current density are measured in units of m*e2A /2�,
EF /e, and m*eEF

2 /2�2, respectively.
For a given set of parameters 
 ,E0, and C, both the I-V

characteristics and the bias dependence of the shot noise
power spectrum can be calculated at different magnetic
fields. It is worth noting that, while in the framework of the
approximation made in Ref. 11 the current and therefore the
shot noise can be calculated only in a limiting range of bias,
Va�V�VU, where Va is defined as Va= ��CL+CR� /CR��E0

−EF� and VU is the upper voltage boundary of the bistable
region �Va and V*, respectively, in Fig. 4 in Ref. 11�, in the
present calculation, such a restriction is removed. The ex-
pressions �6� and �7� adequately give I and S, respectively, as
continuous functions of V in a large range of bias, including
the region of V�Va and the region of V�VU. The calcula-
tions focus on magnetic-field effects, though even at zero
field, as can be seen in Fig. 1, they may lead for the current
as well as the shot noise some results, which cannot be ex-
tracted from the models used in Refs. 11 or 18

Figure 1�a� presents the I-V characteristics obtained from
Eq. �6� in the case of zero magnetic field for devices with
different values of the decay width parameter 
: 0.002
�dashed�, 0.05 �dotted�, and 0.1 �solid line� �E0=1.5 and C
=1�. It should be noted that, since the current I increases
almost linearly with increasing 
, the figure was made more
compact by plotting I /
 rather than I along the vertical axis.
It is evident from this figure that a decrease of 
 leads to not
only a reduction of the current, but also an essential increase
of the width WB of the bistable region. For the range of
parameters analyzed, we found that WB�
−� with �
0.9.
The ideal case of infinitesimal decay widths considered in
Ref. 11 corresponds just to the limit of the largest bistable
region.

The role of the decay width parameter 
 is even more
profound on the noise behavior as can be seen in Fig. 1�b�,
where the Fano factor F is plotted versus bias for the same
current values considered in Fig. 1�a�. In general, the F�V�
curves obtained are similar to those reported in the
literature.15,16,18 It consists of the two limiting regions of low
and high �V�VU� biases, where F→1, and an intermediate
region, where the noise is first suppressed and then strongly
enhanced as the bias increases. In this figure the magnitude
of the suppressed as well as the enhanced shot noise is
shown to essentially depend on 
. In the shot noise suppres-
sion regime, the study shows a continuous reduction of the
minimal value of the suppressed noise, Fmin, with increasing

. For large 
 values, Fmin may become smaller than 1 /2
�see solid and dotted curves for 
�0.05�. A rough numerical
estimate for the case under study �E0=1.5 and C=1� sug-
gests that to observe a strong noise suppression with Fmin
�1 /2, the parameter 
 must be larger than about 0.01. As
was mentioned above, the shot noise suppression with Fmin
�1 /2 has been already found in the calculation of Ref. 18.
This calculation is, however, done in the simple model where
the decay widths are assumed to be energy independent. Fig-
ure 1�b� not only shows the same phenomenon in our model,
which takes into account the energy dependence of the decay

FIG. 1. �Color online� The reduced current I /
 �a� and the Fano
factor F �b� are plotted against the bias V for structures with E0

=1.5, C=1, and various 
: 0.002 �dashed�, 0.05 �dotted�, and 0.1
�solid line�, in the absence of magnetic field. In �b� the minimal
values of F, Fmin, are equal to 0.42, 0.46, and 0.51 for structures
with 
=0.1,0.05, and 0.002, respectively. The enhanced noise
peaks are generally too high to be fully shown in the scale. Inset in
�b�: F�V� curve �solid line, left axis� and corresponding I-V charac-
teristics �dotted line, right axis� are presented on the full scale for
the structure of 
=0.1 �solid line in the main figure�.
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widths, but also demonstrates how Fmin depends on the decay
widths. Moreover, our study also shows an essential sensi-
tivity of Fmin to the energy E0. For a given 
 �
=0.1 as an
example�, the value Fmin rises almost linearly with E0 from
0.41 for a device with E0=1.5–0.53 for a device with E0
=6 �measured from EF�. Since the value Fmin is very weakly
sensitive to the capacitances CL�R��C, we suggest the fol-
lowing conditions for observing a strongly suppressed noise
with Fmin�1 /2: �i� the decay widths must be not very small
and �ii� the resonant level E0 must be not very far from EF.
This explains why F cannot be smaller than 1 /2 in the BB
model, when the decay width is set to be infinitesimal. Thus,
Fig. 1�b� confirms the possibility of the Fano factor to be
below 1 /2 as predicted in Refs. 18 and 19, where such a
strong noise suppression was also suggested as an indication
of coherent versus sequential tunneling transport.

For the noise enhancement in the NDC region, on the
other hand, the smaller 
 the higher the noise peak becomes.
For instance, we show in the inset of Fig. 1�b� the F�V� curve
�solid line, left axis� and the corresponding I-V characteris-
tics �dotted line, right axis� in the full scale for the case of

=0.1 �the same solid I-V curve in Fig. 1�a��. Here it is
interesting to note that the Fano factor F reaches a value as
high as 
5.7, while no hysteresis has been recognized in the
I-V curve. This agrees with experimental data reported by
Song et al.6 in suggesting that the charge accumulation, not
system unstability, is ultimately responsible for the super-
Poissonian shot noise in the NDC region. We also point out
that the results presented in this inset resemble quite well
Fig. 2 in Ref. 16. For devices of smaller 
, as can be seen in
Fig. 1�b�, the noise peaks may be too high and too sharp to
be well presented.

Let us now discuss the magnetic-field effects. In Fig. 2 we
present the I-V characteristics for the same device as that
studied in Fig. 1 �dashed curves with 
=0.002�, but for dif-
ferent magnetic fields: �C=0.2 �solid�, 0.4 �dashed�, and 0.6
�dotted line�. Besides the well-known field-induced stairca-
selike structure in the I-V characteristics, this figure clearly

shows that the differential conductance may even become
negative in the plateaulike regions. For a given field the
NDC regime becomes stronger at higher biases. On the other
hand, comparing the curves corresponding to different fields,
we see that the higher the field the sharper the NDC be-
comes. For the structure under study the magnetic field of
�c
0.6 can be seen as the high limit for examining the
effect of interest, when there remains only one field-induced
step in the I-V curve. The features in Fig. 2 agree well with
experimental data reported in Ref. 13 for GaAs /AlAs
DBRTSs in magnetic field ranging from 2.81 to 7.18 T. It is
important to note that such a magnetic-field-induced NDC
could not be predicted in the approximation of Ref. 18, when
the decay widths 	L�R� are assumed to be energy independent
�see inset in Fig. 5�. This approximation, as is well estab-
lished, could be considered acceptable only at low biases,
when the NDC is still too weak to be observed.

Another important condition for realizing a magnetic-
field-induced NDC is related to the decay width 
. In Fig. 3,
we compare the I-V curves for structures with the same
E0�=1.5� and C�=1�, but with different 
: 0.005 �solid�, 0,02
�dashed�, and 0.04 �dotted line�. Here, for the same reason as
in Fig. 1�a�, we also plot I /
 instead of I. The magnetic field
for all curves is the same, �c=0.2. Clearly, an increase of 

causes a smear of the steplike structure in the I-V curves and,
consequently, a gradual disappearance of the NDC regime. A
statistical analysis of numerical results for structures with
E0=1.5, C=1, and 
 in the range of 0.005�
�0.06 and for
magnetic fields in the range of 0.1��C�0.5 leads to the
�
−�c�-phase diagram for observing NDC shown in the in-
set, where the NDC can be observed only in the region be-
low the straight line. According to this diagram, the minimal
magnetic field necessary for the NDC to be observed is ap-
proximately proportional to the decay width parameter 
.
Note that, even though in our calculations 
L and 
R are
equal, since the two decay widths 	L and 	R �5� depend in
different ways on not only the energy but also the bias, the
structure is, in fact, asymmetric at finite biases. In the present
model, when a positive voltage is set on the left reservoir, the

FIG. 2. �Color online� I-V characteristics in the presence of
magnetic fields for a structure with 
=0.002, E0=1.5, and C=1
�corresponding to the solid curve in Fig. 1�a��. The different curves
correspond to �c=0.2 �solid�, 0.4 �dashed�, and 0.6 �dotted line�.
Note that the lower voltage boundaries of the bistable regions in all
the three curves are practically coincident in the scale.

FIG. 3. �Color online� The reduced current I /
 in the presence
of a magnetic field of �c=0.2 is plotted versus the bias V for struc-
tures with different 
: 0.005 �solid�, 0.02 �dashed�, and 0.04 �dotted
line� �E0=1.5 and C=1�. Inset: the �
−�c�-phase diagram for ob-
serving NDC. The NDC can be observed only in the region below
the straight line, which is a fit to the calculated points.
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higher the bias the smaller 	L and the larger 	R become,
leading to a more asymmetric structure. Such a bias-induced
asymmetry is, in fact, similar to that observed in quantum
dot systems21 and is responsible for the observed NDC. To
examine this idea, the structures were made more �or less�
asymmetric by reducing 
L �or 
R�, while keeping 
R �or 
L�
fixed. Even though not shown, the obtained results indicate
an essential enhancement of the NDC when 
L is reduced
from 0.01 �=
R� to 0.0001, and, on the contrary, a gradual
suppression of the NDC when 
R is reduced. The NDC al-
most disappears for the less asymmetric structure with 
R
=0.0001 and 
L=0.01. Orellana et al.22 investigated asym-
metric DBRTSs, but they did not discuss the NDC.

As for the bistable region, a nonmonotonous variation of
the width WB with an increase in the magnetic field can be
already seen in Fig. 2, where it is clear that WB��C=0.4�
�WB�0.2�, but WB�0.6��WB�0.4�. A more detailed examina-
tion is shown in Fig. 4, where the lower and upper voltage
boundaries, VD and VU, of bistable regions are plotted against
the magnetic field for the two structures with different 
:

=0.002 �solid lines� and 0.05 �dotted lines�. Obviously,
while the lower boundaries VD �two lower curves� are
weakly sensitive to the field, the upper ones VU strongly
fluctuate. Such a fluctuation is associated with the position of
Landau levels, depending on the magnetic field, relative to
the fixed position of Fermi level EF. As the magnetic field
increases, a local minimum in the VU��C� curve appears,
when a Landau level is in alignment with EF. In that case
��c�n+1 /2�=EF�, the deepest minimum ��c
0.66� in the
VU��C� curve in Fig. 4 corresponds to the level of n=1. The
parameters 
, E0, and C have no direct relation to the mini-
mum positions discussed, though they can strongly affect the
magnitude of both voltage boundaries, VD and VU, as can be
seen by comparing the solid lines for 
=0.002 and the dotted
lines for 
=0.05. It is worth to mention that the results pre-
sented in Fig. 4, on one hand, are very similar to those re-
ported in Ref. 22 and, moreover, in qualitative agreement
with the experimental data reported in Ref. 5 On the other
hand, they are different from the monotonous reduction of

bistable regions reported in Ref. 23 for the case of DBRTSs
in a transverse magnetic field.

Certainly, the magnetic-field effects observed in the I-V
characteristics, especially the NDC, illustrated in Figs. 2 and
3, should have an influence on the voltage dependence of the
noise. In Fig. 5 we present the Fano factor F �solid line, right
axis� and the corresponding current density I �dashed line,
left axis� plotted against the bias V for the structure with
parameters given in the figure and for a magnetic field
strength, corresponding to �c=0.15. For such a relatively
weak field �see discussions later� more plateaulike regions
will be produced in the I-V characteristics and therefore
more interesting behaviors of the F�V� dependence are ex-
pected. Actually, Fig. 5 shows a fluctuation of the factor F
with typical features resembling quite well those observed in
Ref. 15 In particular, the noise fluctuation is so strong that
the valleys may be even lower than 0.5, while the peaks may
exceed the full shot noise value. Additionally, the voltage
positions of shot noise peaks are well correlated to the NDC
regions in the I-V curve. Note that along with the I-V char-
acteristics, the F�V�-dependence behavior strongly depends
on device parameters. To obtain the F�V� curves shown in
Fig. 5 �for 
=0.002�, which may be compared to the experi-
mental data,15 the typical decay width of the resonant level
must be small and, certainly, the energy dependence of 	L�R�
�5� must be adequately taken into account. To illustrate the
importance of taking into account this energy dependence,
we plot in the inset the I-V characteristics �dashed line, left
axis� and the F�V� curve �solid line, right axis� for the same
device and field parameters, but with the assumption of a
constant �energy independent� decay width of the model.18

Clearly, there is no NDC in the I-V curve and, accordingly,
the noise fluctuation is considerably weakened.

Finally, in Fig. 6 we show the Fano factor F at a given
bias, V=2, plotted as a function of the magnetic field mea-
sured by �c for three structures different only by the values
of 
: 0.01 �solid�, 0.02 �dotted�, and 0.05 �dashed line�. For
each structure, the most remarkable feature observed is the
fluctuation of the normalized noise F as the magnetic field
increases. The higher the field, the larger the typical “period”
and the fluctuation amplitude become. Such a feature in the

FIG. 4. Voltage boundaries �upper VU and lower VD� of bistable
regions vary with �c. The two upper lines describe VU and the two
lower describe VD. for two structures with different 
: 0.002 �solid�
and 0.05 �dotted line� �E0=1.5 and C=1�.

FIG. 5. Fano factor F �solid line, right axis� and the correspond-
ing current density I �dotted line, left axis� are plotted versus V
�
=0.005, E0=1.5, C=1, and �c=0.15�. Inset: the same as in the
main figure for a structure with the same E0, C, and �c, but with an
energy independent decay width, 	=0.01 �model �Ref. 18��.
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F��c� curves is a consequence of the fact that an increase in
the magnetic field causes, on one hand, a fluctuation of the
relative distance between the chosen bias and the center of
plateaulike regions that induces a fluctuation of F. On the
other hand, as the field increases, an increase of the distance
between two adjacent plateaulike regions leads to an increase
of both fluctuation characters, the period and the magnitude.
In addition, the three curves in Fig. 6 for different 
 show
that from these two characters, only the fluctuation magni-
tude is sensitive to the decay width parameter 
: it decreases
as 
 increases. For the curve corresponding to the largest 

in the figure �dashed line�, the fluctuation is not seen in the
low magnetic-field region up to �c
0.08. This is because to
see a fluctuation the magnetic field must be large enough so
that �c is larger than the decay width of the resonant level. A
fluctuation of F versus the magnetic field has been reported
in Ref. 24, but for mesoscopic cavities the reported
F-fluctuation behavior is different from that in Fig. 6.

We emphasize that the results reported here cannot be
obtained using the models in Refs. 11 and 18 where, more-
over, the effect of magnetic field was not considered. The
present results qualitatively describe a number of
experiments.5,6,13,15 To make a quantitative comparison we
have to determine the device parameters and the magnetic-
field strength used in the experiments. While the Fermi en-
ergy EF is entirely determined by the donor �acceptor� con-
centration ND�NA� in the contacts, the energy E0 mainly
depends on the barrier height and the well width. For the
AlGaAs-GaAs-AlGaAs DBRTS measured in Ref. 6 with a
well of 4 nm width and a donor concentration of ND=1
�1018 cm−3, using the barrier height of 0.31 eV and the
electron effective mass of 0.067m0 �m0 is the mass of a free
electron�, we have EF
54.3 meV and E0
115 meV. The
experimental value E0 /EF
2.1 is then falling well within
the range of values considered in the calculations above. Fur-
thermore, taking the resonant level decay widths to be

3.5 meV,9 the typical value of the dimensionless parameter


 can be roughly estimated as 
0.07. With the value of E0

determined, as discussed in Fig. 1, this value of 
 is too large
for the hysteresis to be observed. The super-Poissonian noise
in the NDC region observed in Ref. 6 has then no clear
relation to the bistability. For nanodevices, in general, the
super-Poissonian noise is caused by an electron accumula-
tion and it is not necessarily accompanied by a NDC.25

Regarding the magnetic-field strength, for the GaSb-
AlSb-InAs-AlSb-GaAs DBRTS with NA=2�1018 cm−3

measured in Ref. 15 the value 0.15 of the dimensionless
magnetic-field parameter �c discussed in Fig. 5 corresponds
to a magnetic field of 
7.5 T. This field is not far from those
�3–5 T� used in the experiment.15 To obtain a realistic pic-
ture of the magnetic-field-induced I-V and F�V� curves, the
field should be chosen appropriately: not too small so that
the plateaulike regions in the I-V curve as well as a strong
fluctuation in the F�V� curve can be clearly seen, but not too
large so that several plateaulike regions can be present. It
should be mentioned that the noise is more sensitive than the
current to the device parameters. For devices with 
=0.05,
for example, the F�V� curves �not shown� are strongly dif-
ferent from that in Fig. 5, independent of the values E0 and
C. Actually, for real devices there has certainly a mutual
correlation between these parameters, namely, both 
 and E0
are critically related to the height of barriers.

In conclusion, we have calculated the current and the shot
noise power spectrum based on a simple DBRTS model, in-
troduced originally by BB,11 in the presence of a longitudinal
magnetic field, taking into account the finiteness of the reso-
nant level decay widths. The study is focused on the effect
associated with the magnetic field and the finite decay
widths. The main results obtained are as follows: �1� the
hysteresis behavior can be observed only in structures with
relatively small decay widths, �2� the suppressed shot noise
power spectrum in the preresonant region may be smaller
than half the value of the full shot noise if the decay widths
are not too small and the resonant level is not too far from
the Fermi energy in the reservoirs, �3� the super-Poissonian
noise observed in the NDC region is strongly correlated to
the decay widths and is not necessarily accompanied by a
bistable region, �4� the magnetic field may produce a NDC,
which becomes stronger in structures with small decay
widths and at higher biases, �5� the magnetic-field-induced
fluctuation of the bistable region width is a clear manifesta-
tion of the Landau level structure, �6� the magnetic field
makes the shot noise strongly fluctuate with the bias, and �7�
at a given bias, the shot noise fluctuates with the magnetic
field, the higher the field the larger the period and the fluc-
tuation magnitude become. These results shed light on some
controversies17,18 about the shot noise behavior and provide a
better understanding of available experimental data.

This work was supported by the Ministry of Science and
Technology �Vietnam� via the Fundamental Research
Program �Project No. 4.023.06�.

FIG. 6. �Color online� Fano factor F at a bias V=2 is plotted
versus �c for three structures with different 
: 0.01 �solid�, 0.02
�dotted�, and 0.05 �dashed line� �E0=1.5 and C=1�.
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