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Abstract. We investigated the shot noise properties in the diluted-magnetic-semiconductor/semiconductor
heterostructures, where the sp-d exchange interaction gives rise to a giant spin splitting when an external
magnetic field is applied along the growth direction of the heterostructures. It is found that the noise
becomes strongly spin-dependent and can be greatly modulated not only by the external magnetic and
electric fields, but also by the structural configuration and geometric parameters. Both the spin-up and spin-
down components of the noise spectral density can be greatly suppressed by the magnetic field. The Fano
factor is notably sensitive to the transmission probabilities, which varies greatly with the spin-polarization,
the external magnetic field, and the structural configuration.

PACS. 73.50.Td Noise processes and phenomena — 75.50.Pp Magnetic semiconductors — 72.25.-b Spin

polarized transport

1 Introduction

In recent years, spin-dependent transport in semicon-
ductor environments has been one of the most impor-
tant issues in the field of spintronics, where spin-related
effects are of central importance in the realization of
electronic devices with new functions [1-3]. The Mn-
based diluted-magnetic-semiconductor (DMSs), typically
(II, Mn)VI and (III, Mn)V DMSs, are prospective can-
didates for the materials that combine semiconductor
behaviors with robust magnetism in application to spin-
tronics devices [4-11]. There has been great theoreti-
cal and experimental progress made in spin transport
through these and other diluted-magnetic semiconduc-
tor systems. Sugakov and Yatskevich [12] earlier exam-
ined spin splitting in parallel electric and magnetic fields
through a double-barrier heterojunction using a transfer-
matrix method. Egues [13] investigated spin-dependent
transport through a ZnSe/Zn;_,Mn,Se heterostructure
with a single paramagnetic layer and found strong spin fil-
tering effect. One of us and our coauthors [14] have demon-
strated several effects on spin-polarized transport, such as
the electric field effect, spin-dependent resonant enhance-
ment and suppression effects, spin-dependent splitting ef-
fect, spin separation on the time scale, etc. Béjar, Sanchez,
and Papp analyzed spin transport and spin dynamics in
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the similar DMS/S systems [15]. Li et al. [9] theoreti-
cally investigated the spin-dependent transport through
Cd;_Mn,Te DMS quantum dots under the influence of
both the external electric and magnetic fields using the
recursion method and predicted 100% polarized electric
current by using suitable structure parameters. Chang
and Peeters explored the energy dispersion of an electron
in DMS double quantum wire consisting of Zn;_,Cd,Se
wires separated by a DMS barrier Zng ¢Mng.1Se and found
that it is spin-dependent and modified significantly by an
external magnetic field [16]. While most of the researches
in this field focus on time-averaged quantities of the sys-
tem (e.g., the spin-polarized current and conductance),
relatively less study has focused on the time-dependent
properties, such as the shot noise.

Fluctuations in time of a measurement offer much in-
formation, which is not provided by the time-averaged
quantities. Shot noise, a non-equilibrium current fluctu-
ation due to the quantization of the charge, is useful
to obtain information on a system which is not avail-
able through conductance measurements [17]. In partic-
ular, shot noise experiments can determine the quantum
correlation of electrons, the charge and statistics of the
quasi-particles relevant for transport, and reveal infor-
mation on the potential profile as well as internal en-
ergy scales of mesoscopic systems. An example is the
determination of quasiparticle charge in the fractional
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quantum Hall effect [18] by measuring both the power
of shot noise S = 2QI. and the average electric cur-
rent I, deducing Q = e/3. Similarly, for charge-current
correlation in normal-superconductor tunnel junctions,
measurements [19] of shot noise determine @ = 2e, the
charge of Cooper pairs. More recently, the study of spin-
polarized noise has attracted growing attention [20-26].
Considering spin-related effects, shot noise is also a useful
probe for detecting entanglement. Based on a beam split-
ter with spin-orbit interaction in one of the incoming leads,
it was found that spin polarization and entanglement can
be observed through shot noise measurements [27,28]. The
contribution of the spin-flip scattering to the shot noise in
a spin-resolved tunneling system was also considered by
Brito and Egues [29]. The noise properties of quasi-one-
dimensional nanowires with Rashba spin-orbit coupling
effect under an external magnetic field have been investi-
gated by Li et al. [30] The noise of the considered system
is found to be strongly spin-dependent.

In this paper, we study the noise properties
in the symmetric and asymmetric diluted-magnetic-
semiconductor/semiconductor heterostructures in the
presence of both electric and magnetic fields. The results
indicate that the noise is substantially spin-dependent in
the considered system and can be greatly modulated by
the electric and magnetic fields and the structural config-
uration.

2 Method

We consider the ZnSe/Zn;_,Mn,Se/ZnSe/Zn;_,Mn,
X Se/ZnSe heterostructure, where electrons interact with
the three-dimensional electrons of the localized magnetic
moments of the Mn ions via the sp-d exchange interac-
tion. Figure 1 shows the conduction-band profile of the
multilayer heterostructure under consideration. Within
the molecular-field approximation and for a magnetic
field B along the z axis (defined along the growth direc-
tion), it can be described by a spin-dependent potential
Vo, = —Noad. x5 (S-) in the two paramagnetic layers.
Here Ny« is the electronic sp-d exchange constant, which
varies with the Mn concentration. o, is the electronic spin
component +1/2 along the field. z.g = z(1 — z)'? is the
effective Mn concentration, while x accounts for the real
Mn concentration. (S,) is the thermal average of the z
component of the Mn?* spin which is given by the modi-
fied 5/2 Brillouin function (5/2) Bs /2(5up B /kpTes ). Here
Teg =T +Tp is the effective temperature in which T de-
notes the Mn-Mn interaction at 7" = 0 K. In the absence
of any kind of electron scattering, the motion along the
z axis is decoupled from that of the x — y plane. The in-
plane motion is quantized in Landau levels with energies
E, = (n+1/2)hw,, wheren =0,1,2,--- and w, = eB/m}
(we assume a single electron mass m? throughout the het-
erostructure). Therefore, the motion of the electrons can
be reduced to a one-dimensional problem along the z axis,
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Fig. 1. ZnSe/Zn;_,Mn,Se multilayers and their conduction-
band profile. (a) Zero band offsets potential in the absence
of a magnetic field; (b) spin-up electrons see a double-barrier
potential while spin-down electrons see a double-well potential
under certain applied magnetic field [14].

that can be modeled by the following Hamiltonian

N h2

_ 2
H = 5 Vo4 Vo(2) + Vo (2) + Vs (1)

k
€

Here Vo(z) = —eFz0(2)O(L1 + Ly + L3 — 2) is the zero
magnetic-field conduction band offset, where F'is the mag-
nitude of the electric field, which is assumed to be homoge-
neous in the whole heterostructure region, @(z) is the step
function, and 0, Ly, L1+ Lo, L1+ Lo+ L3 are the longitudi-
nal coordinates of surfaces in z direction. V, = % gspip0. B
is the Zeeman splitting of the electron.

The spin-dependent wave functions for the electrons
can be obtained from the Schrodinger equation based on
the Hamiltonian (1), that can be written as follows

Yo (r) = exp(ikxyp)

[, / % exp(iki1o2) + roy/ ,{,’;‘T exp(—ikis2)| ,

z <0,
[Agl(III,IV)Ai(_XCITI(III,IV)) n BCITI(III,IV)
xBi(—x , 0<z<Ly+ Ly+ Ls,

[tg\/%exp(iksgz)} . 2>Li+ Lo+ Ls.

II(III,IV))}

(2)

Here Ai(z) and Bi(z) are the Airy functions, p = (z,y) is
the transverse coordinate, k,,, is the in-plane wave vector
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of the tunneling electrons, and

. 1/3
W= () G m), = () (B

IIT _ [ 2m*eF 1/3 E
= (2E) 7 (2 o) s =

- Vaz - V;]v

Xo.

F

1A% 2m*eF 1/3 1
Xo, = (T) (Z+774)7 N4 = (e_F) [Ez - VU; - V;]
(3)

the paramagnetic lay-
\/Qm*Ez/h and k5 =
V2m*[E, + eF (L1 + Lo + L3)]/h t,. and 1,  are the
spin-dependent transmission and reflection amplitudes of

electrons, which can be calculated using the transfer-
matrix method.

The wave vectors outside
ers are given by ki =

Our discussion of the spin-dependent shot noise is
within the framework of single electron approximation
and coherent tunneling, and only zero-frequency noise
at T' = 4.2 K is considered. As the standard scattering
method is applied [17], we introduce creation and annihi-
lation operators of spin-polarized electrons in the scatter-
ing states. Operators d}mz (E) and arne. (E) create and
annihilate spin-o, electrons with total energy F in the nth
channel in the left lead, which are incident upon the sam-

ple. In the same way, the creation b} Ino. () and annihila-

tion b Lno. (E) operators describe electrons in the outgoing
states. They obey anti-commutation relations. Therefore,
we can write the scattering matrix of the sample as

I:)Lnaz _ [ Tno. t;wz (Lno, (4)
bRnaz tnffz r;w'z ARno.

with ¢, = tne, and 7}, ~tno.The. [tho
dependent current, through the lead « becomes

. The spin-

Loo. (1) QMZZ / dEdE' ¢ E-EGE ()

By mn
X ﬁ'y (a E, £ Uz)a'yna (El)7 (5)

with the notation

m’y’ﬂ(a; E, E’; o'z) = 6mn5aﬁ5a'y — Z STaﬁ;mk(E; o'z)
k
X Sayikn(E'302). (6)

Here s is the scattering matrix expressed in equation (4).
The spin-dependent noise power is defined by

t') =5(Alag. (1) Algs. (1)
+ Alpo, (') Alao. (1)),
2716(w + ') Sapo. (w) E<AIaaz (W)Ajﬁcrz (W)
+ Algy, (W) Alno, (@)).  (7)
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Fig. 2. Spin-dependent current as a function of the applied
bias for electrons traversing asymmetric ZnSe/Zng.95Mno.o5Se
multilayers at different external magnetic fields under positive
and negative biases, respectively. L1 = Lo = 10 nm and L3 =
20 nm. The insets show the potential profile for spin-up and
spin-down electrons at positive and negative external biases,
respectively.

In the low-frequency limit, the noise spectral density with
the spin state o, becomes [31]

Py, = 26—; /OOO{[h(l —h)+ (1= f2)] ZT

(1 22 Too (1= Tuo )E, (8)

whete f1(E) = [(E — eV — Eg), f2(E) = [(E - Er), [ is
the Fermi distribution function, and V' is the bias voltage
applied to the system. The spin-dependent transmission
probabilities T}y, = |tne. | for the nth in-plane quantized
Landau level. Here, the first two terms in equation (8) is
the contribution of the thermal noise, and the third one
represents the shot noise spectral density.

3 Results and discussion

We now use equation (8) to study the spin-dependent shot
noise of the current for electrons traversing symmetric and
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asymmetric DMS ZnSe/Zn;_,Mn,Se heterostructures,
where the two Zn; _,Mn,Se layers have the same Mn con-
centration. In all of the graphs, we use m* = 0.16m.,
x = 0.05, Noaw = 0.26 eV, Ty = 1.7 K, Vo =0 meV,
Ef=5meV,and T = 4.2 K.

In Figure 2, we plot the spin-dependent current, shot
noise, and Fano factor against the applied bias of electrons
traversing symmetric ZnSe/Zn;_,Mn,Se multilayers at
different external magnetic fields. It can be easily seen
that all physical quantities considered here are strongly
dependent on the spin orientations of the tunneling elec-
trons. It is shown that the shot noise has similar be-
havior to the electric current and both the spin-up and
spin-down components of the shot noise are strongly sup-
pressed as the magnetic field increases. The magnetic field
increases the magnitude of the external potential energy
in the Hamiltonian via Zeeman interaction and the sp-d
exchange between the conduction-band electrons and the
three-dimensional electrons of the localized magnetic mo-
ments. At a small magnetic field, the transmission for ei-
ther spin-polarization is near ballistic and the I-V charac-
teristic is near Ohmic with the Fano factor at an extremely
small value. While the double barrier is high enough to
sustain strong resonance at B = 5 T, the Fano factor for
spin-up electrons demonstrates a sharp valley at the posi-
tive differential conductance region just before the current
peak, which shows similar feature with the double-barrier
heterostructures [32]. While the depth of the double well
increases, the transmission is smaller for B = 2 T than
for B =5 T for spin-down electrons and the Fano factor
goes inversely proportional to the transmission. This is
due to that the quasi-bound resonant levels in the double-
well potential profile for spin-down electrons move to lower
energies for B = 5 T case, which enhances tunneling.

At zero bias the magnetic-induced potential is a double
well for spin-down electrons or a double barrier for spin-
up ones. As the magnetic field increases, the potential in
the paramagnetic layers goes up for spin-up electrons and
goes down for spin-down ones, so one can see that the
shot noise is strongly spin-dependent and varied by the
potential change.

To demonstrate the influence of the structural config-
uration on the shot noise, we present the spin-dependent
current, shot noise, and Fano factor for electrons travers-
ing asymmetric ZnSe/Zn;_,Mn,Se multilayers at differ-
ent external magnetic fields in Figures 3-5. The solid,
dashed, and dotted lines correspond to B = 0.5, 2 and
5 T cases, respectively. It was found that transmission res-
onances can be enhanced to optimal resonances for spin-
up electrons tunneling through the asymmetric structure
with double paramagnetic layers under a certain positive
bias, while for spin-down ones tunneling through the same
structure, resonances can also be enhanced to optimal res-
onances under a certain negative bias [14]. Transmission
suppression and enhancement (originating from magnetic-
and electric-field-induced and structure-tuned potentials)
also affect the shot noise behavior and the Fano factor.
Compared with the symmetric structure, the current of
spin-down electrons is enhanced and the shot noise is dras-
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Fig. 3. Spin-dependent current as a function of the applied
bias for electrons traversing asymmetric ZnSe/Zng.95Mno.o5Se
multilayers at different external magnetic fields under positive
and negative biases, respectively. L1 = Lo = 10 nm and L3 =
20 nm. The insets show the potential profile for spin-up and
spin-down electrons at positive and negative external biases,
respectively.
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Fig. 4. Spin-dependent shot noise as a function of the applied
bias for electrons traversing asymmetric ZnSe/Zng.95Mno.o5Se
multilayers at different external magnetic fields under positive
and negative biases, respectively. L1 = Lo = 10 nm and L3 =
20 nm. The potential profile of each subplot is the same as that
shown in Figure 3.

tically suppressed in the asymmetric structure due to res-
onant enhancement in the asymmetric well structures [14]
(compare Figs. 3-5 to Fig 2). At all magnetic fields the
Fano factor for spin-up electrons under the positive bias is
smaller than that under the negative bias due to the res-
onance enhancement. At a positive bias, the spin-up elec-
trons tunnel through the thinner barrier first, while they
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Fano factor

Fano factor

Fig. 5. Fano factor of the spin-dependent shot noise as a
function of the applied bias for electrons traversing asymmet-
ric ZnSe/Zno.95Mno.o5Se multilayers at different external mag-
netic fields under positive and negative biases, respectively.
L1 = Ly = 10 nm and Lz = 20 nm. The potential profile of
each subplot is the same as that shown in Figure 3.

tunnel through the thicker one first at a negative bias.
The thicker barrier further suppresses tunneling. Thus,
the transmission of the latter case is much smaller than
the former case, which gives rise to smaller Fano factor
of the shot noise. For the spin-down electrons, the po-
tential profile is an asymmetric double-well structure (see
the insets of Fig. 3). The quasi-bound resonant levels oc-
cur at lower energies and their intervals are smaller for
a wider well. Therefore, the above case of an asymmet-
ric double barrier for spin-up electrons is reversed. The
Fano factor for spin-down electrons under the positive
bias is larger than that under the negative bias at all
magnetic fields. For spin-down electrons, as the magnetic
field deepens the double wells, the transmission is sup-
pressed, thus the Fano factor is increased. The transmis-
sion is smaller for B = 2 T than for B = 5 T, which
induces the larger Fano factor. For spin-up electrons, the
multi-resonance structure in the transmission for the dou-
ble barrier is demonstrated in the multi-valley Fano fac-
tor pattern. As the magnetic field increases, more mini-
mum valleys can be seen in the Fano factor. The similarity
of tunneling mechanisms through asymmetric double-well
structures and asymmetric double-barrier structures [14]
demonstrates its validity in the shot noise behavior as well
as in the current. Moreover, the higher-order characteristic
of the system, shot noise, is more sensitive of the poten-
tial profile and system symmetry than the time-averaged
current.

Since the width of the middle ZnSe layer between the
double barriers/wells for spin-up/down electrons modu-
lates the (quasi-)bound resonant states greatly, the shot
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Fig. 6. Spin-dependent current, shot noise, and Fano factor
for electrons traversing symmetric ZnSe/Zng.9s Mno.o5Se mul-
tilayers with different widths of nonmagnetic layers at a fixed
magnetic field. L1 = L3 =10 nm and B=5T.

noise may be modulated accordingly. In Figure 6 we
present the results of the shot noise for electrons travers-
ing symmetric ZnSe/Zn; _,Mn, Se multilayers with differ-
ent nonmagnetic layer thickness at a fixed magnetic field.
For spin-up electrons, as the width of the middle layer in-
creases, the resonant levels in the middle well are lowered
and the level intervals become narrowed. Therefore, the
peak of the shot noise moves to the small bias side and
develops to two peaks as the well width increases. The
minimum valley of the spin-up Fano factor moves to the
small-bias side with the shot noise. With the decrease of
the resonant level energy, the transmission probability at a
small bias is greatly enhanced, which gives rise to smaller
Fano factor minimum. For spin-down electrons, as the
width of the middle layer increases, the above-well virtual-
state resonance becomes weaker, thus the spin-down shot
noise is suppressed. For spin-up electrons, the shot noise
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Fig. 7. Spin-dependent current, shot noise, and Fano fac-
tor for electrons traversing symmetric ZnSe/Zng.95Mng.o5Se
multilayers as functions of the magnetic field at a fixed bias.
L1 =Ls=L3=10nm and V =20 mV.

peak appears at the current peak and the Fano factor
minimum appears in the positive-differential-conductance
regime just before the current peak, which is the character-
istic of the shot noise in typical double-barrier structures.
For spin-down electrons, a shot noise minimum appears
at the bias where the current peak occurs and the Fano
factor also shows a minimum. The largest suppression ap-
pears at medium middle-layer thickness with Lo = 10 nm
for both spin-up and spin-down electrons.

By varying the applied magnetic field at a fixed ex-
ternal bias, the magnetic field induced shot noise suppres-
sion is shown in Figure 7. The spin-dependent noise shows
similar behavior to the current. As the magnetic field in-

creases, exponential decay of the spin-up and spin-down
components of the noise can be seen. The total noise is
dominated by the spin-down component for fields larger
than 1 T. As the transmission probability of the spin-
down electrons does not decrease monotonously with the
increase of the magnetic filed, a fluctuation in the Fano
factor can be seen. The Fano factor becomes larger in the
wide range of B for spin-up electrons and is considerably
low for spin-down ones. The reason is that the transmis-
sion of the spin-up electrons is suppressed to near zero for
high magnetic fields, while the suppression of the trans-
mission of the spin-down ones occurs at a much higher
magnetic field.

4 Conclusions

We reveal the relations among the shot noise in
the diluted-magnetic-semiconductor/semiconductor sys-
tems with different structural configurations and under
different external magnetic and electric fields. It is found
that the noise shows strongly spin-dependent behavior and
is affected considerably by all these internal and exter-
nal conditions. The transmission properties modulated by
these features cause the noticeable variations in the shot
noise and Fano factor. Our results further demonstrated
that the nonequilibrium fluctuations of the current mea-
sured by the shot noise are generally more sensitive to
the potential profile and system symmetry than the time-
averaged conductance, which may shed light on further
study of the subtle mechanisms in mesoscopic transport
processes.
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