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We report the origin of the positive magnetoresistance �MR� occurring in the ZnO conduction layer under-
neath of the Zn0.88Mn0.12O magnetic barrier layer. First, n-type Zn0.88Mn0.12O /ZnO modulation-doped hetero-

structures were fabricated on ZnO �0001̄� single-crystal substrates using pulsed laser deposition. The MR
characteristics of two heterostructures with different low-temperature electron mobility ���, corresponding to
the magnitude of interface broadening generated by intermixing or interdiffusion of Mn ions during deposition,
were evaluated to investigate the mechanism of spin-related transport phenomena occurring at the heteroint-
erface. The Zn0.88Mn0.12O /ZnO heterostructure with high � shows the Brillouin-function-like MR behavior,
while that with low � shows typical two-dimensional diluted magnetic semiconductor �2D DMS� MR behavior
originating from the existence of Mn ions in the ZnO conduction layer. On the other hand, for a heterostructure
with high �, 2D DMS MR is eliminated from the MR due to suppress the interface broadening, and the spin
splitting of the subband in ZnO channel is induced through the difference of the penetration probability of
wave function of up-spin carriers and down-spin carriers into the Zn0.88Mn0.12O barrier layer.
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I. INTRODUCTION

Diluted magnetic semiconductor �DMS� based hetero-
structures have demonstrated several spin related phenomena
such as a spin-polarized transport and luminescence attribut-
able to an sp-d exchange interaction.1–4 Because such spin
polarization can be tuned by application of an electric volt-
age or a magnetic field, novel spintronics devices are highly
anticipated.

In fact, ZnO has great potential for use as a spintronics
material because it has long spin-coherence time and length
attributable to its large electron effective mass.5 Regarding
the DMS, Zn1−xMnxO with p-type conduction is theoretically
predicted as a room-temperature ferromagnet,6 suggesting
that the critical issue of low Curie temperature in other DMS
such as Ga1−xMnxAs would be settled. We have grown ZnO-
based DMS/semiconductor heterostructures that contain
magnetic impurities in the barrier layer on the sapphire

�0001� and the ZnO �0001̄� single-crystal substrates.7–10 On
the ZnO substrates, the Zn1−xMnxO /ZnO �x�0.14� hetero-
structures with an atomically flat heterointerface and excel-
lent crystallinity were fabricated successfully.11 Regarding
optical properties of the Zn1−xMnxO films, the band-edge
transition in Zn1−xMnxO with x=0.059 epitaxial films was
obtained by measuring the photoluminescence excitation
spectra detected at the d-d transitions.12 Also, the Mn con-
centration dependence of the band-edge transition showed a
negative bowing profile in the Mn-composition region lower
than x=0.12. Magnetization of the Zn1−xMnxO layers
showed a typical paramagnetic behavior with the antiferro-
magnetic superexchange interaction between nearest-
neighbor Mn ions through oxygen,11 similarly to the mag-
netic properties of other Mn-doped II-VI semiconductors.13

Up to x=0.14, a random distribution of Mn2+ ions substituted
to the Zn2+ site was confirmed using magnetization11 and
extended X-ray absorption fine-structure measurements.14

Regarding the n-type Zn1−xMnxO /ZnO modulation-doped

heterostructures with x=0.10 and 0.12, the carrier confine-
ment at the Zn1−xMnxO /ZnO heterointerface was
confirmed.7–10 The heterostructure showed the electron mo-
bility ��� greater than 103 cm2 /V s at 10 K, which implies
that it has longer spin coherence time and length than those
of ZnO and ZnMnO bulk. Furthermore, we have reported
that the positive magnetoresistance �MR� observed in the
heterostructures can be fitted to the Brillouin function with
S=5 /2 and suggested the existence of s-d exchange interac-
tion between s electrons in the ZnO channel and Mn d spins
in the Zn0.88Mn0.12O barrier.8 This was the first observation
of the MR behavior for heterostructures with the magnetic
barrier. However, the origin of such a Brillouin-function-like
positive MR has not been elucidated. Furthermore, if p-type
conduction in the heterostructures is obtained, the spin-
polarized current above RT is expected to be generated by
ferromagnetic exchange interaction between the p hole in the
ZnO channel and d spin in the ZnMnO barrier. Therefore, we
have searched for spin-related phenomena between ZnO
channel and ZnMnO barrier.

As described in this paper, we discuss the contribution of
d spin in the Zn0.88Mn0.12O magnetic barrier to the spin-
dependent transport using an n-type Zn0.88Mn0.12O /ZnO
modulation-doped heterostructure. To investigate the
spin-dependent transport which occurred at the
Zn0.88Mn0.12O /ZnO heterointerface, the correlation between
the low-temperature � and the spin-dependent transport is
also discussed because the low-temperature � is very sensi-
tive to the magnitude of interface broadening generated by
intermixing or interdiffusion of Mn ions. Comparison of the
MR behaviors of two samples with different � would clarify
the origin of MR.

II. EXPERIMENTAL DETAILS

A. Samples

The Zn0.88Mn0.12O /ZnO modulation-doped heterostruc-

tures were fabricated on the ZnO �0001̄� single-crystal sub-
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strates �Tokyo Denpa Co., Ltd.� using pulsed laser deposition
�PLD�.8–10 For this study, we, respectively, selected two
samples having high � and low �; they were labeled as A
and B. Figure 1 portrays the sample structure of
Zn0.88Mn0.12O /ZnO. The deposition conditions are presented
in Table I. The ZnO, Zn0.90Mn0.10O, and Al-doped
Zn0.90Mn0.10O ceramic targets were used for each deposition.
The Al concentrations of samples A and B were, respectively,
0.001 and 0.005 at. %. Prior to deposition, the ZnO sub-
strates were annealed at 950 °C for 10 h in air to form a
surface with a step-and-terrace structure. Nondoped ZnO
buffer layers with the thickness of db were deposited on the
ZnO substrate at the growth temperature �Tg1

� of 670 °C.
Atomic force microscopic �AFM� observation of the ZnO
buffer layer showed a step-and-terrace structure with the step
height of 0.26 nm, corresponding to a half unit length of a
ZnO crystal. Subsequently, a Zn0.88Mn0.12O spacer layer with
the thickness of ds and an Al-doped Zn0.88Mn0.12O doping
layer with the thickness of dd were deposited, respectively, at
the growth temperature �Tg2

� of 640 and 670 °C for samples
A and B. The surface morphology and crystallographic char-
acteristics of the Zn0.88Mn0.12O layer were evaluated using in
situ reflection high-energy electron diffraction analysis, ex
situ AFM �NanoScope E; Toyo Technica Inc.� and high-
resolution X-ray diffraction analysis �X’pert-MRD; Philips
Co.�. The sheet resistance ��s�, the sheet carrier concentra-
tion �ns� and � were evaluated at temperatures of 10–300 K
using Hall effect measurement in a van der Pauw configura-
tion. A magnetic field of 0.5 T was applied perpendicular to
the sample surface. The values of �s, ns, and � measured at
10 K are listed in Table I together with the deposition con-
ditions. Also, we characterized the magnetic field depen-
dence of the Hall effect for samples A and B under applied
magnetic fields below 5 T. At 10 K, the Hall voltage was
linearly proportional to magnetic field, indicating that they
show no anomalous Hall effect.

B. MR measurement

For this study, MR measurements were conducted at tem-
peratures of 1.85–100 K. The sheet resistivity of the ZnO

substrate at room temperature shows 100 � cm, correspond-
ing to the sheet resistance �s=2000 � /�. However, below
around 100 K, the sheet resistance of the substrate markedly
increases with decreasing temperature, and reaches more
than 10 000 � /� at 50 K. Also, we reported that Mn-doped
ZnO films have much higher resistivity than nondoped
ZnO.15 Therefore, temperature ranges of less than 100 K for
sample A and 50 K for sample B were used to eliminate the
effects of parallel conduction in the ZnO substrate and
Zn0.88Mn0.12O barrier for analysis of these MR behaviors.
Furthermore, the MR behavior of Zn0.88Mn0.12O /ZnO het-
erostructure could be explained using the theoretical MR in
low-dimensional system, as described in Sec. III. Also, we
have characterized the MR behaviors for other
Zn0.88Mn0.12O /ZnO heterostructrues with different
Zn0.88Mn0.12O layer thickness, and found that the MR behav-
ior in low-dimensional system did not change, supporting no
influence of parallel conduction in the Zn0.88Mn0.12O barrier.
A magnetic field was applied parallel to the surface and the
current to eliminate the contribution of the Lorentz force and
weak localization effect induced in the MR.8 We measured
the MR in four-terminal configurations to eliminate the con-
tribution of contact resistance at the interface between in-
dium electrode and Al-doped ZnMnO layer. The MR was
obtained using a standard ac lock-in technique with current
�I� of 0.01–1 �A.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Interface broadening at the Zn0.88Mn0.12O ÕZnO
heterointerface

The electron mobility � for samples A and B measured at
10 K were 1020 and 240 cm2 /V s, respectively, as presented
in Table I. The surface roughness and the crystallinity of
samples A and B were investigated to elucidate the origin for
the difference of �. Figures 2�a� and 2�b�, respectively, por-
tray AFM images of surfaces for samples A and B. For
sample A with high �, the surface of Al-doped Zn0.88Mn0.12O

FIG. 1. Schematic of the Zn0.88Mn0.12O modulation-doped het-

erostructure grown on the ZnO �0001̄� single-crystal substrate.

TABLE I. Growth parameters and values of �s, ns, and � measured at 10 K.

Sample

ZnO Buffer ZnMnO, ZnMnO:Al Hall Measurement at 10 K

Tg1
�°C�

db

�nm�
Tg2

�°C�
ds

�nm�
dd

�nm�
�s

�� /��
ns

��1012 cm−2�
�

�cm2 /V s�

A 670 180 670 64 16 1820 3.35 1020

B 670 440 640 10 30 5290 4.92 240

FIG. 2. AFM images of the surfaces for samples �a� A and
�b� B.
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layer shows a step-and-terrace structure, similarly to that of
the ZnO substrate, while the surface for the no step-and-
terrace structure is recognized in sample B. However, the
root mean square values of surface roughness for both
samples were much smaller than 0.1 nm. In the X-ray dif-
fraction 2�-� profiles around 0004 diffraction, clear interfer-
ence fringes were observed not only for sample A, but also
for sample B, indicating that they both have an atomically
flat surface and interface. The full width at half maximum of
the X-ray � rocking curve measured at 0004 ZnMnO for
samples A were 0.05°, which is identical to that of sample B.
These results suggest that the Zn0.88Mn0.12O layers of both
samples have small surface roughness and excellent crystal-
linity, although the samples have quite different �. In addi-
tion to these samples, low-temperature � was evaluated for
the other heterostructures with ns ranging from 1.6�1012 to
9.3�1012�cm−2�. The dominant scattering mechanisms at 10
K were discussed using the plot of � vs ns. Figure 3 shows
the low-temperature � as a function of ns for the
Zn0.88Mn0.12O /ZnO modulation-doped heterostructures

grown on the ZnO �0001̄� single-crystal substrates and
Zn0.90Mn0.10O /ZnO modulation-doped heterostructures
grown on c-plane sapphire substrates. The heterostructures
show ns ranging from 1.6�1012 to 9.3�1012�cm−2� and �
ranging from 240 to 1210�cm2 /V s�. In the heterostructures,
low-temperature � is expected to be limited by impurity
scattering �ii, alloy disorder scattering �ad, and interface
roughness scattering �ir.

16 The dominant scattering mecha-
nisms for the Zn0.88Mn0.12O /ZnO heterostructures are dis-
cussed as follows. Compared with the crystallinity and � for
the heterostructures grown on sapphire substrates, the inter-
face roughness and the crystallinity for the heterostructures
grown on ZnO substrates were drastically improved, whereas
the enhancement of � was not observed. Therefore, the elec-
tron mobility in a higher ns region than around 4
�1012�cm−2� is assumed to be limited by �ad. On the other
hand, in lower ns region, background ionized-impurity scat-

tering �bii or remote ionized-impurity scattering �rii will be-
come dominant. In our samples, the increase in � in the
thickness of spacer layer17 was not obtained, suggesting that
the background-ionized impurities will allow the suppression
of � in low ns region. The background ionized impurities in
the Zn0.88Mn0.12O /ZnO heterostructures would be originated
from the ceramic targets for laser ablation. The inverse of the
total electron mobility 1 /�total can be calculated from the
sum of the electron mobility for the individual processes

1

�total
=

1

�ad
+

1

�bii
. �1�

To calculate �ad and �bii, we followed the equations in Refs.
18 and 19, respectively. In our calculation of �ad, the differ-
ence of conduction-band minima of MnO and ZnO, �V�, and
unit-cell volume, W, are 2.0 eV20 and 36.1 Å,3 respectively.
�ad and �bii were calculated with the conduction-band offset
�	Ec� of 0.4 eV and background ionized-impurity concentra-
tion �ND� of 1018 cm−3. The result is shown in Fig. 3. Here,
� is considered to be limited by �bii in the ns region less than
4.8�1012 �cm−2� and �ad in the ns region greater than
4.8�1012 �cm−2�. For some samples including sample A,
considering �ad and �bii, it is found that the calculated �total
are in agreement with the experimental �, suggesting that
they have similar structure of interface broadening. However,
other samples including sample B show much lower � than
calculated one. This discrepancy is probably attributable to
the existence of the interface broadening generated by inter-
mixing or interdiffusion of Mn ions during deposition. So
far, in a La0.7Sr0.3MnO3 /SrTiO3 multilayer fabricated using
PLD system, the atomic-scale chemical imaging of compo-
sition and bonding has showed chemical intermixing at the
La0.7Sr0.3MnO3 /SrTiO3 heterointerface.21 Such intermixing
or interdiffusion at the heterointerface is assumed to be in
our heterostructures. When the Mn ions are doped ZnO chan-
nel, the alloy scattering22,23 and impurity scattering should be
enhanced. Therefore, � is assumed to be very sensitive to the
change in the interface structure, because two-dimensional
�2D� electrons are conducting in a few monolayers of ZnO
surface.

B. Magnetoresistance

The MR behavior for the Zn0.88Mn0.12O /ZnO heterostruc-
tures with different � were investigated to discuss the con-
tribution of s-d exchange interaction to the MR. Figures 4�a�
and 4�b�, respectively, show the temperature dependence of
MR behaviors for samples A and B. For both samples, the
positive MR is dominantly observed. The magnitude of a
positive MR decreases concomitantly with increasing sample
temperature. At temperatures greater than 50 K, the observed
MR becomes negligibly small. The behavior of a positive
MR for sample A with high � can be well fitted to the Bril-
louin function with S=5 /2, shown as a broken line, whereas
that for sample B with low � is in disagreement with the
Brillouin function. Furthermore, the slope of a positive MR
for sample B is larger than that of sample A. Based on these
results, it is anticipated that the s-d exchange interaction is
responsible for the positive MR and that the suppression of

FIG. 3. The electron mobility � as a function of sheet carrier
concentration ns in Zn0.88Mn0.12O /ZnO heterostructures grown on
the ZnO substrates �open circles� and Zn0.90Mn0.10O /ZnO hetero-
structures grown on the sapphire substrates �open triangles�. The
contributions of different scattering mechanisms to the electron mo-
bility are shown by solid lines. The broken curve represents the
total electron mobility.
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interface broadening should be quite important for obtaining
the s-d exchange interaction at the Zn0.88Mn0.12O barrier/
ZnO channel layer interface.

C. Positive magnetoresistance of Mn-doped II-VI DMS

For Mn-doped II-VI DMS including ZnMnO thin films,
the MR consists of the negative component and the positive
component.24 Negative MR has been understood through
field-induced suppression of the magnetic field on weak
localization25,26 or strong localization.27 On the other hand,
positive MR has been modeled by accounting for the quan-
tum correction of spin splitting on the disorder-modified
electron-electron interaction. The interaction arises from
coupling of the s conduction electrons to the spins of 3d
localized magnetic moments of Mn2+ ions and produces a
giant energy gap, so-called spin-splitting energy, between the
up-spin conduction band and the down-spin conduction
band. This spin-disorder-modified scattering, corresponding
to positive MR, is introduced by the electron-electron inter-
action between the up-spin electron and the down-spin
electron.20

D. Correlation between the spin splitting induced
in Zn0.88Mn0.12O and ZnO layers

To discuss the mechanism of the MR occurring in ZnO
channel layer underneath the Zn0.88Mn0.12O barrier layer,
correlation between the spin splitting of conduction band of

Zn0.88Mn0.12O barrier and the subband in ZnO channel layer
is specifically examined. The schematic of the band structure
of Zn0.88Mn0.12O /ZnO heterostructure �a� without and �b�
with external magnetic field �H� are portrayed in Fig. 5. By
applying a magnetic field, a giant spin splitting in
Zn0.88Mn0.12O barrier �	EZnMnO� is induced via s-d exchange
interaction. The equation to express 	EZnMnO is shown as
Eq. �2�

	EZnMnO�H� = g�BH + xeff
N0SBs�H� , �2�

where g is the Lande g factor, �B is the Bohr magneton, H is
the applied magnetic field, xeff is the effective mole fraction
of the magnetic ions, 
N0 is the s-d exchange energy, and Bs
is the Brillouin function for spin S=5 /2. As g, xeff, and 
N0,
2.0, 0.042,11 and 0.19 eV20 were used, respectively, in our
calculations. The first and the second terms correspond to the
Zeeman and the s-d, exchange interaction contributions, re-
spectively. The solid line in Fig. 6 marks the calculated mag-
netic field dependence of 	EZnMnO at 2 K. The 	EZnMnO
increases concomitantly with increasing H, and asymptoti-
cally reaches approximately 20 meV greater than 3 T. The
Zeeman term g�BH, which is presented as a broken line, is
calculated as 0.58 meV at 5 T, suggesting that the Zeeman
term is negligible for calculation of 	EZnMnO. Therefore,
	EZnMnO is given approximately as

FIG. 4. Comparison of MR for samples �a� A and �b� B mea-
sured at 1.85 K �closed circles�, 5 K �open circles�, 10 K �open
triangles�, and 50 and 100 K �closed triangles�. The broken lines
represent the Brillouin function using S=5 /2.

FIG. 5. Illustrative diagrams of band alignment of the conduc-
tion band for the Zn0.88Mn0.12O /ZnO heterostructure �a� with and
�b� without applying the magnetic field. E0 represents the energy
level of subband in the ZnO channel layer.

FIG. 6. Spin-splitting energy �solid line� of Zn0.88Mn0.12O bar-
rier layer at 2 K. The broken line shows the Zeeman contribution.
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	EZnMnO�H� � xeff
N0SBs�H� . �3�

The change in the 	EZnMnO against the applied magnetic
field is expected to be proportional to the Brillouin function.
Because the carriers are conducting in the ZnO channel
layer, the spin-splitting energy of subband in the ZnO layer,
indicated as 	EZnO, are expected to be responsible for mag-
netoresistance 	� /�0 and magnetoconductivity 	�. There-
fore, the correlation between 	EZnMnO and 	EZnO must be
discussed as follows. To evaluate this correlation, MR analy-
ses were performed using the index of spin-splitting energy
hZnMnO, which is 	EZnMnO /kBT. Figure 7�a� presents the cor-
relation between hZnMnO and 	� for sample B with low �.
For sample B, 	� decreases concomitantly with increasing
hZnMnO. Changing the horizontal axis of Fig. 7�a� to the loga-
rithm of hZnMnO, as shown in Fig. 7�b�, the linear relation
between 	� and the logarithm of hZnMnO is obtained irre-
spective of the temperature. Therefore, the relation between
	� and hZnMnO can be given as

	��H� � log�hZnMnO� . �4�

Then, the experimentally obtained 	� is compared with the
theoretical magnetoconductance �MC; 	�s� in a 2D system,
which is expressed as Eq. �5� �Ref. 28�

	�s�H� = −
e2



F�

4�2g�hs� ,

with hs = 	Es/kBT . �5�

Here, F� is the screening parameter for the Coulomb inter-
action, 	Es is the spin-splitting energy, and g�hs� is the func-

tion dependent on hs. Here, g�hs� is expressed as

g�hs� = �
0

�

d�
d2

d�2 ��N����ln	1 −
hs

2

�2	 �6�

with

N��� =
1

exp�hs� − 1
. �7�

The analytic expression for g�hs� is given in Ref. 29. Then,
the function g�hs� can be numerically computed. As shown in
Fig. 7�c�, g�hs� changes against hs. They have the limiting
behaviors of g�hs�

g�h� = 0.084hs
2, for hs � 1 �8�

and

g�h� = ln�hs/1.3�, for hs � 1. �9�

Using Eq. �9�, when hs�1, 	�s is expressed as

	�s�H� = −
e2



F�

4�2 ln�hs/1.3� . �10�

The theoretical MR can be calculated using hs and the fol-
lowing equation:

MR�H� =
��H� − ��0�

��0�
= − ��H� � 	�s�H� . �11�

In this case, 	�s is proportional to the logarithm of hs. When
hZnMnO is used to calculate the theoretical MR instead of
hZnO, 	�s is expected to be the experimentally obtained re-
lation shown as Eq. �4�. The theoretical MR calculated using
hZnMnO was compared with experimental MR. The theoreti-
cally calculated MR curves at elevated temperature are
shown in Fig. 7�d� together with the experimentally obtained
MR curves for sample B. As fitting parameters, F� of 0.7,
0.9, 0.9, and 0.9 were used, respectively, at 1.85, 5, 10, and
50 K. The experimental MR values can be well fitted to the
theoretical ones, meaning that hZnO increases in proportional
to hZnMnO. Therefore, it is suggested that 	EZnO is propor-
tional to 	EZnMnO under applied magnetic fields, and the cor-
relation between 	EZnO and 	EZnMnO is expressed as

	EZnO � 	EZnMnO. �12�

The experimental positive MR for sample B shows good
agreement with the theoretical positive MR in 2D system,
similarly to that for Cd0.8Mg0.2Te /Cd1−xMnxTe /
Cd0.8Mg0.2Te modulation-doped quantum well.27 For sample
B, the Mn ions exist in ZnO channel because of large inter-
face broadening, and the 2D conduction electrons directly
interact with Mn d spins in ZnO channel.

Figure 8�a� shows 	� for sample A with high � as a
function of hZnMnO. The value of 	� linearly decreases con-
comitantly with increasing hZnMnO. Converting the horizontal
axis from hZnMnO to 	EZnMnO, Fig. 8�b� is obtained. All 	�
measured at all temperatures overlap to a single straight line,
suggesting that 	� for sample A is proportional to 	EZnMnO
and hZnMnO, as described in Eq. �13�

FIG. 7. ��a� and �b�� MC behavior 	� for sample B as a function
of hZnMnO. Broken lines are a guide for the eyes. �c� Function gs�h�
is obtained by numerically integrating Eq. �5�. �d� Dotted lines are
fitted to the experimentally obtained MR for sample B using Eq.
�4�. Closed circles, open circles, and closed triangles, respectively,
represent MR measured at 1.85, 5, and 10 K.
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	� � hZnMnO,	EZnMnO. �13�

In addition, using Eq. �3�, this can be approximated as

	� � Bs�H� , �14�

Eq. �11� gives

MR�H� � Bs�H� . �15�

To date, the positive MR obtained Mn-doped II-VI DMS
bulk is explainable by quantum corrections to conductivity
under the influence of the electron-electron interaction gen-
erated by spin-splitting energy in DMS. Sample B, with low
�, exhibits typical MR behavior of DMS in a low-
dimensional system. However, no report describes observa-
tion of Brillouin-function-like positive MR behavior ob-
served for sample A with high �. Therefore, for sample A,
the spin-dependent transport generated by the magnetic in-
teraction at the ZnO channel /Zn0.88Mn0.12O barrier interface
might be observed by the suppression of interface broaden-
ing.

E. Origin of the Brillouin-function-like MR

Because the Zn0.88Mn0.12O /ZnO heterostructure with high
� has the interface with smaller interface broadening, 	EZnO

for sample A is assumed to be much smaller than that for
sample B. When hZnO�1, Eqs. �8� and �15� give

	EZnO � 
	EZnMnO as hZnO � 1. �16�

Here, 	EZnO is proportional to a square root of 	EZnMnO,
similarly to the correlation between the spin splitting in CdTe
well and Cd1−xMnxTe barrier characterized using magneto-
optical measurements for the Cd1−xMnxTe /CdTe /
Cd1−xMnxTe �x�0.20� and Cd0.89Zn0.11Te /CdTe /
Cd1−xMnxTe �x�0.20� quantum wells with magnetic
barrier.30,31 Therefore, the origin of Brillouin-function-type
MR is suggested as a wave function of the carriers in the
ZnO channel layer penetrating into the Zn0.88Mn0.12O barri-
ers, and 	EZnO is induced by the different penetration prob-
ability of the carriers with up-spin state and down-spin state
because the Zn0.88Mn0.12O barriers induce variation in the
barrier height of the up-spin state and down-spin state. Fur-
ther research has revealed that some heterostructures with �
close to the calculated �total show Brillouin-function-like
MR, while other samples with much lower � show 2D DMS
MR behavior, supporting that the interface broadening
is responsible for the spin-dependent transport of
Zn0.88Mn0.12O /ZnO heterostructures.

For the Zn0.88Mn0.12O /ZnO heterostructure, results show
that the different penetration probability of the wave function
of the up-spin carriers and down-spin carriers into the
Zn0.88Mn0.12O barriers is responsible for spin-dependent
transport. For the n-type heterointerface, however, 	EZnO is
small because hZnO�1 for sample A with high �. Formation
of two-dimensional hole gas at the heterointerface produces
huge spin-splitting energy because the p-d exchange interac-
tion �N�� is 2.7 eV32 and the ferromagnetic interaction is
expected to be exhibited above room temperature.

IV. CONCLUSIONS

Using Zn0.88Mn0.12O /ZnO heterostructures, spin-
dependent transport that occurred at the interface was inves-
tigated. The heterostructures showed two kinds of MR be-
havior. The heterostructure with low � shows 2D DMS MR
behavior, suggesting that s-d exchange interaction is directly
generated between Mn d spins in ZnO channel and conduc-
tion electrons because of large interface broadening. On the
other hand, MR behavior for the heterostructure with high �
was well fitted to the Brillouin function with S=5 /2, sug-
gesting that the effect of interface broadening on the MR is
suppressed. Results show that the difference of the penetra-
tion probability of the wave function of up-spin carriers and
down-spin carriers in ZnO subband into the Zn0.88Mn0.12O
barrier layer is responsible for Brillouin-function-like MR.
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FIG. 8. �a� MC behavior 	� for sample A as a function of
hZnMnO. �b� MC behavior 	� for sample A as a function of
	EZnMnO. Closed circles, open circles, and open triangles, respec-
tively, represent MC measured at 1.85, 5, and 10 K. Broken lines
are a guide for the eyes.
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