PHYSICAL REVIEW B 76, 134417 (2007)

s-d exchange interaction induced magnetoresistance in magnetic ZnO
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The magnetoresistance (MR) effect in Co-doped ZnO films prepared by pulsed laser deposition on a-plane
sapphire substrates with electron concentration at 5 K ranging from 8.3 X 10'7 cm™ t0 9.9 10'” cm™ has
been studied experimentally and theoretically. A large positive MR of 124% has been observed in the film with
the lowest electron concentration of 8.3 10'7 cm™3, while only a negative MR of —1.9% was observed in the
film with an electron concentration of 9.9 10" cm™ at 5 K. The positive MR is attributed to the quantum
correction on the conductivity due to the s-d exchange interaction induced spin splitting of the conduction
band. The negative MR is attributed to the magnetic field suppressed weak localization. The presented mod-
eling of superimposed positive and negative MR well agrees with the experimentally observed MR and hints

at the physical origin of MR in Co-doped ZnO.
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There is great interest in ZnO due to its optoelectronic
applications owing to its direct wide band gap
(E,~3.3 eV).! After the theoretical predication of room-
temperature ferromagnetism in 5% Mn-doped ZnO,> much
work has been done on magnetic ZnO for future applications
in spintronics. Besides the abundant experimental work and
results on the magnetic properties of doped ZnO,>* the mag-
netotransport behavior, including magnetoresistance (MR)
and the anomalous Hall effect (AHE), was also studied in
ZnO and magnetic doped ZnO.>"'° In ZnO and nonmagnetic
ion doped ZnO—for example, Ga-doped ZnO—negative MR
at low field and positive MR at high field was observed.
Large positive MR was observed at low field in magnetic ion
doped (Mn, Co, etc.) ZnO. The MR in magnetic ZnO de-
pends in a complicated manner on temperature and electron
concentration. Recently, we reported that the MR in Co-
doped ZnO strongly depends on the electron concentration.”$
The positive MR in Mn-doped ZnO has been modeled by
accounting for the quantum correction of s-d spin splitting
on the disorder-modified electron-electron interaction, while
the mechanism of the large negative MR at high field is still
not clear.® However, at low temperature the large field MR
behavior in Co-doped ZnO and Mn-doped ZnO are distinct
namely only small high field negative MR has been observed
in Co-doped ZnO.® In this paper, we extend the modeling of
s-d spin splitting on the disorder-modified electron-electron
interaction to explain the positive MR in Co-doped ZnO in
weak localization. Furthermore, we model the negative MR
in Co-doped ZnO by the field-induced suppression of weak
localization!! and also apply our model to Co-doped ZnO in
the strongly localized regime.

Co-doped ZnO films were grown from
7n( 045C00 05Alp 05O ceramic targets on 10X 10 mm?
a-plane sapphire substrates by pulsed laser deposition (PLD)
using a KrF excimer laser under different substrate tempera-
tures and oxygen pressures.”® The film thickness was con-
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trolled by the number of laser pulses with an energy density
of 2 Jcm™ and ex situ determined by modeling spectral el-
lipsometry data measured in the energy range of 1—4 eV.!2
The resulting composition of the films was determined by
combined Rutherford backscattering spectrometry (RBS) and
particle-induced x-ray emission (PIXE) measurements. Due
to the underlying Al,O5 substrate, the Al content in the films
could not be determined. Four samples, labeled A, B, C,
and D, with electron concentration ranging from
9.9 10" cm™ to 8.3 X 10'7 cm™ were selected for the MR
study. Their properties are listed in Table I. The crystal struc-
ture of the films was characterized by x-ray diffraction mea-
surements with #-26 scans using a Cu Ka source. Only (002)
and (004) peaks of wurtzite ZnO were observed, indicating
the highly c-axis-oriented magnetic ZnO films without any
visible impurities. The structure of the films was also studied
by transmission electron microscopy (TEM). No impurities
were observed. The Co?* distribution was uniform in the film
as observed by electron energy loss microscopy (EELS) and
elemental mapping.®'3 Magnetotransport measurements with
the field applied parallel to the ¢ axis of the films (perpen-
dicular to film surface) were performed in van der Pauw
configuration. Fields up to 6 T were applied over a wide

TABLE I. The PLD deposition parameters (oxygen partial pres-
sure Pg,, substrate temperature 7), Co concentration x in the de-
posited Zn;_,Co,O films, film thickness ¢, electron concentration n,
and mobility u at 5 K.

Py t T, nGK  w(GK
Sample  x (mbar) (nm) (°C) (ecm™3) (cm?V~ls7h)
A 0.07 4x107° 265 350 9.9%x10" 17.5
B 0.1 4x107 689 650 1.7x10Y 41.1
C 0.098 4x10 261 610 5.1x10'8 13.9
D 0.1 3x103 685 650 83x10!7 1.2
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TABLE II. Values of kgl of fitting parameters x,; and F, for
positive MR and of fitting parameter Lz, for negative MR. For the
high-temperature negative MR, only Ly;, was determined from the
fitting. The number of digits reported is determined by the accuracy

of the modeling.

Sample T (K) kgl Xoff F, Ly, (nm)
A 5 2.36 0.008 0.62 29.0
20 20.0
50 18.3
200 5.45
B 5 1.71 0.035 0.10896 60.0
20 0.09 0.15371 21.0
50 0.09 0.47801 11.7
290 2.3
C 5 0.27 0.035 0.025 9.0
20 0.07 0.074 8.0
50 0.09 0.203 6.9
200 2.15
D 5 0.0065 0.06 0.00015 2.3
20 0.09 0.00536 2.3
50 0.09 0.0883 5.8
100 2.15

temperature range from 5 K to 290 K. The type of the con-
ducting carriers was confirmed to be n-type by Hall measure-
ments for all the samples.

The product of the Fermi wave vector kr and mean free
path [ can be calculated with equation kgl
=h(37)?3/(e’pn'’3), where # is the Planck constant, e the
electron charge, p the resistivity, and n the electron
concentration.'* kyl values of the samples calculated with n
and p at 5 K increase with increasing electron concentration,
as shown in Table II. Systems with kz/>1 will lie in the
weakly localized regime.® For comparison, Fig. 1 shows the
typical MR (defined as (R[H]-R[0]) X 100% /R[0]) curves

Mn-doped ZnO
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FIG. 1. Field-dependent MR curves for (a) Mn-doped ZnO and
(b) Co-doped ZnO at 5 K in weakly localized regime with similar
kpl>1.
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FIG. 2. The magnetoresistance vs magnetic field (open symbols)
for (a) sample A, (b) sample B, (c) sample C, and (d) sample D at
different temperatures. The solid lines are the fitting curves using
three-dimensional equations for (b), (c), and (d). For (a), two-
dimensional equations were used for 5 K and 20 K, and three-
dimensional equations were used for 50 K and 200 K.

at 5 K for a Mn-doped ZnO with kpl=~1.47 and Co-doped
Zn0O with kpl=1.71—i.e., in the weakly localized regime.
Both films show clearly the positive MR at low fields. How-
ever, Mn-doped ZnO shows strong negative MR at high
field, while Co-doped ZnO only shows weak negative MR.

Figure 2 shows the MR behavior in Co-doped ZnO in
dependence on electron concentration and temperature.
Compared with the critical electron concentration
n.=4x10"” cm™ determined from the temperature-
dependent resistance and MR behavior,” at low temperature
negative MR (n>n,) changes to large positive MR (n<n,).
The positive MR decreases drastically with increasing tem-
perature, and only negligible negative MR can be observed
above 50 K.

In magnetic doped ZnO, the positive MR is related with
the quantum corrections to the conductivity due to the influ-
ence of the spin splitting of the conduction band on the
electron-electron interaction.®!"!5 Currently, for negative
MR, the underlying physical origin is much debated. We
previously observed negative MR in Ti-, Cu-, and Nd-doped
ZnO and modeled it by considering the magnetic scattering
of the conduction electrons by isolated magnetic ions, as
proposed by Csontos et al.'® We applied the model of Cson-
tos et al. to Co-doped ZnO and observed that above 50 K the
negative MR in Co-doped ZnO is not mainly influenced by
magnetic impurity scattering. For semiconductors in the
weak localization region, the field suppression of weak lo-
calization is a possible origin for the small negative MR,
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which has been applied to explain the small negative MR in
Co-doped ZnO. In the following, the positive MR due to the
quantum correction of s-d spin splitting on the disorder-
modified electron-electron interaction and negative MR due
to the field suppression of weak localization are combined
together to model MR in Co-doped ZnO.

For the positive MR, the change of conductivity can be
modeled as follows:!!

2

ApH. D)= ol H 1) = 0(0.1) =~ S 50(8) (1)

e’ F, kT

T k4t

for two and three dimensions, respectively, with F, the
screening parameter for the Coulomb interaction ranging be-
tween O and 1, and

7% 2)

do? ®)

2
o= | dﬂ—mNm)hn’l—%
and

g3(B) = fdQ—[QN(Q)](\’Q+ﬁ+\r|Q 8l -20),

(4)

with N(Q)={exp(Q)—-1}~". D is the diffusion constant and is
deduced from D= ,ukL—T with u the electron mobility. The spin
splitting of the conduction band contains the Zeeman term
gmupH, with  g=2.0, and the s-d contribution
xeffaNoSBS(T H), aN, is the s-d exchange energy of
0.2 eV, X the effective mole fraction of the magnetic
ions, and Bg(T, H) the Brillouin function for §=3/2 for Co?*.
Thus, B=[gugH+x,;aN,SBs(T,H)]/kT. The analytic ex-
pressions for g,(B) and gs(B) were given by Burdis and
Dean'® and Ousset et al.'® In the simulation of positive MR,
F, and x, are taken as fitting parameters.

The negative MR due to the field-suppressed weak local-
ization can be expressed as follows:!!

27;%1[‘/’(1 y>_1ny]

)

Aoy(H,T) = o(H,T) - o(0,T) =

= 6
Py ) (6)
for two and three dimensions, respectively, where ¢ is the
digamma function, y:ﬁm, and

eLy

- . 1
f3(y)=2 2(\n+y+1—-\n+y) - ———=|. (7)
n=0 \n+y+1/2

Here, Ly, is the dephasing length taken as a fitting parameter.
The choice of two or three dimensions will be decided by
relating the film thickness ¢ and dephasing length Ly,
t> Ly, for three dimensions and <Ly, for two dimensions.
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FIG. 3. (a) Temperature dependence of the dephasing length Ly,
and (b) screening parameter for the Coulomb interaction F; at 5 K,
for sample A (V), sample B (A), sample C (O), and sample D ([])
vs free electron concentration. The dashed line in (a) is fitting show-
ing the dependence 7%# for sample B. The dashed line in (b) is the
fitting showing the linear relationship between F, and n.

The total MR is a superposition of positive and negative
MR, which can be calculated using

MR = p(H,T) - p(0.7) =—p(H,D[Acp(H,T) + Aoy(H,T)].
p(0,7)
(®)

We first model the experimental MR of samples A
(kpl=2.36) and B (kgl=1.71) in the weakly localized regime,
as shown in Figs. 2(a) and 2(b). For sample A, due to the
small thickness of about 26.5 nm, the corresponding two-
dimensional equations had to be applied at 5 K and 20 K. At
higher temperatures, positive MR has vanished. Fitting the
data was performed only using Eq. (5) or (6), and Ly, was
determined. The agreement between modeled and experi-
mental MR data is excellent. Furthermore, we extended our
model to Co-doped ZnO in the strongly localized regime, as
shown in Fig. 2(c) for sample C (kz/=0.27) and Fig. 2(d) for
sample D (kgl=0.0065). Also here the agreement between
experimental and modeled data is very good. Table II lists
the values of the fit parameters x.;, F,, and Ly, for the
samples under investigation. As expected the product of the
Fermi wave vector kr and mean free path / increases with
increasing electron concentration and kg/ approaches 1 in the
weak localization region.® The parameters F,, and Ly, exhibit
a systematic dependence on electron concentration and tem-
perature. The dephasing length Ly;, decreases with increasing
temperature and is much larger for samples in the weakly
localized regime than for samples in strongly localized re-
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gime. Figure 3(a) summarizes the temperature dependence of
Ly, on a logarithmic scale. Only sample B shows the linear
relationship. The fitting curve reveals a 7-%% dependence in
close agreement with the 7-%7> dependence observed in un-
doped n-Zn0O.° The Ly, of sample A might be suppressed by
the scattering at the top surface due to the small film thick-
ness, as one can see that Ly, of sample A is larger than Ly, of
sample C at high temperatures in three dimensions. The ob-
served linear relationship between F, and the electron con-
centration, as shown in Fig. 3(b), illustrates that the free
charge carrier concentration strongly influences the effective
screening.

In summary, detailed MR investigations on Co-doped
ZnO films in the weakly and strongly localized regime are
reported. A large positive MR value of 124% has been ob-
served in Co-doped ZnO with an electron concentration of
8.3%x 107 cm™ at 5 K, while only negative MR of —1.9%
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was observed in a Co-doped ZnO with electron concentra-
tion of 9.9 10" cm™. The positive MR was modeled in-
cluding the quantum correction on the conductivity due to
the s-d exchange interaction induced conduction band split-
ting, while negative MR was modeled including the mag-
netic field suppressed weak localization. The theoretical ex-
planation based on the combination of the positive and
negative MR models well agrees with the experimental MR
behavior in Co-doped ZnO.
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