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Metal-insulator transition in Co-doped ZnO: Magnetotransport properties
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The magnetotransport properties [magnetoresistance (MR) and Hall effect] of Co-doped ZnO films prepared
by pulsed laser deposition have been investigated around the metal-insulator transition (MIT) as a function of
temperature (from 5 to 290 K) under a maximum magnetic field strength of 6 T. From the MR behavior
measured at 5 K we conclude that the MIT occurs at the critical electron concentration n.~4 X 10" cm™. At
5 K we observed positive MR in the insulating regime (n<n_.) and negative MR in the metallic regime (n
>n,.). Furthermore, in the transition regime of the MIT (n ~n,) negative MR at low magnetic field and positive
MR at high field was observed. We consider the critical electron concentration 7. as an important material
parameter because n, does not depend on film thickness or Co content. The anomalous Hall effect being of
importance for future spintronic materials was only clearly observed in Co-doped ZnO with n<n,.
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Diluted magnetic semiconductors (DMSs) have attracted
much attention for their potential areas of applications in
spintronics.! Following the theoretical prediction of room-
temperature ferromagnetism in ZnO-based DMSs,?> 3d
transition-metal- (TM-)doped ZnO has been studied inten-
sively to achieve room-temperature ferromagnetism. Besides
ferromagnetic magnetization, the ZnO-based DMSs also ex-
hibit interesting magnetotransport phenomena. Both positive
and negative magnetoresistance (MR) were observed, de-
pending on TM doping, film thickness, and measuring
temperature.’* The anomalous Hall effect (AHE) was also
observed in Co- and Mn-doped ZnO films.*> A spin coher-
ence time as long as 1 ns has been found by measuring low-
temperature MR on undoped and Mn-doped ZnO and a cou-
pling constant amounting to \,,=(4.4+0.4) X 10! eV cm.®
However, more work is still needed to understand the mag-
netotransport properties in ZnO-based DMSs at elevated de-
vice operating temperatures.

It is known that magnetotransport properties of magnetic
semiconductors strongly depend on the charge -carrier
concentration,”® which are electrons in intrinsically
n-conducting ZnO. With decreasing electron concentration,
at the metal-insulator transition (MIT), the character of wave
functions changes from delocalized to localized. In this pa-
per, we study the MR and Hall effect of Co-doped ZnO films
in dependence on the free-electron concentration n. For a
critical electron concentration n,. we probed the MIT and

PACS number(s): 75.50.Pp, 75.47.De, 73.61.Ga, 71.30.+h

electron concentration n.. The PLD target was prepared by
mixing and pressing appropriate amounts of ZnO (99.9%),
Co0 (99.999%), and Al,05 (99.998 %) powders. 0.5 mol %
Al was included in the PLD target to fabricate conductive
thin films. The resulting composition of the films was deter-
mined by combined Rutherford backscattering spectrometry
and particle-induced x-ray emission measurements and is
given together with substrate temperature in Table 1. Due to
the underlying substrate, the Al content in the Co-doped ZnO
films could not be determined. When decreasing the sub-
strate holder temperature from 820 to 390 °C, the Co content
in the deposited films decreases gradually from ~10% to
~7%, nevertheless being larger than the nominal Co content
in the target.

The crystal structure of the films was characterized by
x-ray diffraction measurements with 6-26 scans using a
Cu Ka source. Only (002) and (004) peaks of wurtzite ZnO
were observed, indicating that the Co-doped ZnO films are

TABLE I. PLD substrate temperature and thickness of Co-doped
7ZnO film. All films have been grown at an oxygen partial pressure
amounting to 4 X 107 mbar. The film prepared at a substrate tem-
perature of 824 °C is an insulator. The nominal composition of the
PLD target used was Zn 945C00 05Alg 005O- The letters in parenthe-
ses (n column) indicate whether the sample is in the insulating (I),
transition (T), or metallic (M) regime.

related changes of MR in Co-doped ZnO. 7;<ubstrate Thickness o Co-content
The Co-doped ZnO films were grown from a (©) (nm) nat5 K (em™) (at. %)

%8(; 94150COO'052A10'00150 pulsedt}.aser diposition b(PLD)1 ta(;gelzt on gy 101

0 mm” a-plane sapphire substrates by pulsed laser 689 1.7 10" (T) 100
deposition using a KrF excimer laser. The distance between c

. 689 261 5.1X 108 (1) 9.8

PLD target and substrate amounted to 10 cm. The film thick- 0
ness was controlled by the number of the laser pulses with an 638 269 4.0X 107 (T) 9.5
energy density of 2 Jcm™ and ex situ determined by mod- 591 144 3.7x10" (T) 9.1
eling spectral ellipsometry data measured in the energy range 530 64 9.8 X 10" (M) 9.0
of 1-4 eV.? Different temperatures at the substrate holder 460 38 1.3X 102 (M) 6.7
and. film thickness were chosen to vary the electron concen- 39 26 9.9% 10" (M) 7.0
tration by several orders of magnitude around the critical
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FIG. 1. Resistivity of Co-doped ZnO as a function of the square
root of the magnetic field at 5 K for selected electron concentrations
ranging from 4.6 X 10" (n<n,) to 1.3x 10 cm™ (n>n,).

highly c-axis oriented, without any magnetic or nonmagnetic
precipitates being larger than 10 nm. The magnetic field de-
pendence of resistivity and Hall effect was measured with
the field applied parallel to the ¢ axis of the films (perpen-
dicular to film surface) in the van der Pauw configuration.
Fields up to 6 T were applied over a wide temperature range
from 5 to 290 K. The type of the conducting carriers was
confirmed to be n type by Hall measurements for all the
samples.

Figure 1 shows the resistivity of Co-doped ZnO films as a
function of the square root of the magnetic field measured at
5 K for a wide range of electron concentrations n. It is
known that electronic properties of n-conducting semicon-
ductors sensitively depend on the ratio of the mean distance
between donors r=(3/47m)" to their effective Bohr radius
ag. In the dilute case, r>ayp, electrons are bound to indi-
vidual impurities, and low-temperature conduction proceeds
by means of phonon-assisted tunneling between occupied
and empty states. The semiconductor is said to be in the
insulating regime. In the opposite limit, r<<ap, electrons re-
side in the conduction band, and low-temperature mobility is
determined by ionized impurity scattering. The critical elec-
tron concentration n. where the MIT happens can be esti-
mated from r=ag; thus,

o= (@)3 (M)

dap

In a Co-doped ZnO film, Co isovalently substitutes for Zn,
and MIT can be estimated from Eq. (1). With az amounting
to 1.7nm for ZnO, n. can be calculated to be 4.9
X 10! cm™. From the estimated n,, we expect delocalized

PHYSICAL REVIEW B 73, 205342 (2006)

u (cm2V4s'1)

20 30 40
40—.' T T T 7 T =
i T= (a)‘
sl 5K ]
L L4 J
L 20} §
0 10__ il

2 i [ ]

[ ]

0+ @ ® g ~
40 —
- ® T=5K (b)
— 30F -
\0 - 4
< 20t N
X . ]
= 10} i
I o ]
oL % $ o

1019 nC 1020

n (cm®)

FIG. 2. The MR value at maximum field 6 T for the samples
from Fig. 1 in dependence on (a) electron mobility x and (b) con-
centration n at 5 K. The critical electron concentration n.=4.9
X 10" cm™3 determined using Eq. (1) is also indicated.

and localized wave functions for n=4.9X 10! and n=4.9
X 10" cm™, respectively. It can be clearly seen that for elec-
tron concentration n smaller than 10" cm™, strong positive
MR can be observed, while for an electron concentration
larger than 10! cm™3, small negative MR was observed.

In order to reveal a possible dependence of the MR be-
havior on electron concentration or mobility u, the MR val-
ues at the maximum field 6 T from the MR curves in Fig. 1,
namely, [R(6 T)—R(0 T)]/R(0 T), are plotted as a function
of n and u in Fig. 2. No clear relation between MR and
electron mobility may be detected [Fig. 2(a)]. However, with
decreasing electron concentration n [Fig. 2(b)], the MR
changes sign, finally reaching a positive value of MR=37%
for n=5.1X10"® cm™. The MR changes sign at n=~4
X 10" cm™, where the MIT is theoretically predicted using
Eq. (1). The thinnest investigated film has a thickness of
26 nm. The mean free path of the electrons is estimated to be
less than 2 nm, which is small compared to the film
thickness.!® Therefore we think that bulk properties are
reached and n, does not depend on the film thickness. In
order to determine n, more precisely, more Co-doped ZnO
samples with n around n, should be investigated. As can be
seen from Fig. 3(b), negative MR at low field and positive
MR at high field can be observed for n~n,.. The typical MR
curves at 5 K for the selected samples in insulator, transition,
and metallic regimes are shown in Fig. 3.

Kim et al.? observed the same positive MR below (n
=5.1%x10"” cm™®) and negative MR above (n=9.2
%X 10?° cm™) n, in Co-doped ZnO with high and low Co
doping. For n~n, (n=7.5% 10" cm™) they reported nega-
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FIG. 3. The MR as a function of the magnetic field measured on
Co-doped ZnO at 5 K with (a) n<n. (n=5.1X10'8 cm™3), (b) n
~n, (n=4.0%X10" cm™3), and (c) n>n, (n=1.3X10%° cm™).

tive MR at low field and positive MR at higher field with
intermediate Co doping.

Figures 3(a)-3(c) summarize the temperature dependence
of MR for Co-doped ZnO films in the insulating, transition,
and metallic regimes, respectively. For the insulating film,
only positive MR was observed at 5 and 20 K. At 50 K,
negative MR can be observed at low magnetic field. At
200 K only negative MR was observed. However, small
positive MR can still be observed at 290 K. In the metallic
regime, only negative MR can be observed. Here the MR
decreases from 5 to 290 K. For the film in the transition
regime of n. at 5 and 20 K, negative MR was observed at
low field and positive MR at high field. On further increasing
the temperature, only negative MR was observed.

The resistivity of the films was measured from 5 to 290 K
at zero magnetic field. In Fig. 4, the resistivity p is repre-
sented on a logarithmic scale as a function of reciprocal tem-
perature, in order to represent the modeled thermal activation
energy E, for the activation of charge carriers into the con-
duction band. In the simplest case, we expect

1 E,] 1 (2)
np=——+1Inpg,
p kp T Po

where kg is the Boltzmann constant and p, a temperature-
independent contribution to the resistivity. In case of only Al
donors, the modeled activation energy E, should be
65 meV.!! In Fig. 4 dashed lines show the curves of p versus
1/T to be modeled in the low-temperature range with activa-
tion energy E,; and high temperature range with activation
energy E, . In the metallic range with p smaller than
1072 Q cm, E,; and E,, are smaller than 1 meV. Therefore
even at room temperature the Fermi level lies close to the
conduction band. Both modeled activation energies increase
with decreasing electron concentration. In the insulating
range with p larger than 107! Q cm, the modeled activation
energy E,; and E, amounts to 1.6 and 18 meV, respectively.
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FIG. 4. Variation of p in logarithmic scale versus 1/7 measured
on Co-doped ZnO films in metallic, transition, and insulating re-
gime. The dashed lines indicate the linear fitting for the thermal
activation energy.

We would like to state that the free charge carriers in the
metallic and transition regimes are mainly generated by the
ionization of very shallow donors with E,<<1 meV. Note
that a thermal activation energy in Mn-doped ZnO amount-
ing to 1.5 meV was attributed to the activation energy from
an impurity band to the conduction band.’

Finally, we probed the Hall voltage in the temperature
range from 5 to 290 K. A well-known ferromagnetic re-
sponse of charge carriers in ferromagnetic semiconductors is
the AHE. The Hall resistivity p,, is known to be a sum of
ordinary and anomalous Hall terms, p,,=RB+R,u,M where
B is the magnetic induction, u is the magnetic permeability,
M is the magnetization, R, is the ordinary Hall coefficient,
and R, is the anomalous Hall coefficient. The first is the
ordinary Hall effect, linear in B, and the second is the AHE
proportional to M.'> The anomalous Hall term is convention-
ally attributed to asymmetric scattering processes involving a
spin-orbit interaction between the conduction electrons and
the magnetic moments in the material. The field dependence
of p,, is shown in Fig. 5. The data were obtained by a simple
subtraction p,,= 2[p”(H) pxy(=H)] in order to eliminate any
magnetic-field effects which are an even function of field,
i.e., MR.

In the insulating regime, the AHE was clearly observed at
low temperature. Figures 5(a) and 5(b) show the Hall curve
for two samples, the sample A with n of 6.7 X 10" cm™ at
20 K [Fig. 5(a)] and the sample B with n of 5.1
X 10" cm™ at 5 K [Fig. 5(b)]. The ordinary Hall term can
be determined by linear fitting of the high-field Hall data
where the anomalous Hall term has saturated. By subtracting
the ordinary Hall term, only the anomalous Hall term which
mimics the magnetization curve is left and is shown in the
insets of Fig. 5. It can be clearly seen that the anomalous
Hall resistivity saturates at a value p,.. It must be noted that
the Hall resistivity was noisy for samples with n<n, due to
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FIG. 5. Hall resistivity versus magnetic field for sample A with
n of 6.7X107 cm™ at 20 K (a), sample B with n of 5.1
X 10" cm™ at 5 K (b), and sample C with n=9.8 X 10" cm™ at
5 K. The insets show the anomalous Hall resistivity in which the
ordinary Hall contribution is subtracted.

the too large resistance and the large MR effect. p,, for
sample A amounts to 896 u() cm, which is much larger than
that for sample B(20 u{) cm). It can be clearly seen that with
decreasing electron concentration, the AHE is strongly en-
hanced. For the sample with n>n_., no clear AHE can be
observed. Figure 5(c) shows the Hall curve for sample C
with n=9.8 X 10" cm™3. However, by subtracting the ordi-
nary Hall term as in Figs. 5(a) and 5(b), a small AHE still
can be observed, shown in the inset of Fig. 5(c). But p, is
only 0.09 uQ) cm, which is much smaller than that of
samples A and B with n<n,.

The doping of a 3d TM will induce a giant s-d exchange
interaction in magnetic oxide semiconductors, leading to
spin splitting of the s-type conduction band. In the metallic
range, the spin splitting is smaller than the Fermi energy.’
And the magnetic-field-induced redistribution of electrons
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between the spin-split subbands is small. Thus its effect on
the resistivity is small. The negative MR in the metallic re-
gime reflects that the spins of the doped magnetic ions will
tend to be aligned parallel under the applied magnetic field
and thus the magnetic scattering of the doped magnetic ions
was suppressed. With decreasing electron concentration, the
redistribution of electrons between the spin-split conduction-
band minimum will significantly influence the conductivity
due to spin-disorder scattering, orbital effects and formation
of bound magnetic polarons which originate from the
scattering-modified electron-electron interactions, leading to
the positive MR.”!3 Large spin splitting in the insulating
regime was also manifested by the clear observation of the
AHE, which is proportional to the spin polarization of the
electron gas. Because the spin splitting is proportional to the
macroscopic magnetization induced by the Co ions, the ob-
served positive MR and AHE in the insulating regime sug-
gest that the ferromagnetism may be realized in the Co-
doped ZnO with low electron concentration. This conclusion
is also supported by the recently observed giant magnetic
moment of 6.1ug/Co and high Curie temperature of 790 K
in ferromagnetic insulator (4 at. %) Co-doped ZnO. The
bound magnetic polaron model gives one plausible
explanation.'* In order to prepare ferromagnetic Co-doped
ZnO for use in future spintronic devices, the chemical origin
of very shallow donors and its influence on the total free-
electron concentration has to be systematically studied. Fur-
thermore, also for Mn-doped ZnO it would be of interest to
investigate the magnetotransport properties in the transition
regime of the MIT, which is currently under study.

In summary, a critical electron concentration (n.=4
% 10" cm™) has been determined from the MR properties of
Co-doped ZnO prepared by PLD on a-sapphire substrates.
We observed positive MR in the insulating regime (n<n.)
and negative MR in the metallic regime (n>n,). Further-
more, in the transition regime of the MIT (n~n,) negative
MR at low magnetic field and positive MR at high field was
observed. With increasing temperature, n increases and sub-
sequently the positive MR decreases abruptly and negative
MR emerges at low magnetic field. The AHE may only be
clearly observed in insulating Co-doped ZnO films. The ob-
served positive MR and AHE suggest that ferromagnetic Co-
doped ZnO may be realized if the electron concentration lies
below 10! cm™.
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