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Diluted magnetic ZnCoO films with 5 at.% Co have been fabricated by pulsed laser
deposition on c-plane sapphire substrates and Schottky and Ohmic contacts have been
prepared in top-top configuration. The diode current is significantly reduced after the
diode has been subjected to an external magnetic field. In the reverse bias range the
corresponding positive magnetoresistance is persistent and amounts to more than
1800% (50 K), 240% (30 K), and 50% (5 K). This huge magnetoresistance can be
attributed to the large internal magnetic field in depleted ZnCoO with ferromagnetic
exchange between stable bound magnetic polarons. © 2014 Author(s). All article con-
tent, except where otherwise noted, is licensed under a Creative Commons Attribution
3.0 Unported License. [http://dx.doi.org/10.1063/1.4886216]

Magnetic semiconductors provide the capability of controlling the charge and spin of free charge
carriers simultaneously. The clear understanding of magnetic, magnetotransport, and magnetooptical
properties of magnetic semiconductors in an external magnetic and electric field is important for
future semiconductor spintronics.1–3 Generally, the wide bandgap semiconductor ZnO is n-type
conducting due to intrinsic defects and exhibits a negligible weak negative magnetoresistance (MR)
at 50 K. By alloying ZnO with isovalent 3d transition metal atoms, a large positive MR has
been observed as long as the electron concentration n is below the critical electron concentration
nc (nc = 4 × 1019 cm−3). The MR dependence on n is one of the most characteristic features in
magnetic ZnO films with the positive MR below (n < nc) and the negative MR above (n > nc).4 One
major implication of our difficulty with the magnetization of the highly transparent and intrinsically
n-type conducting magnetic ZnO is shallow and deep defects which have been studied, e.g., by deep
level transient spectroscopy measurements.5 It has been concluded that impurities and other defects
not only modify the electrical properties of magnetic ZnO, but may also mediate ferromagnetism.6

In this work we investigate hopping transport in the large internal magnetic field of depleted ZnCoO
films with ferromagnetic exchange between stable bound magnetic polarons on insulating c-sapphire
substrates. This work will help advancing the realization of stable bound magnetic polarons with
ferromagnetic exchange in magnetic oxides.

As shown by deep level transient spectroscopy measurements most deep electron traps in
magnetic ZnO follow the Meyer-Neldel rule and emit at the isokinetic temperature of 226 K with the
same rate of 5996 s−1.5 SQUID magnetization measurements7 excluded a dominating ferromagnetic
coupling of Co ions in undepleted ZnCoO films. Note that the shallow Al donor8 may not serve
as a center for bound magnetic polarons in ZnCoO. In a previous work we investigated the I–V
characteristics of a Schottky diode in top-bottom configuration with a ca. 1 μm thick Zn0.96Co0.04O
film on an Al-doped ZnO bottom electrode9 where both Al impurities and oxygen vacancies caused
the observed n-type conductivity in the Zn0.96Co0.04O. Furthermore, at zero bias the estimated
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depletion layer extended only over less than half of the Zn0.96Co0.04O film.8 The diode current
was decreased in a magnetic field and in the bias range from −0.5 V to +0.5 V, where leakage
currents can be neglected and where the forward current is small. The observed reduction of the
diode current was volatile in the whole bias range and amounted to 50% and 0.1% at 5 K and
50 K, respectively. We concluded that the field dependent current change is related with the positive
magnetoresistance in ZnCoO due to the s-d exchange interaction induced splitting of the conduction
band in an external magnetic field.4 In this work we prepared Schottky diodes with 74 nm thick
Zn0.95Co0.05O films on c-plane sapphire substrates by pulsed laser deposition (PLD) in top-top
configuration without an Al-doped ZnO bottom electrode.10 The 74 nm thick Zn0.95Co0.05O films
have preferential c-axis orientation and are completely depleted at zero bias. We measured a huge
positive magnetoresistance of more than 1800% (50 K), 240% (30 K), and 50% (5 K) and assigned
it to the s-d exchange interaction induced splitting of the conduction band in the large internal
magnetic field of stable bound magnetic polarons (BMP) with ferromagnetic exchange.

SQUID magnetization measurements show paramagnetic properties of undepleted ZnCoO films
on sapphire substrates prepared under similar PLD growth conditions and without a Schottky contact.
The rectangular Au/AgxO Schottky contact has an area of A = 400 × 50 μm2 (inset in Fig. 1). The
current I between the Schottky contact (G in inset of Fig. 1) and Au/Ti Ohmic contact (S in inset
of Fig. 1) was recorded under constant current conditions with a Lake Shore Model CPX-VF probe
station. By applying a bias voltage VGS to the Schottky diode the extension of the depletion region
in the ZnCoO film below the Schottky contact is controlled. The rectifying behavior of the Schottky
contact was confirmed by the asymmetric I–V characteristics in the temperature range from 5 K to
300 K (Fig. 1). In order to characterize the temperature dependent depletion, the real barrier height
�Bn, the ideal barrier height �B0, and the ideality factor η of the Schottky diode have been modelled
from I–V curves measured under dark conditions at different temperatures (Fig. 1). The charge
carrier density n in the whole temperature range has been determined from Hall measurements on
unstructured ZnCoO in van der Pauw geometry and the dominant transport mechanism has been
deduced from the characteristic energy parameter E00 which in n-type semiconductors follows from

E00 = q�

2

√
n

εrε0m∗ , (1)

with m∗ the effective electron mass, εr the relative permittivity, and n the charge carrier density.
For the 74 nm thick ZnCoO film the condition E00 ≤ 0.5kBT is fulfilled in the whole temperature
range from 5 K to 300 K and we conclude that thermal emission (TE) over the Schottky barrier
is the dominating transport mechanism. Therefore, we used the thermionic model to analyze the
measured I–V curves (Fig. 1) and to determine the ideality factor η and the barrier height �B from
the measured current density J:

J = A∗T 2 exp

[
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kB T
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(
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ηkB T

)
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)
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where J equals the normalized current I/A, A∗ the Richardson constant, kB the Boltzmann constant,
T the temperature, and q the elementary charge. The results are presented in Fig. 2 and confirm an
increasing ideality factor η and a decreasing barrier height with decreasing temperature (Fig. 2).
This corresponds to degraded Schottky contact properties at low temperatures and is related with
a decreasing charge carrier concentration n and an increasing series resistance RS with decreasing
temperature. Together with the barrier height �B (Fig. 2) and the applied voltage VGS the depletion
layer width W is given by

W =
√

2ε0εr (�B/e − VGS − kB T/e)

qn
, (3)

where ε0 is the dielectric constant. The relative permittivity εr of ZnCoO strongly increases with
the Co concentration and amounts to εr ≈ 25 for 5 at.% Co in ZnCoO. At 300 K the charge carrier
density is large and amounts to 6.7 × 1016 cm−3. Therefore, according to Eq. (3), at 300 K W
amounts to only 118 nm. Obviously this is more than the thickness of the 74 nm thick ZnCoO film.
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FIG. 1. Current-voltage characteristics of a Schottky diode in top-top contact configuration at 5 K, 30 K, 50 K, 100 K,
200 K, 250 K, and 300 K and at 0 kOe. (Inset) Partial photomicrograph of a MESFET structure with the 47 nm thick
Au/AgxO Schottky (G) and the Ti/Au Ohmic (S) contact on a 74 nm thick ZnCoO film before deposition of the 14.5 nm
thick Al2O3 passivation layer. The overlap area between the Au/AgxO Schottky contact (G) and the ZnCoO film amounts to
400 × 50 μm2 and corresponds to the area A of the Schottky contact. The hidden edge of the ZnCoO film is emphasized by
a red scattered line. For details on the preparation of the MESFET structure we refer to Ref. 10.

However, due to the tail of the thermal distribution of majority charge carriers in the depletion layer,
above 0 K the width of the depletion layer in the abrupt approximation model with constant charge
density is larger than the real depletion layer. As a consequence the completely depleted part of the
ZnCoO film does not touch the underlying c-plane sapphire substrate at 300 K. The charge carrier
density decreases with decreasing temperature to 1.8 × 1016 cm−3 and 3.4 × 1015 cm−3 at 50 K and
30 K, respectively. This correlates with an increasing depletion layer width of 680 nm at 50 K and
of 1560 nm at 30 K. The main idea is to investigate completely depleted ZnCoO films with a very
small free electron concentration (n � nc) in order to realize ionized donors with a stable charge
state in the center of BMPs in ZnCoO.

In the following the magnetotransport properties of the 74 nm thick ZnCoO films will be
discussed in detail. After application of an external magnetic field we expect the magnetic moments
of the BMP to align parallel. As long as the charge state of the ionized donors in the center of the
BMP is not changed, the percolating state of the BMPs is retained also when the external magnetic
field is removed. For EuO with n < nc it has already been shown that BMPs are formed in an external
magnetic field11 and strongly influence the magnetotransport properties of EuO. A first approach
to determine internal magnetic fields related with percolating bound magnetic polarons has been
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FIG. 2. Temperature dependent barrier height �B0 and �Bη , and ideality factor η of the rectifying Au/AgxO gate contact
(inset in Fig. 1). The barrier height �Bη , and ideality factor η have been modelled from I–V characteristics at 30 K, 50 K,
100 K, 200 K, 250 K, and 300 K and at 0 kOe (Fig. 1) using Eq. (1). The ideal barrier height �B0 has been determined from
Eq. (1) with an ideality factor η = 1.

reported in Ref. 12. Using time-resolved picosecond laser spectroscopy measurements a magnetic
induction well in excess of 10 T has been estimated for percolating bound magnetic polarons in
n-Cd0.9Mn0.1Se at 2 K.12 From the I–V data measured on the diode at 50 K (Fig. 3(a)), at 30 K
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FIG. 3. Diode current on logarithmic scale at (a) 50 K, (b) 30 K, and (c) 5 K without applied external magnetic field (solid
line) and with an applied magnetic field of 18 kOe (dashed line). The gate-source current IGS is reduced by 1–2 orders of
magnitude possibly due to the formation of percolating bound magnetic polarons in the depletion layer below the Au/AgxO
gate contact in a magnetic field. The persistent, positive MR (dotted line) is constant in the bias range from −3 V to −1 V
and has been calculated using Eq. (4) at 50 K (1800%), 30 K (240%), and 5 K (50%).

(Fig. 3(b)), and 5 K (Fig. 3(c)) without applied external magnetic field (solid line) and with an
applied magnetic field of 18 kOe (dashed line) in constant-current conditions, we determined the
magnetoresistance (MR) as follows:

M R = 100% · [V (H, I ) − V (0, I )] /V (0, I ). (4)

A huge reduction of the diode current can be observed if the ZnCoO Schottky diode is exposed
once to an external magnetic field. Even without magnetic field this current reduction is persistent
below 50 K and reversible only if the ZnCoO diode is heated above 300 K. As for n-Cd0.9Mn0.1Se.12

we attribute the corresponding positive magnetoresistance to the large effective internal magnetic
field in ZnCoO with percolating bound magnetic polarons. We assume that stable percolating
bound magnetic polarons are formed in depleted regions of ZnCoO after application of an external
magnetic field and that the magnetic moments of bound magnetic polarons align parallel. The diode
current with magnetic field is the same at 50 K, 30 K, and 5 K (Fig. 3). Only the diode current
without magnetic field strongly increases with increasing temperature. Therefore, the calculated
magnetoresistance (Eq. (4)) increases with increasing temperature. Mainly in the reverse bias range
where the diode current is small the value of the magnetoresistance is huge and amounts to 1800%,
240%, and 50% at 50 K, 30 K, and 5 K, respectively. Oxygen vacancies in ZnO hold two electrons
and are shallow donors, i.e., one of the electrons is loosely bound and can be easily depleted and
one electron with s wavefunction is more tightly bound. The depleted electron leaves a hole with p
wavefunction at the position of every oxygen vacancy. We expect that after application of an external
magnetic field the magnetic moments of bound magnetic polarons are parallel aligned and percolate
within the whole depletion layer.

The reduction of the diode current is persistent when the external magnetic field is zero again
(not shown). After formation of stable bound magnetic polarons in the 74 nm thick Zn0.95Co0.05O
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film in the reverse bias range, the persistent MR (1800% at 50 K) is more than 4 orders of magnitude
larger (Fig. 3) than the volatile MR (0.1% at 50 K) in ca. 1 μm thick, only partially depleted
ZnCoO films where no stable bound magnetic polarons are formed.9 From that we conclude that
the positive MR in ZnCoO due to s-d exchange interaction is enhanced by a large internal magnetic
field. In our previous work13 we investigated the MR of undepleted ZnCoO films without rectifying
contacts where internal magnetic fields can be neglected and have modelled the MR of ZnCoO films
by accounting for the quantum correction of s-d spin splitting on the disorder-modified electron-
electron interaction (positive MR)14 and by accounting for the field-induced suppression of weak
localization (negative MR).14

The extracted screening parameter for the Coulomb interaction Fσ (positive MR) increases with
increasing temperature. And the dephasing length LTh (negative MR) decreases with increasing tem-
perature. We modelled the temperature dependent persistent and huge positive magnetoresistance
of ZnCoO (Fig. 3) in the negative bias range under the assumption that the temperature dependent
model parameters Fσ (positive MR) and LTh (negative MR) from Ref. 13 in first approximation can
also be used for nearly depleted ZnCoO. The effective magnetic ion concentration has been deter-
mined by modelling paramagnetic behavior of undepleted ZnCoO films without Schottky contact.
The mobility of depleted ZnCoO has been obtained from modelling the transfer characteristics of
MESFETs with a magnetic ZnCoO channel.13 We attribute the huge positive magnetoresistance
(Fig. 3) to large internal magnetic fields and estimate a magnetic induction well in excess of 50 T.
Up to our knowledge there are no other reports on persistent positive magnetoresistance in depleted
diluted magnetic oxides above 50 K so far.

In summary pulsed laser deposition was used to grow 74 nm thick ZnCoO layers on c-plane
sapphire substrates with a Co concentration of 5 at.%. The ZnCoO films have a charge carrier con-
centration below the metal-insulator transition of ZnO and reveal a large positive magnetoresistance
at low temperatures due to s-d exchange interaction. Temperature and magnetic field dependent
diode currents in ZnCoO have been measured between a rectifying Au/AgxO contact and a nonrec-
tifying Au/Ti contact in top-top configuration. At low temperatures the ZnCoO films are completely
depleted below the Au/AgxO Schottky contact and the diode current is persistently reduced after
application of an external magnetic field due to the formation of bound magnetic polarons with
ferromagnetic exchange.15 Charge carriers which are pulled through regions with percolating bound
magnetic polarons are experiencing an increased path length due to Lorentz forces in the huge
internal magnetic field of percolating BMP. Therefore, the charge carrier mobility is decreased in the
depleted regions of the ZnCoO film. This effect is persistent at low temperatures and reversible only
if the ZnCoO film is heated above 300 K. Therefore, magnetotransport in depleted ZnCoO is mainly
determined by the internal magnetic field of the percolating bound polarons. We expect that models
on scattering effects have to incorporate the effect of the intrinsic magnetic field in percolating bound
magnetic polarons on the transport properties of charge carriers in the variable range hopping regime
in diluted magnetic semiconductors. In the future we suggest to make the transport measurements
on depleted and undepleted magnetic semiconductors a commonplace technique. For example, Hall
bar structures from depleted and undepleted diluted magnetic semiconductors with and without
rectifying contacts on the Hall bar, respectively, can be used to investigate hopping transport in the
huge internal magnetic field of percolating BMPs. The observed magnetoresistance can be possibly
used to switch the transport properties in circuitry with integrated magnetic semiconductors, e.g.,
optical isolators, magnetic sensors, and non-volatile memories, between two resistance states. We
expect that such spintronics devices are another step towards low energy consuming information
processing technologies.

The authors would like to acknowledge fruitful discussions with Professor M. Helm (HZDR) and
financial support from the Initiative and Networking Fund of the Helmholtz Association (VH-VI-422)
and from Deutsche Forschungsgemeinschaft (BU 2956/1-1, SCHM 1663/3-1, SCHM 1663/4-1).
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