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Long needle-shaped single crystals of Zn;_,Co,0O were grown at low temperatures using a molten salt
solvent technique, up to x=0.10. The conduction process at low temperatures is determined to be Mott variable
range hopping. Both pristine and cobalt-doped crystals clearly exhibit a crossover from negative to positive
magnetoresistance as the temperature is decreased. The positive magnetoresistance of the Zn;_,Co,O single
crystals increases with increased Co concentration and reaches up to 20% at low temperatures (2.5 K) and high
fields (>1 T). Superconducting quantum interference device magnetometry confirms that the Zn;_,Co,O
crystals are predominantly paramagnetic in nature and the magnetic response is independent of Co concentra-
tion. The results indicate that cobalt doping of single crystalline ZnO introduces localized electronic states and
isolated Co”* ions into the host matrix but that the magnetotransport and magnetic properties are decoupled.
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I. INTRODUCTION

Due to a predicted high Curie temperature (above 300 K),
diluted magnetic semiconductors (DMSs) are regarded as
important materials for spintronics.! Combining ferromag-
netism with semiconductivity in oxides gives them an addi-
tional degree of freedom and functionality for fabricating
unique devices with applications ranging from nonvolatile
memory to quantum computing.>? Some theoretical* and
experimental®” reports have shown room-temperature ferro-
magnetism (RTFM) in highly doped ZnO films. The mag-
netic impurities are either implanted into the host matrix® or
introduced during the growth.® The experimental results re-
garding RTFM and its origin in transition-metal-doped ZnO
samples in different forms including thin films, bulk, poly-
crystalline, and nanocrystalline samples differ widely (see,
e.g., Refs 10 and 11), and there is no consensus on either the
nature of the magnetism (whether the samples are paramag-
netic, diamagnetic, or ferromagnetic) or on the origin of the
ferromagnetism (intrinsic, extrinsic, defect induced, etc.).

In the case of cobalt-doped ZnO, the observed RTFM has
been attributed either to Co clustering,12 some external
pollution!? or is thought to be intrinsic in nature.'* Cobalt
and lithium codoped ZnO films have revealed only Co para-
magnetism, and oxygen vacancies were considered as the
origin for the RTFM.'3 In bulk samples the FM is attributed
to Co clustering,'® and in hydrogenated samples it is attrib-
uted either to the appearance of Co clusters!” or oxygen
vacancies.'® Recently, thin films and nanoparticles of pure
ZnO have been reported to be ferromagnetic, and their FM is
attributed to defects on Zn sites and surface point
defects.'29 The most careful characterizations of defect-free,
single crystalline Zn;_,Co,0O have been almost exclusively in
the form of thin films.2!"2> This state-of-the-art work on
phase-pure ZnO:Co makes a strong case for the presence of
only paramagnetism from the Co ions,?*?’ and defects are
believed to play a crucial role in the observed ferromag-
netism in other studies of the thin-film form.?® Despite the
recent milestones achieved in thin-film growth and charac-
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terization of cobalt-doped ZnO, there is a scarcity of studies
in the literature on the properties of single crystals of com-
parably high quality. Single crystals are the ideal form for
investigating the intrinsic properties of any material, a point
that is of particular relevance to the field of DMS, where the
significant surface-to-volume ratio or potential inhomogene-
ities in thin films can dominate the observed magnetic and
magnetotransport properties.

From a practical point of view, the ultimate goal of inves-
tigating materials such as cobalt-doped ZnO is to fabricate
semiconductor devices that have a spin-polarized nature to
their electronic transport properties. To this end, explorations
of the magnetotransport are an essential part of studies into
these DMS. The low-temperature magnetoresistance (MR) of
cobalt-doped ZnO is typically tens of percent in magnetic
fields of up to several teslas,”® and may show a crossover
between positive and negative MR (Refs. 30-32) at different
temperature and magnetic field values. ZnO films containing
magnetic nanoclusters within a nonmagnetic insulating ma-
trix have positive MR values as large as 811% at 5 K in
fields of a few teslas,>® revealing the rich potential for
magnetic-field influenced charge transport in DMS. Magne-
totransport studies in the highest quality thin films recently
achieved are mostly absent, with one report interpreting the
low-temperature MR using a semiempirical two-band model
of conduction.?

In this paper we present the structural, magnetotransport,
and magnetic properties of both pristine ZnO- and cobalt-
doped ZnO single crystals, which were grown by the molten
salt solvent technique.®* Our work will serve as a useful
benchmark for comparison to results on thin films. We find
that single crystals of Zn;_,Co,O are nonferromagnetic. We
interpret the temperature and magnetic-field-dependent elec-
tronic transport using a well-established model for electronic
transport in doped semiconductors. Most interestingly, we
find no correlation between the magnetic and electronic
transport properties, which calls into question the proposed
use of such highly crystalline material to generate spin-
polarized charge carriers.
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II. EXPERIMENTAL DETAILS

In the present case, the molten salt solvent technique has
been employed to grow single crystals of both pristine ZnO
and cobalt-doped ZnO. Analytical reagent grade ZnO,
KOH-6H,0 and CoCl,-2H,0 were used as precursors. Cal-
culated amounts®* of ZnO and CoCl,-2H,O (an appropriate
amount was chosen corresponding to the desired concentra-
tion of Co) were slowly added to the molten KOH. The
crucible was then covered with a specially designed silver lid
which was fitted with a silver tube at its center. The other end
of the silver tube was tapered into a cone. The crucible with
the charge (solvent+solute) was then placed in the furnace
such that the charge remained in the uniform temperature
region of the furnace at a temperature of 480 °C for ~50 h.
When immersed in the molten charge, the conical end of the
tube provides suitable sites for the growth of the crystals,
allows the heat of solidification to escape, and also serves as
a sheath for the thermocouple (one end of which is placed in
the tube). These conditions result in the nucleation and iso-
thermal growth of transparent, green-colored, needle-shaped
cobalt-doped single crystals of ZnO due to dissociation of
zincate species unstable at 480 °C, at the cylindrical walls of
the silver crucible and the tapered end of the silver tube.’*
The crystals were extracted by dissolving the solvent in me-
thyl alcohol. The needlelike crystals are typically 2.5-5 mm
in length, 0.5-1.0 mm in width, and 0.1-0.2 mm in thick-
ness.

The single crystals of pristine and cobalt-doped ZnO were
powdered and their structural properties were studied using a
Philips (X’Pert PRO, Model PW 3040) x-ray diffraction sys-
tem with Cu K, radiation at wavelength 1.54060 A. The
SEMCEF used for scanning electron microscopy micrographs
has RONTECs energy dispersive analysis of x rays (EDAX)
system Model QuanTax 200, which is based on silicon drift
detector technology and provides an energy resolution of 127
eV at Mn K,. The magnetic moment of a small amount of
each kind of crystal was measured as a function of both
applied magnetic field and temperature, using a Quantum
Design Magnetic Property Measurement System (MPMS-7)
superconducting quantum interference device (SQUID) mag-
netometer. The temperature and magnetic-field-dependent
electrical resistance of individual crystals was also measured.
The maximum applied magnetic field for these measure-
ments was 4.5 T, and the range of temperatures employed
was 2.5-350 K.

III. RESULTS AND DISCUSSION
A. Structure and composition

The x-ray diffractograms of both the pristine ZnO and
Zn,_,Co,0 crystals are shown in Fig. 1(a). All the diffraction
peaks correspond to ZnO in the wurtzite structure. No sec-
ondary phases are detected in the XRD spectrum of
Zn,_,Co,O crystals, which implies that the Co** ions are
incorporated into the lattice substitutionally replacing Zn>*.
The full width at half maximum of the (110) peak of the
Zn,_,Co,O crystals is less than 0.10° (measurements were
made at 0.05° increments), which attests to their very high
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FIG. 1. (Color online) (a) Powder x-ray diffractograms of crys-
tals of pristine ZnO and Zn 9gCog ,O. The peaks are labeled with
the reflections corresponding to the ZnO wurtzite structure. (b)
Scanning electron micrograph of Zn(¢3C0( (,O single crystals.

structural quality. It can also be seen that the XRD peaks of
the Zn;_,Co,O are slightly shifted to lower angles as com-
pared to the pure ZnO peaks, which implies that the lattice is
slightly expanded relative to pure ZnO.

Figure 1(b) shows the morphology of a Zn;_,Co,0O single
crystal as studied using scanning electron microscopy. This
depicts the characteristic hexagonal shape of a ZnO crystal.

The exposed faces are hexagonal m 1010 and hexagonal p

1011 (cone) faces. The precise elemental composition was
calculated from the EDAX spectrum; the concentration of
Co in the two samples has been estimated to be x=0.02 and
x=0.10.

B. Electronic properties—Temperature- and field-dependent
resistances

To study the electronic transport properties of the crystals,
the temperature-dependent resistance behavior was observed
for Zn;_,Co,0O single crystals. Electrical contacts were made
to individual crystals using silver paste. The 300 K resistivity
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FIG. 2. (a) Resistance vs temperature curve for a Zng ¢yCoy o0
single crystal. Inset: Plot of In o vs 1/7, indicating that the conduc-
tion mechanisms are different at high and low temperatures. (b) Plot
of In(eT"?) vs T-V* for T<100 K indicating that the variable
range hopping conduction mechanism is active in this temperature
range (data shown for x=0.10).

of the pristine ZnO crystals is 3.6 ) cm, and for the
Zn;_.Co,0 crystals 5.4  cm and 6.7 () cm with x=0.10
and x=0.02, respectively. The exponential decrease in resis-
tance with increase in temperature as shown in Fig. 2(a) is a
clear signature that the cobalt-doped ZnO maintains the
semiconducting behavior of undoped ZnO. The two different
slopes of the In o vs 1/T [inset of Fig. 2(a)] curve in the low
(2.5-100 K) and high temperature (100-300 K) regions are
signatures of two different conduction mechanisms being op-
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erative in these two temperature regions. At high tempera-
tures, the conduction mechanism is thermally activated band
conduction from donor levels near the conduction band, with
an activation energy of 10 meV.> At low temperatures there
is insufficient thermal energy to promote conduction through
delocalized carriers. Instead, below we show that the variable
range hopping (VRH) conduction mechanism is active at low
temperatures, where the electrons hop between levels that are
close to the Fermi level irrespective of their spatial separa-
tion. The relation between electrical conductivity and tem-
perature for VRH is given by Mott’s equation®
YTy (1)
The parameters o, and 7, are given by the following
expressions:37-3

o= 0y exp‘(

16a°

NEH | 16d°
} “oNE) 2

Tp0= 362Vph|: 87TakBT 5 0

where v, is the phonon frequency at the Debye temperature,
kp is the Boltzmann’s constant, N(Ey) is the density of local-
ized electronic states at the Fermi level, and « is the inverse
localization length. The exponent p in Eq. (1) varies from

~i when the density of states across the Fermi level is
constant to p~% in the case of significant electron-electron
interactions that lead to the formation of a Coulomb gap.
From Egs. (1) and (2) we expect In(oT"?) o« T-"? The nearly
linear plot of In(¢7"?) vs T~ in Fig. 2(b) indicates that
VRH is the dominant mechanism of conduction in
Zn( 99Co 100 below 100 K. We find similar behavior for
both undoped ZnO and Zn 9gCoq 1,O crystals. The results of
fitting the data for all three samples with the VRH model
[Egs. (1) and (2)] are reported in Table I. The Mott param-
eters, i.e., average hopping distance (R) and average hopping
energy (W), were calculated from

9 4

R=———; W=————. 3
8k TN(E ) 37R>N(Ey) ®)

Other conditions for VRH conduction are that the value of
aR must be greater than 1 and that W> kgT. Note that both
of these conditions are satisfied in the Zn;_,Co,O crystals.
For the ZnO crystals the conditions are only satisfied above
approximately 25 K, and at lower temperatures other con-
duction mechanisms may compete with VRH. The values of
Ty, N(Ep) and R determined by fitting to the VRH model are
reasonable compared with results which exist for both doped

TABLE I. Parameters derived from fitting the variable range hopping model of Egs. (1) and (2) to the temperature-dependent resistivity
data of the ZnO and Zn,_,Co,O crystals. T is the temperature used in calculating parameters R and W as in Eq. (3). All other parameters are

as detailed in the text.

aoT"? Ty a N(Ep) R T w
Sample Intercept  Gradient (S cm™' K72 (K) (cm™) (evV-'em™) (cm) (K) (meV) aR
x=0.02 6.71 -13.59 820.57 34109.7  3.41x10° 2.161x10*° 6.89%x 1077 25 34 2.35
x=0.10 7.53 -9.35 1863.1 76427  3.67 X 10° 1.20 % 10%! 4.41x1077 25 2.3 1.62
Zn0 25-100 K 7.24 -5.88 1394.09 11954  1.09X% 10° 1.98 X 10%° 9.37X 1077 25 1.5 1.02
ZnO 10-60 K 6.65 4.41 772.78 3782 338x10° 1.90x10" 283x10% 10 056 0.96
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FIG. 3. (Color online) Magnetoresistance of crystals of (a)
Znj93Coy O and (d) ZngoCop 100 below 25 K. Inset of (a):
zoomed view showing the magnetoresistance at 25 K. [(b) and (c)]
Field dependence of In(p/py) for a ZngggCog O crystal, plotted
versus wgH? and u?H"Y. [(e) and (f)] Field dependence of
In(p/py) for a ZnygyCopy 100 crystal, plotted versus ,LLOHZ and
wy*H'"2. Dotted lines are guides to the eyes.

and undoped Zn0.3>3-4! Thus, the analysis of the
temperature-dependent electronic transport data for both the
ZnO and Zn;_,Co,0O crystals provides convincing evidence
for the VRH conduction process up to approximately 100 K,
above which a thermally activated conduction mechanism
becomes more appropriate.

Measurements were also carried out to study the magne-
toresistive behavior of the single crystals up to a magnetic
field uoH of 4.5 T and at temperatures down to 2.5 K. Fig-
ures 3(a) and 3(d) show that for the Zn;_,Co,O crystals the
MR is weak and negative [see inset Fig. 3(a)] down to a
certain temperature. Below that temperature the MR be-
comes positive (i.e., changes its sign) and becomes larger in
magnitude. The crossover in MR from negative to positive
occurs at ~20 K in the doped crystals. It may be noted that
the positive MR increases with the decrease in temperature
in all cases, and also with increase in the concentration of
cobalt. The largest value attained, near saturation of the posi-
tive MR, is 20% [Fig. 3(d)] at 2.5 K for Zn 9Cog 10O single
crystals, which is at the upper end of MR values reported by
other groups for ZnO-based DMS.30-324243 A positive MR
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also arises in pristine ZnO crystals below 5 K (not shown)
but it is weaker than in the cobalt-doped crystals, no more
than 1% at 2.5 K, which is likely due to residual impurities.

There are several mechanisms which are typically cited to
account for the MR in DMS at low temperatures: (1) a nega-
tive MR at low fields owing to the magnetic field breaking
the time-reversal symmetry of scattering paths involved in
weak localization; (2) a negative MR at large fields from a
reduced scattering of the carriers as the magnetic field aligns
the moments of the magnetic dopants; and (3) a positive MR
at intermediate fields from a field-induced spin splitting of
the conduction band due to the s-d exchange interaction.

The absence of evidence for the first type, i.e., a sharp
negative MR at <0.1 T, as seen in a number of works,3932 g
consistent with the temperature-dependent resistance mea-
surements of Fig. 2, which indicate a hopping type conduc-
tion at low temperatures rather than weak localization of the
carriers. The second type of MR is seen in thin films of
ZnO-based DMS that exhibit ferromagnetism in magnetic
measurements, and the absence of this component at the
magnetic fields applied is consistent with the paramagnetic
character of the single crystals as measured by SQUID mag-
netometry (discussed below). A semiempirical model for the
third mechanism of MR has been developed by Khosla and
Fischer,** where the positive MR is proportional to H2. This
model has been used elsewhere to explain the MR behavior
of doped ZnO thin films.?>3!* The predicted H> dependence
appears to account for the data of Figs. 3(b) and 3(e). How-
ever, the Khosla-Fischer model considers the MR to arise
from a field-induced splitting of bands of extended states. In
the Zn;_,Co,O crystals of the present report, conduction is
via localized states rather than through bands of extended
states. Hence, none of the mechanisms of MR commonly
applied to DMS are applicable in our case, and we must
consider an alternate mechanism to explain the low-
temperature positive MR, based on the VRH conduction pro-
cess.

At low temperatures, where hopping distances are large
enough, a positive MR arises due to the shrinking of the
wave functions of the states available for an electron hop.*
In low magnetic fields, the positive MR can then be de-

scribed with
2752 3p
ln{p(H,T)]xf“eH (@) , @
p(0,7) ch? \kgT

where ¢ is the carrier localization length and p is the VRH
exponent of Eq. (1). This may account for the H> dependence
at low fields as shown in Figs. 3(b) and 3(e). At higher fields,
there is a change to an approximate H'? behavior, as seen
before in thin films of cobalt-doped ZnO in the low-
temperature “hard-gap” regime of electronic transport.?’
Note that at the lowest temperatures and highest fields, espe-
cially for the higher Co concentration crystals, the MR is
more weakly field dependent than in the low-field region.
The data of Fig. 4 show that, at 2.5 K in fields of uoH
>1.5 T, the MR of the Zn;¢yCo 0O crystals can be ap-
proximately described by ln[ﬂo—p;]OCH03 which is very
close to the expected high- field MR in the VRH model of
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FIG. 4. Magnetoresistance of Zn 9,Cog 10O at 2.5 K, plotted to
show that ln[%gf’;)l]OCHOj. The dotted line is a least-squares fit of
the data for upH>1.5 T indicating a gradient of 0.3.

ln[%gf’;)l] o H'3 %6 We thus find that the MR properties of the
Zn,;_,Co,0 crystals are completely explained as the effect of

the magnetic field on the VRH conduction process.

C. Magnetization

The results of magnetic measurements on each crystal
type are shown in Fig. 5. The magnetization vs field (M-H)
measurements were carried out at room temperature as well
as at 2.5 K. The M-H curves of Fig. 5(a) for cobalt-doped
samples at 2.5 K, normalized to their respective values at 4.5
T for each sample, exhibit neither remanence nor coercivity.
The maximum values of magnetization of the Zng ¢3C0( O
and Zng9Coq 10O crystals in 4.5 T applied field are 2.01
emu/g and 2.34 emu/g, respectively, corresponding to abso-
lute magnetic moment values of 0.2-0.4 emu. In addition,
the curves do not saturate, even at the highest applied field. A
representative sample of the temperature-dependent magne-
tization (M-T) measurements for the crystals, measured un-
der both zero-field-cooled [MZC(T)] and field-cooled
[MF(T)] conditions, is plotted in Fig. 5(b). A ferromagnetic
material, besides exhibiting distinct hysteresis in an M-H
loop, also demonstrates thermomagnetic irreversibility
(TMI), i.e., MFS(T) # M?FC(T) in M-T curves. The M and
MZF€ curves of Fig. 5(b) are identical, showing no sign of
TMI, further confirming the lack of ferromagnetic ordering
in the sample; instead the observed behavior is consistent
with paramagnetism. It is thus evident that the Zn;_,Co,O
single crystals are paramagnetic, and doping of Co does not
result in any ferromagnetism.

To confirm that the magnetic behavior observed is due to
the cobalt doping, the M-H curves of the pristine ZnO
sample recorded at both 2.5 K and room temperature (300 K)
are drawn in the inset of Fig. 5(a). It may be noted that the
data recorded at room temperature exhibit a linear variation
in magnetization M with applied field, with a negative slope.
This is a signature of a diamagnetic material. However, at 2.5
K pristine ZnO crystals reveal a feeble paramagnetism with a
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FIG. 5. (Color online) (a) Magnetization field loops for pristine
and cobalt-doped ZnO single crystals at 2.5 K, normalized to the
value at 4.5 T (blue triangles—Zn0O, black squares—Zng 9gC0yg (10,
red circles—Zng 99Coq 19O, and red line—Brillouin function for
ions with S=3/2). Inset: M vs uoH for ZnO at 2.5 K (blue tri-
angles) and 300 K (green circles). (b) ZFC and FC curves for
7n( 90C0o 100 measured in a field of 50 mT. Inset: ™' vs T curve
for cobalt-doped ZnO crystals. Sample (1)—Zng¢oCop 0O and
sample (2)—Zn 9gCo( 120.

magnetization 100X weaker than that of the Zn;_,Co,O.
This weak low-temperature paramagnetism is possibly due to
the presence of residual impurities as detected in the MR
measurements.

In paramagnets, a value of the effective magnetic moment

. . Npz -
per ion, p,, can be estimated from the slope (= 312 Bff yofay™!

vs T plot (Curie law fit), where N is the number of moles of
Co. The inset of Fig. 5(b) shows that the Curie law applies
over the full range of temperatures measured. The value of
Pefr Was found to be 3.29 up for Zng 9gCog o0, which com-
pares favorably to values determined for other paramagnetic
Zn0:Co samples*’~*° and is close to the theoretical free Co**
ion spin-only value of 3.87 wp. However, at the higher Co
concentration of x=0.10, p,; has a lower value of 2.16 .
As the Co concentration increases, the average Co-Co dis-
tance is reduced, which strengthens the direct antiferromag-
netic exchange between Co neighbors or superexchange via
Co-O-Co bonds, and consequently the average moment per
Co is reduced from the case of isolated noninteracting Co**
ions. Theoretically, the value of the total moment of para-
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magnetic Co®* ions is J(=L+S)=3+3/2=9/2. However, for
transition metals in semiconductors such as ZnO it is often
found that the orbital angular momentum of the unpaired 3d
electrons is quenched, i.e., L=0, and hence the total moment
comes only from the spin momentum S=3/2. A Brillouin
function for the field dependence of the moment of isolated,
noninteracting paramagnetic Co>* ions with a spin-only mo-
ment of 3/2 is plotted in Fig. 5(a) alongside the magnetic
moment data measured at 2.5 K. The calculated field depen-
dence for S=3/2 paramagnetic ions is extremely close to the
experimental data from the cobalt-doped samples, confirm-
ing that the field-dependent magnetization is from the Co
ions in a majority divalent, paramagnetic state. The antifer-
romagnetically correlated fraction of Co ions in the crystals
is insensitive to the magnetic field.

In summary, the magnetic behavior of the Zn,_,Co,O
crystals arises from the incorporated Co and is indicative of
Co?* ions. The majority of Co?* ions interact with a mag-
netic field as a paramagnetic system, although at higher Co
concentrations an increasing component is antiferromagneti-
cally coupled, likely due to the more closely spaced fraction
of Co ions interacting via a mechanism such as superex-
change.

Finally, we discuss the transport and magnetic character-
istics of the Zn;_,Co,O single crystals and the implications
of our results for the prospective use of this material in spin-
tronic devices. For such devices, the aim is to find a material
with accessible electronic energy levels that may be spin
polarized, either due to an internal exchange field or with the
aid of an externally applied magnetic field. To this end,
charge carrier-mediated magnetic exchange such as that from
the Ruderman-Kittel-Kasuya-Yosida mechanism is a suitable
condition.! However, the likelihood of this mechanism ap-
pearing in wide band-gap semiconductors such as ZnO is
now realized as highly questionable.”® In principle, a spin
polarization of charge carriers could be induced in any ma-
terial where a magnetic moment interacts with the electronic
states involved in conduction, even in the absence of a
mechanism of long-range coupling between the moments.

It is evident from our results that the incorporation of Co
in the ZnO crystals has an important effect on both the elec-
tronic transport and magnetic properties. Transport measure-
ments unequivocally indicate that the Co introduces local-
ized electronic states in the forbidden energy gap of ZnO.
Conduction takes place through hopping of charge carriers
between these localized states. The Co ions have a magnetic
moment, which may be aligned with a sufficiently strong
external magnetic field, even without a significant interionic
exchange interaction. From Fig. 5(a) we estimate that the
moment of the Co ions in the maximum field applied at 2.5
K is at ~80% of the saturation value, however the MR mea-
surement at the same temperature shows that this alignment
of the Co magnetic moments does not affect the charge trans-
port. The only effect detected in the MR emerges from the
direct influence of the applied magnetic field on the spatial
extent of the electronic wave functions, which does not result
in a spin polarization. None of the fingerprints of spin-
polarized VRH conduction®!? appear in our measurements,
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which would be expected if there was a coupling between
the Co moments and the electronic states. The MR curves of
the two differently doped crystals have different shapes,
whereas their M-H curves are identical, further indicating
that the magnetization and MR properties are decoupled. The
clear implication is that the magnetic and transport degrees
of freedom of the Zn;_,Co,O single crystals are not corre-
lated, and a spin polarization of the charge carriers may not
be manipulated through the alignment of the Co ion mag-
netic moments.

Although the formation of localized electronic states ow-
ing to the incorporation of Co in ZnO is not controversial,
our results support the idea that the electronic transport prop-
erties in this DMS are in general independent of the mag-
netic properties. Some results on magnetic tunnel junctions
fabricated from ferromagnetic cobalt-doped ZnO thin films
have nonsaturating positive MR at low temperatures,>3>*
rather than negative MR as would be expected from tunnel-
ing of spin-polarized charge carriers between layers with
their magnetic moments aligned in high fields. Additionally,
those authors acknowledged that the behavior of the tunnel-
ing magnetoresistance does not correlate with the magneti-
zation of these devices, although without further comment.
These results are a stark reminder that the mere existence of
ferromagnetism in cobalt-doped ZnO is not a sufficient con-
dition for generation of spin-polarized charge current.

IV. CONCLUSIONS

Pristine and cobalt-doped ZnO single crystals were grown
by a molten salt solvent technique at low temperatures
(480 °C). The Zn,_,Co,0 crystals are paramagnetic; there is
no sign of ferromagnetism at up to x=0.10. The paramag-
netic properties of the crystals arise from isolated Co** ions.
At temperatures above 100 K, conduction in the crystals is
by thermal activation, with a change to Mott variable range
hopping at lower temperatures. Doped and undoped ZnO
crystals show almost negligible negative MR at room tem-
perature, with a crossover to positive MR below 20 K. The
positive MR reaches values as large as 20% in the
Zn,_,Co,0 crystals at 2.5 K, and is consistent with a field-
induced shrinking of the localized state wave functions,
which reduces the probability of a hop. The magnetotrans-
port is decoupled from the magnetization, and no spin-
dependent transport is observed at the highest level of mag-
netic alignment of the Co?* ions. Our results indicate that the
Co incorporated in low-temperature grown single crystals
simultaneously introduces paramagnetic moments and local-
ized electronic states into the ZnO electronic structure, how-
ever the bulk magnetic and magnetotransport properties are
independent of each other.
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