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Magnetism in polycrystalline cobalt-substituted zinc oxide

A. S. Risbud,* N. A. Spaldin,† Z. Q. Chen, S. Stemmer,‡ and Ram Seshadri§

Materials Department, University of California, Santa Barbara, California 93106, USA
~Received 2 June 2003; published 5 November 2003!

We present results of the preparation~by precursor decomposition!, characterization~with x-ray diffraction,
transmission electron microscopy, and dc magnetization measurements!, and detailed computation~using den-
sity functional theory! of polycrystalline ZnO with up to 15% substitution of the zinc sites by divalent cobalt.
The experimental results indicate the dominant magnetic interaction inwell-characterizedstoichiometric
phases Zn12xCoxO, x50.05, 0.10, 0.15, is nearest-neighbor antiferromagnetic. Our computations suggest
robust ferromagnetism will only occur in the presence of additional hole doping.

DOI: 10.1103/PhysRevB.68.205202 PACS number~s!: 75.50.Pp, 75.60.2d, 71.20.2b
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I. INTRODUCTION

The emerging paradigm of spintronics1—solid-state elec-
tronics based on the spin property of the electron rather t
the property of charge which is traditionally exploited—h
provided the impetus for investigation of so-called dilu
magnetic semiconductors~DMS’s!. One of the materials a
the focus of much recent attention is the wide-band-g
wurtzite-phase semiconductor ZnO, in which some of
zinc can be substituted by magnetic transition-metal~TM!
ions to yield a metastable solid solution. In many of the
systems, it is believed that ferromagnetic coupling betw
TM ions can be achieved even in the limit of concentratio
as low as 5%. This suggests the possibility of transpa
ferromagnets, with potential application in magneto-opti
devices. For example, Dietlet al.2 have set up Ginzburg
Landau free-energy functionals in the magnetization fo
number of manganese-substituted zinc-blende and wur
semiconductors. They find that 5% Mn substitution and so
hole doping@O(1020) cm23# yields ferromagnetic coupling
between the Mn spins. Curie temperatures are suggeste
approach 300 K in Mn-substituted ZnO.

Sato and Katayama-Yoshida3 used density functiona
theory within the Korringa-Kohn-Rostoker~KKR! and local
spin density approximations to predict magnetic grou
states for a range of ZnO:tM systems.3 Their calculations on
four unrelaxed ZnO unit cells~8 formula units! with 25%
TM substitution favored a ferromagnetic ground state
most 3d TM’s with the exception of Mn. For Zn6Mn2O8,
they find that hole doping induces ferromagnetism. Th
authors4 have recently extended their study to lower TM co
centrations and reached the same conclusions.

Experiments on thin films of ZnO:tM have been the sub
ject of a number of recent papers—in particular, films ma
using the technique of pulsed laser deposition~PLD!. In thin
films of ZnO:tM (tM5Mn, Co, Ni, Cu! Ando et al.5,6 find
evidence for a significant influence of TM’s on ZnO states
terms of a large magnetic circular dichroism signal at
energy corresponding to the ZnO band edge. Uedaet al.7

find that PLD films of Zn12xCoxO with (0.05<x<0.25) dis-
play Curie temperatures between 280 K and 300 K, and
films show a saturation magnetization between 1.8mB and
2.0mB per Co. Apart from the possibility of ‘‘intrinsic’’ fer-
romagnetism from Zn12xCoxO, perhaps in the presence
0163-1829/2003/68~20!/205202~7!/$20.00 68 2052
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hole carriers, it is suggested that sources of ferromagne
could include the presence of cobalt oxide grains. Kimet al.8

have used PLD to grow Zn12xCoxO and found evidence fo
ferromagnetism when the films are grown under low O2 par-
tial pressures, the origins of which are not ‘‘intrinsic’’ how
ever, but due to the formation of cobalt microclusters. La
molecular beam epitaxy has been used by Jinet al.9 to grow
ZnO:Co films ~with some Al! on sapphire. Optical studie
confirm Co is divalent, high spin, and substituting for Z
Lim et al.10 report ferromagnetism in Zn12xCoxO (0.02<x
<0.40) films grown by magnetron cosputtering on sapph
In view of some of these results, a recent review of DM
state of the art by Peartonet al.11 emphasizes the ZnO:C
system as particularly promising for applications requiri
ferromagnetism near room temperature.

Stoichiometry and phase purity can be difficult to esta
lish in thin films. Because of inaccuracies in estimating t
concentration of magnetic ions, determining the precise
ture of the magnetic coupling can also be difficult. Und
metastable preparation conditions, it is known that the wu
ite ZnO lattice can stabilize up to 70% Co before eviden
for phase segregation manifests.12 This has encouraged us t
pursue the examination ofbulk polycrystalline samples o
Zn12xCoxO. In bulk samples, the uncertainties and inacc
racies in characterization are significantly diminished an
clearer picture of the magnetism which facilitates compa
son with calculations emerges. To this end, we report a st
of Zn12xCoxO using dc magnetic measurements on b
samples and density functional calculations. Our studies s
gest that in the absence of any other dopant, the Zn12xCoxO
system is characterized by nearest-neighbor antiferrom
netic coupling between magnetic ions and that coopera
magnetism reflects the simultaneous coexistence of n
neighbor pairs of Co21 ions along with ‘‘isolated’’ Co21

ions.
The interpretation of our experimental data is guided

the results of our density functional calculations on 32-at
wurtzite ZnO supercells~16 ZnO units! with 1 and 2 Co
atoms substituting for Zn. This corresponds to substitut
levels of 6.25% and 12.5%, which are within the experime
tal range described here. The influence of hole and elec
doping on the magnetic properties has been modeled by
ply removing a Zn or O atom from the lattice. The results
the computation indeed support our primary conclusion t
©2003 The American Physical Society02-1
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robust ferromagnetism does not occur in Co-substitu
ZnO, unless additional dopants which providep-type carriers
are also present.

II. EXPERIMENT

Since the system Zn12xCoxO is intrinsically metastable, a
single-source precursor where these ions are already
mately mixed is desirable. Mixed metal oxalates fit the b
In addition, they decompose in a clean manner to give m
oxides and the gaseous products water, CO, and CO2. The
mixed oxalate precursors Zn12xCox(C2O4)•2H2O (x50,
0.05, 0.10, 0.15, 0.20, 0.25, 0.30! were prepared by addin
0.4 mol solutions of zinc and cobalt acetates with a 0.4 m
solution of oxalic acid. The precipitates were collecte
washed with copious quantities of de-ionized water, a
dried in air at 333 K. Powder x-ray diffraction confirmed th
these oxalates form as single-phase materials. Heating
precursors at 1173 K for 15 min~with the samples being
introduced into and removed from a preheated furnace! was
identified as an appropriate condition for obtaining cryst
line phases~as manifested in narrow x-ray linewidths! dis-
playing high cobalt solubility. All the samples were mo
green, becoming darker with increasing Co loading.

Powder x-ray diffraction patterns were acquired on
Scintag X2 diffractometer operating in the Bragg-Brenta
geometry and employing CuKa radiation. Data were step
scanned using a step size of 0.02° in 2u and subject to Ri-
etveld profile analysis using theXND Rietveld code.13 Mag-
netic data on three powder samples of Zn12xCoxO with x
50.05, 0.10, and 0.15 were acquired on a Quantum De
MPMS XL magnetometer.

For transmission electron microscopy~TEM!, two
samples with starting compositions ofx50.15 andx50.25
were dispersed on carbon-coated copper grids and exam
using a JEOL JEM 2000FX microscope equipped with
energy-dispersive x-ray~EDS! spectrometer.

III. COMPUTATIONAL METHODS

For the first-principles total energy calculations describ
here we used density functional theory based on pseud
tentials with localized atomic orbital basis sets. This meth
implemented in the codeSIESTA,14–17 combines accuracy
with small computational cost, particularly compared
other approaches such as plane-wave pseudopotential o
electron methods.

We used standard scalar relativistic Troullier-Marti
pseudopotentials18 with nonlinear core corrections19 and
Kleinman-Bylander factorization.20 We use the Ceperley
Alder local-spin-density exchange-correlation functional a
include scalar relativistic effects for Co and Zn. For Zn, w
include the 3d10 electrons in the valence manifold and co
struct the pseudopotential using a Zn21 reference configura
tion with r c of 2.0, 2.1, and 1.9 a.u. for the 4s, 4p, and 3d
orbitals, respectively, and a partial core radius of 0.6 a.u.
eigenvalues and excitation energies of related configurat
calculated with this pseudopotential agreed with the
electron values to within 4 mRy, and the bulk lattice co
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stants, atomic positions, and band structures~calculated us-
ing maximal basis sets to isolate pseudopotential effects f
basis set effects! were in good agreement with all-electro
values.21 The Co pseudopotential, constructed from a 4s13d8

reference configuration,r c of 2.0 a.u. for all-valence orbitals
and a partial core cutoff of 0.75 a.u., had been previou
tested for Co metal and shown to give good agreement w
all-electron local-spin-density approximation~LSDA! lattice
constants.22 The oxygen pseudopotential was construc
from a 2s22p4 reference configuration andr c of 1.15 a.u. for
each angular momentum channel and no core correcti
Eigenvalues and excitation energies for related atomic st
agreed within 1 mRy of the all-electron values. This pseu
potential has also been tested extensively in calculations
bulk oxides.23

In localized orbital calculations, special care must
taken in the optimization of the basis set as described in R
17. Here the number of basis functions and the confinem
radii for each angular momentum component are used
achieve the required accuracy. Since the calculated struc
and electronic properties of ZnO were largely unchanged
reducing the maximal basis to two unpolarized basis fu
tions per orbital, we decided to use such a double-z basis for
each Zn and O orbital. Since we are mainly interested in
magnetic properties of dilute systems which contain a sm
number of magnetic ions, we followed Ref. 24 in using
triple-z basis for thed orbitals on Co and a double-z basis
for the other Co orbitals. Note that we can afford to use
triple-z basis for Cod since there are only a few Co ions i
the unit cell. In contrast, the use of larger basis sets for
and O results in a dramatic increase of the size of the c
putations. For the Zn and Co confinement radii we chose
values from Ref. 24 ofr c56.0, 6.0, and 5.0 a.u. fors, p, and
d orbitals, respectively. These had been well tested for o
transition metals, and repeats of these tests for Co and
gave similar accuracy. Combined with values ofr c55.5 for
O s andp orbitals, we obtained energy differences betwe
ferromagnetic and antiferromagnetic states which agr
well with those for largerr c values while maintaining a rea
sonable computation time.

Other details include a 43433 Monkhorst-Pack grid for
32-atom total energy calculations, with a 1031038 interpo-
lation for density of states calculations, a real space m
cutoff of 180 Ry, and the neglect of nonoverlap interactio

IV. RESULTS

A. Structure

In Fig. 1, we show powder x-ray diffraction data for th
different Zn12xCoxO compositions. Points correspond
data and solid lines to Rietveld fits. Vertical markers at t
top of the figures indicate expected peak positions for
wurtzite phase and for the spinel Co3O4 phase which
emerges in the samples with high startingx values (x
50.25, 0.30). Solid lines through the points are the res
of Rietveld analysis. In the case of thex50.25 and x
50.30 samples, Rietveld analysis involved fitting two cry
talline phases, wurtzite and spinel. The Rietveld fits prov
convincing evidence that the samples are single phase u
2-2
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anx value of 0.20. Due to the poor contrast between Co
Zn in x-ray diffraction~XRD!, the analysis could not be use
to refine the relative amounts of these ions in the wurtz
structure. Rietveld analysis also allowed the extraction
accurate cell parameters and, for the case of thex50.25 and
x50.30 samples, a quantitative estimate25 of the ratio of
wurtzite and spinel phases. Such phase analysis indic
that the spinel phase incorporates a significant amoun
zinc.

Figure 2 shows the evolution of the hexagonala andc cell
parameters, and the unit cell volume of the Zn12xCoxO
samples, as a function of the starting values ofx. The differ-
ence in radii between divalent, high-spin Co in tetrahed
coordination~0.58 Å! and divalent Zn in tetrahedral coord
nation~0.60 Å! ~Ref. 26! is small. As a result, changes in ce
parameters and cell volume with cobalt substitution are a
small. Interestingly, while the substitution results in a d
crease in thec parameter~in keeping with the smaller radiu
of Co21), thea parameter actually increases. Co31 does not
readily enter tetrahedral coordination. If the Co21 ions were
in an octahedral environment in the wurtzite structure
would be signaled by a significant increase in the cell para
eters since octahedral Co21 has a radius between 0.65
~low spin! and 0.745 Å~high spin!.26

Since x-ray diffraction is a ‘‘bulk’’ technique and is no
always sensitive to small precipitates of a second phase
have also studied two of the samples,x50.15 andx50.25,
by transmission electron microscopy. These two samp
flank the two sides of what XRD suggests to be the solubi
limit for Co21 in ZnO under the conditions presented he
Micrographs of the two samples are displayed in Figs. 3~a!
and 3~b!. The images corresponding to thex50.15 samples
@Fig. 3~a!# suggest single crystals with sizes in the 50–2
nm range. Although some defects are visible~indicated by

FIG. 1. Powder x-ray diffraction patterns of the differe
Zn12xCoxO (x indicated! displayed as points, with the Rietveld fi
displayed as solid lines. The vertical markers at the top of the fig
indicate expected peak positions for the wurtzite and spinel pha
The patterns for thex50.25 andx50.30 samples have been fitte
to both phases in the Rietveld method.
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arrows!, the composition determined by EDS was unifor
for this sample. TEM images of thex50.25 sample@Fig.
3~b!#, on the other hand, comprise larger particles with a h
density of structural defects. The inhomogeneous contras
the TEM images may reflect defects arising from the prec
tation of the second~spinel! phase. EDS indeed suggeste
significant variations in the Zn:Co ratio between differe
particles.

B. Magnetism

From the structural studies, it is clear the Zn12xCoxO
samples withx50.05, 0.10, and 0.15 have Co21 ions sub-
stituting uniformly for Zn21 in the wurtzite lattice. The
samplex50.25 shows clear evidence for a second, spi
phase. The samplex50.20 straddles the single-phase a
two-phase regions of the metastable phase diagram, ma
it more difficult to state with certainty that it is single phas
A magnetic study of Zn12xCoxO samples withx50.05,
0.10, and 0.15 was deemed appropriate. Plots of the m
magnetic susceptibilityx as a function ofT for the three
samples are displayed in Fig. 4~a!. The traces from bottom to
top correspond tox50.05, x50.10, andx50.15. Data were
acquired on warming in a field of 1000 Oe, after cooling
zero field~ZFC!. Data taken on warming after field coolin
~FC! displayed identical behavior.

Plots of the inverse molar susceptibility 1/x as a function
of T are displayed in Fig. 4~b! as solid lines. This time, the
bottommost trace corresponds to thex50.15 sample, the
middle trace tox50.10, and the topmost trace tox50.05.
The high-temperature parts~between 300 and 400 K! of 1/x

re
s.

FIG. 2. Evolution ofa andc cell parameters and unit cell vol
ume of the hexagonal wurtzite phases of Zn12xCoxO as a function
of starting x values. Vertical lines associated with the points a
error bars from the Rietveld analysis and tend to be underestim
of the true error. Forx50.10, independent results from two sep
rate samples are displayed. The dashed lines are guides to the
2-3
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RISBUD, SPALDIN, CHEN, STEMMER, AND SESHADRI PHYSICAL REVIEW B68, 205202 ~2003!
vs T display Curie-Weiss behavior and the data could
fitted to a straight line. These straight lines@dashed in Fig.
4~b!# have been extrapolated to the temperature axis to
tain values of the Curie-WeissQ, which is indicative of the
nature and strength of coupling between magnetic ions in
lattice. For thex50.05 sample,Q is small and positive
('20 K). For larger values ofx—namely, x50.10 andx
50.15—the sign ofQ becomes negative. The magnitud
are larger, due to the higher concentration of magnetic i
in the lattice and, therefore, shorter average distances
tween ions. The values ofQ are '260 and'290 K, re-
spectively, forx50.10 andx50.15.

The Curie-Weiss fit permits calculation of the effecti
magnetic momentmeff per mole from the slopeC in x
5C/(T2Q). C is related to meff through meff

5A(3kBC)/NA wherekB is the Boltzmann constant andNA
the Avogadro number. Frommeff , we calculate the number o
unpaired electrons per formula unit of Zn12xCoxO, using
meff5gAJ(J11)mB where the Lande´ g factor is 1.54 for
Co21 ~Ref. 27!. The values ofJ have then been converted

FIG. 3. TEM images of powders with the starting compositio
Zn12xCoxO with x50.15 @image~a!# andx50.25 @image~b!#. The
scale bars on the images correspond to 200 nm.
20520
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number of unpaired electrons per formula unit. This is pl
ted as a function of startingx for the different Zn12xCoxO in
Fig. 5 as points. The dashed line corresponds to theexpected
values of the number of unpaired electrons per formula u
assuming all the cobalt in the structure exists as tetrahe
Co21 in the high-spind7 configuratione4t2

3. The close cor-
respondence between experiment and expectation sup
our belief that sample stoichiometries, oxidation states,
homogeneity are as suggested by the formula Zn12xCoxO
with x50.05, 0.10, and 0.15.

FIG. 4. ~a! Susceptibility vs temperature of three samples
Zn12xCoxO ~bottom to top arex50.05, 0.10, and 0.15! acquired
under a field of 1000 Oe.~b! The solid lines are inverse suscep
bility as a function of temperature~top to bottom arex50.05, 0.10,
and 0.15! and the dashed lines are the corresponding Curie-W
fits to the data between 300 K and 400 K. The fits have b
extrapolated to the point where they meet the temperature axis

FIG. 5. Points show, for the different samples, the number
unpaired electrons per formula unit extracted from the effect
magnetic moment, which in turn is obtained from the slope of
Curie-Weiss fit. The dashed line shows expected values assu
the starting formula Zn12xCoxO accurately describes the samp
and that each cobalt atom is divalent with three unpaired electr
2-4
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Low-temperature~2 K! magnetization as a function o
magnetic field scaled by the temperature is shown for
three samples in Fig. 6. Also shown for comparison is
Brillouin function ~dashed trace! for a system with three un
paired spins and ag value of 1.54. It is immediately clea
that none of the samples display any sort offerromagnetic
ordering or any evidence of hysteresis. The samplex
50.05, with the lowest concentration of magnetic ions, is
closest in its behavior to the Brillouin function, meaning th
it is closest to being an ideal paramagnet with no magn
interactions. When the concentration of magnetic ions in
lattice is larger~for larger starting values ofx) and the aver-
age spacing between them is smaller, the deviation fr
ideal paramagnetism is greater. The magnetization of thx
50.10 andx50.15 samples tends to saturate to smaller v
ues, but the saturation behavior for all three samples c
mences at approximately the same value ofH/T as the Bril-
louin function.

C. Computation

We begin by constructing a 32-atom wurtzite structu
supercell of ZnO~16 ZnO formula units!. The supercell is
formed by doubling the conventional four-atom wurtz
structure along each axis, adopting the experimental lat
constant. This gives the lattice vectors

S 1/2 2A3/2 0

1/2 A3/2 0

0 0 c/a
D ,

wherea and c refer to the wurtzite cell parameters witha
512.28 a.u. andc/a51.6024. Densities of state for thi
wurtzite supercell are displayed in Fig. 7~a!. Zn d states are
found concentrated within a region centered around27 eV
with a dispersion of about 2 eV. Oxygenp states are concen
trated in the region between26 eV and22 eV. There is
some Zn 3d–O 2p covalency as has been previous

FIG. 6. MagnetizationM per Co21 atom in the sample, ex
pressed inmB at a temperature of 2 K as afunction of M /T. The
dashed line is the Brillouin function for a Co21 ion with three
unpaired electrons, using ag value of 1.54.
20520
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noted.28 The densities of state and band gap of pristine Z
presented here reproduce earlier high-level band struc
results.28

When one Co atom is included in each supercell, order
of spins is forced to be ferromagnetic. The concentration
Co ions is 6.25% and the formula of the compound
Zn15CoO16. The magnetic moment per unit cell is calculat
to be 3.10mB , close to the value of 3.0mB predicted for
purely ionic Co21 with three unpaired electrons.

The density of states for such a 32-atom unit cell conta
ing a single Co atom is shown in Fig. 7~b!. The density of
states is very similar to pristine ZnO, except for the we
defined and -localized Co states~shaded gray, with a thick
solid line! within the band gap region. Comparing Figs. 7~a!
and 7~b!, it is seen that the spin polarization of the Co ato
barely affects Zn and O states.

With an odd number of electrons and in the absence
any spin polarization, Zn15CoO16 should be a metal within
the density functional theory local density approximati
~DFT-LDA!. The electronic configuration of thed7 tetrahe-
dral system would bee4, t2

3 with the Fermi energy lying in
the half-filledt2 manifold (e comprisesdx22y2 anddz2 while
t2 comprisesdxy , dyz , anddxz). When spin polarization is
switched on, as is the case here, insulating ground states
be obtained within the LSDA provided the different spin d
rections are separated by a gap. We observe that the de
of states~DOS! shown in Fig. 7~b! is indeed gapped at th
Fermi energy.

The Fermi energy is found to lie between two spin↓

FIG. 7. Densities of state~a! for a ZnO supercell (23232
wurtzite ZnO cells!, ~b! of Co d states~shaded! and total states for
ferromagnetic Zn15CoO16, and~c! of Co d states~shaded! and total
states for ferromagnetic Zn14Co2O16. In panels~b! and ~c!, the
upper halves display spin↑ states while the lower halves display↓
states.
2-5
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states. In order to understand this, we must recognize tha
exchange splitting~between↑ and ↓ states! in Fig. 7 is al-
most 2 eV, while the crystal field splitting is much less th
1 eV. Thed7 configuration is therefore

e2~↑ !, t2
3~↑ !, e2~↓ !uut2

0~↓ !.

The small crystal field splitting and large exchange sp
ting is consistent with what one expects for a tetrahed
oxide ligand field, and three unpaired electrons.

It is important to note that the gap is, in some sen
fortuitous. If the crystal field or exchange splitting were a
smaller in comparison with the bandwidths or the electro
configuration did not correspond to high-spin, tetrahed
Co21, we would likely obtain a metallic ground state with
the LSDA. Indeed,ab initio electronic structure calculation
of Sato and Katayama-Yoshida4 yield a metallic, magnetic
ground state for Zn3CoO4. However, since the compound
discussed here have very narrow bands, extensions to L
methods, such as LDA1U or self-interaction corrections,29

would restore the band gap even in systems that wi
LSDA are found to be metallic.

When two Co atoms are included in a 32-atom unit c
~giving a 12.5% substituent concentration with the formu
Zn14Co2O16), a number of different magnetic and position
arrangements are possible. Here we adopt two different p
of Co positions: a ‘‘near’’ configuration, in which the Co ion
in the same unit cell are separated by a single O ion, an
‘‘separated’’ configuration, in which they are connected v
-O-Zn-O- bonds. The densities of state in Fig. 7~c! are dis-
played for a system where the two Co atoms are ‘‘near’’ a
their spins are parallel~ferromagnetic!. For both ‘‘near’’ and
‘‘separated’’ configurations we have calculated the relat
energies of the ferromagnetic~FM! and antiferromagnetic
~AFM! spin alignments. We find for both configurations th
the energies of the FM and AFM configurations are ve
close, with the FM being slightly lower~the energy of the
‘‘separated’’ FM configuration is 4 meV lower than that
the ‘‘separated’’ AFM configuration and for the ‘‘near’’ con
figuration FM is only 1 meV lower than the AFM!.

We have modeled hole doping in our system by remov
a Zn atom from the unit cell of Zn14Co2O16 to form

TABLE I. Relative stabilization~in meV! of the different mag-
netic ground states.

Zn14Co2O16

FM AFM
‘‘Near’’ 21 0
‘‘Separated’’ 24 0

Zn13hCo2O16

‘‘Near’’ 260 0
‘‘Separated’’ 260 0

Zn14Co2O15h

‘‘Near’’ 0 21
‘‘Separated’’ 0 24
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Zn13hCo2O16 with h representing the vacancy~see Table I!.
Suchp-type doping strongly stabilizes the FM state. In bo
the separated and near configurations the FM state is now
meV lower in energy than the AFM state. In contrast, if t
vacancy is created on the anion site~O atom replaced by a
h), the resultingn doping stabilizes the AFM state. In th
n-doped ‘‘separated’’ configuration, the AFM state is now
meV lower in energy than the FM, and for the ‘‘near’’ con
figuration the AFM state is 1 meV lower than the FM.

The very small stabilization of the ferromagnetic grou
state in Zn14Co2O16 is in agreement with the more approx
mate KKR calculations of Sato and Katayama-Yoshida3,4

who obtain fractions of mRy stabilization of the ferroma
netic ground state in 10% Co-substituted ZnO. For the ho
and electron-doped systems, their results are quite diffe
from ours. For example, they find that electron doping
duces ferromagnetic coupling. The manner in which th
achieve such doping is different from what we have do
here, so comparisons may not be valid. We do not choos
interpret small (,10 meV) differences in the energies of th
different ground states as being significant. The most strik
result of our calculations is that robust ferromagnetism
Zn12xCoxO is only possible in the presence of substan
hole doping.

V. DISCUSSION

The DFT calculations suggest that energy differences
tween ferromagnetic and antiferromagnetic arrangement
all cases except when there is cation vacancy~hole doping!
are small, of the order of a few meV. However, a trend
observed that helps in the interpretation of the magn
data—namely, when the magnetic atoms are separated
tendency to ferromagnetic ordering is enhanced. To recap
late, while thex50.05 sample showed evidence for ferr
magnetic interactions between Co21 ~with a positive Curie-
Weiss Q of '20 K), the x50.10 and x50.15 samples
suggest nearest-neighbor antiferromagnetism, withQ values
around260 K and290 K. To interpret these, we conside
in Fig. 8, the fraction of Co ions~or M ions in general! in the

FIG. 8. Fraction of the total number ofM atoms that have 0, 1
2, 3, and 4M nearest neighbors in Zn12xMxO, assuming thatM
substitutes Zn in a completely random manner.
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wurtzite lattice~ignoring the anion! that have other Co~M!
nearest neighbors, as a function ofx. When x50.05, we
observe that approximately 80% of Co21 have no nearest
neighbor Co21. This means that most of the magnetis
arises from coupling through intervening Zn and theref
corresponds to the ‘‘separated’’ case. Asx increases, the frac
tion of Co21 that have nearest-neighbor Co21 grows rapidly,
and the dominant magnetic interaction~which is also stron-
ger because the distances are smaller! is due to the ‘‘near’’
case.

The inverse susceptibility traces for all three samples
trapolate to the origin, suggesting divergence ofx at T
50 K. At first, this is puzzling, given thatQ changes sign
on going fromx50.05 to x50.10 and 0.15. However, w
recognize that all three samples can be thought of as c
prising two kinds of magnetic ions, ones that are paired
i.e., have nearest neighbors—and ones that are ‘‘isola
and do not. It is the ‘‘isolated’’ ions that act as paramagn
and for whichx→` asT→0. A recent study by Kolesnik
Dabrowski, and Mais30 of Zn12xMnxO also shows such a
downturn (1/x→0 as T→0) for x50.05, 0.10, 0.15, and
0.20.
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