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Magnetism in polycrystalline cobalt-substituted zinc oxide
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We present results of the preparatitny precursor decompositipncharacterizatioriwith x-ray diffraction,
transmission electron microscopy, and dc magnetization measurgnarddetailed computatiojusing 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 interactioneiircharacterizedstoichiometric
phases Zp ,Co0, x=0.05, 0.10, 0.15, is nearest-neighbor antiferromagnetic. Our computations suggest
robust ferromagnetism will only occur in the presence of additional hole doping.
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I. INTRODUCTION hole carriers, it is suggested that sources of ferromagnetism
could include the presence of cobalt oxide grains. Kinal®
The emerging paradigm of spintrontessolid-state elec- have used PLD to grow Zn,Co,0 and found evidence for
tronics based on the spin property of the electron rather thaferromagnetism when the films are grown under loyvpar-
the property of charge which is traditionally exploited—hastial pressures, the origins of which are not “intrinsic” how-
provided the impetus for investigation of so-called diluteever, but due to the formation of cobalt microclusters. Laser
magnetic semiconductof®MS’s). One of the materials at molecular beam epitaxy has been used byedial® to grow
the focus of much recent attention is the wide-band-gaZnO:Co films (with some A) on sapphire. Optical studies
wurtzite-phase semiconductor ZnO, in which some of theconfirm Co is divalent, high spin, and substituting for Zn.
zinc can be substituted by magnetic transition-méta) Lim et al® report ferromagnetism in 4n,Co,0 (0.02<x
ions to yield a metastable solid solution. In many of these<0.40) films grown by magnetron cosputtering on sapphire.
systems, it is believed that ferromagnetic coupling betweein view of some of these results, a recent review of DMS
TM ions can be achieved even in the limit of concentrationsstate of the art by Peartoet all' emphasizes the ZnO:Co
as low as 5%. This suggests the possibility of transparerdystem as particularly promising for applications requiring
ferromagnets, with potential application in magneto-opticalferromagnetism near room temperature.
devices. For example, Die#t al? have set up Ginzburg- Stoichiometry and phase purity can be difficult to estab-
Landau free-energy functionals in the magnetization for dish in thin films. Because of inaccuracies in estimating the
number of manganese-substituted zinc-blende and wurtziteoncentration of magnetic ions, determining the precise na-
semiconductors. They find that 5% Mn substitution and someure of the magnetic coupling can also be difficult. Under
hole doping[ O(10?% cm™3] yields ferromagnetic coupling metastable preparation conditions, it is known that the wurtz-
between the Mn spins. Curie temperatures are suggested ite ZnO lattice can stabilize up to 70% Co before evidence
approach 300 K in Mn-substituted ZnO. for phase segregation manife$tsThis has encouraged us to
Sato and Katayama-Yoshitlaused density functional pursue the examination dfulk polycrystalline samples of
theory within the Korringa-Kohn-Rostok¢éKKR) and local ~ Zn,_,Co0. In bulk samples, the uncertainties and inaccu-
spin density approximations to predict magnetic groundacies in characterization are significantly diminished and a
states for a range of ZnQvt systems. Their calculations on  clearer picture of the magnetism which facilitates compari-
four unrelaxed ZnO unit cell$8 formula unit3 with 25%  son with calculations emerges. To this end, we report a study
TM substitution favored a ferromagnetic ground state forof zZn;_,Co O using dc magnetic measurements on bulk
most 3 TM’s with the exception of Mn. For ZgMn,Og, samples and density functional calculations. Our studies sug-
they find that hole doping induces ferromagnetism. Thesgest that in the absence of any other dopant, the Zbo,O
authoré have recently extended their study to lower TM con-system is characterized by nearest-neighbor antiferromag-
centrations and reached the same conclusions. netic coupling between magnetic ions and that cooperative
Experiments on thin films of ZnQvt have been the sub- magnetism reflects the simultaneous coexistence of near-
ject of a number of recent papers—in particular, films madeneighbor pairs of Co" ions along with “isolated” C8*
using the technique of pulsed laser depositiehD). In thin  jons.
films of ZnO:tM (tM=Mn, Co, Ni, Cu Ando et al>® find The interpretation of our experimental data is guided by
evidence for a significant influence of TM’s on ZnO states inthe results of our density functional calculations on 32-atom
terms of a large magnetic circular dichroism signal at anwurtzite ZnO supercell§16 ZnO unitg with 1 and 2 Co
energy corresponding to the ZnO band edge. Uetal.”  atoms substituting for Zn. This corresponds to substitution
find that PLD films of Zn_,Co,0 with (0.05=x=<0.25) dis- levels of 6.25% and 12.5%, which are within the experimen-
play Curie temperatures between 280 K and 300 K, and theal range described here. The influence of hole and electron
films show a saturation magnetization betweenu}l.&nd  doping on the magnetic properties has been modeled by sim-
2.0ug per Co. Apart from the possibility of “intrinsic” fer-  ply removing a Zn or O atom from the lattice. The results of
romagnetism from Zp ,CoO, perhaps in the presence of the computation indeed support our primary conclusion that
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robust ferromagnetism does not occur in Co-substitutedtants, atomic positions, and band structuiesculated us-
ZnO, unless additional dopants which provigéype carriers  ing maximal basis sets to isolate pseudopotential effects from
are also present. basis set effecjswere in good agreement with all-electron
values?! The Co pseudopotential, constructed fromsa3t®
reference configuratiom, of 2.0 a.u. for all-valence orbitals,
and a partial core cutoff of 0.75 a.u., had been previously

Since the system Zn,Co,0 is intrinsically metastable, a tested for Co metal and shown to give good agreement with
single-source precursor where these ions are already intill-electron local-spin-density approximatidnSDA) lattice
mately mixed is desirable. Mixed metal oxalates fit the bill. constant$? The oxygen pseudopotential was constructed
In addition, they decompose in a clean manner to give metdtom a 2s22p* reference configuration ang of 1.15 a.u. for
oxides and the gaseous products water, CO, ang. Be  each angular momentum channel and no core corrections.
mixed oxalate precursors ¢Zn,Co(C,0,)-2H,0 (x=0, Eigenvalues and excitation energies for related atomic states
0.05, 0.10, 0.15, 0.20, 0.25, 0)3@ere prepared by adding agreed within 1 mRy of the all-electron values. This pseudo-
0.4 mol solutions of zinc and cobalt acetates with a 0.4 mopotential has also been tested extensively in calculations for
solution of oxalic acid. The precipitates were collected,bulk oxides?
washed with copious quantities of de-ionized water, and In localized orbital calculations, special care must be
dried in air at 333 K. Powder x-ray diffraction confirmed that taken in the optimization of the basis set as described in Ref.
these oxalates form as single-phase materials. Heating tHe’. Here the number of basis functions and the confinement
precursors at 1173 K for 15 mitwith the samples being radii for each angular momentum component are used to
introduced into and removed from a preheated furhages  achieve the required accuracy. Since the calculated structural
identified as an appropriate condition for obtaining crystal-and electronic properties of ZnO were largely unchanged on
line phasegqas manifested in narrow x-ray linewidihdis-  reducing the maximal basis to two unpolarized basis func-
playing high cobalt solubility. All the samples were mosstions per orbital, we decided to use such a douplesis for
green, becoming darker with increasing Co loading. each Zn and O orbital. Since we are mainly interested in the

Powder x-ray diffraction patterns were acquired on amagnetic properties of dilute systems which contain a small
Scintag X2 diffractometer operating in the Bragg-Brentanonumber of magnetic ions, we followed Ref. 24 in using a
geometry and employing CK« radiation. Data were step triple-{ basis for thed orbitals on Co and a doublg-basis
scanned using a step size of 0.02° ia 2nd subject to Ri- for the other Co orbitals. Note that we can afford to use a
etveld profile analysis using thexd Rietveld codé® Mag- triple-{ basis for Cad since there are only a few Co ions in
netic data on three powder samples of, ZyCo O with x  the unit cell. In contrast, the use of larger basis sets for Zn
=0.05, 0.10, and 0.15 were acquired on a Quantum Desigand O results in a dramatic increase of the size of the com-
MPMS XL magnetometer. putations. For the Zn and Co confinement radii we chose the

For transmission electron microscopyTEM), two  values from Ref. 24 of ;=6.0, 6.0, and 5.0 a.u. f&g p, and
samples with starting compositions ©f0.15 andx=0.25 d orbitals, respectively. These had been well tested for other
were dispersed on carbon-coated copper grids and examin&@nsition metals, and repeats of these tests for Co and Zn
using a JEOL JEM 2000FX microscope equipped with angave similar accuracy. Combined with valuesrg#5.5 for
energy-dispersive x-rajfEDS) spectrometer. O s andp orbitals, we obtained energy differences between
ferromagnetic and antiferromagnetic states which agreed
well with those for larger . values while maintaining a rea-
sonable computation time.

For the first-principles total energy calculations described Other details include a3 4x 3 Monkhorst-Pack grid for
here we used density functional theory based on pseudop@2-atom total energy calculations, with 2X400x 8 interpo-
tentials with localized atomic orbital basis sets. This methodlation for density of states calculations, a real space mesh
implemented in the codesiesTA'*~Y" combines accuracy cutoff of 180 Ry, and the neglect of nonoverlap interactions.
with small computational cost, particularly compared to
other approaches such as plane-wave pseudopotential or all- IV. RESULTS
electron methods.

We used standard scalar relativistic Troullier-Martins
pseudopotentiaté with nonlinear core correctiofs and In Fig. 1, we show powder x-ray diffraction data for the
Kleinman-Bylander factorizatioff. We use the Ceperley- different Zn_,CoO compositions. Points correspond to
Alder local-spin-density exchange-correlation functional anddata and solid lines to Rietveld fits. Vertical markers at the
include scalar relativistic effects for Co and Zn. For Zn, wetop of the figures indicate expected peak positions for the
include the 31'° electrons in the valence manifold and con- wurtzite phase and for the spinel £, phase which
struct the pseudopotential using a’Zrreference configura- emerges in the samples with high startingvalues &
tion with r, of 2.0, 2.1, and 1.9 a.u. for thes44p, and 3 =0.25, 0.30). Solid lines through the points are the results
orbitals, respectively, and a partial core radius of 0.6 a.u. Thef Rietveld analysis. In the case of the=0.25 andXx
eigenvalues and excitation energies of related configurations 0.30 samples, Rietveld analysis involved fitting two crys-
calculated with this pseudopotential agreed with the alltalline phases, wurtzite and spinel. The Rietveld fits provide
electron values to within 4 mRy, and the bulk lattice con-convincing evidence that the samples are single phase up to

Il. EXPERIMENT

IIl. COMPUTATIONAL METHODS

A. Structure
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FIG. 1. Powder x-ray diffraction patterns of the different
Zn; _,Ca O (x indicated displayed as points, with the Rietveld fit 475 0 0‘1 0'2 0'3
displayed as solid lines. The vertical markers at the top of the figure ' starting x ’ ’

indicate expected peak positions for the wurtzite and spinel phases.
The patterns for the=0.25 andx=0.30 samples have been fitted  FIG. 2. Evolution ofa andc cell parameters and unit cell vol-
to both phases in the Rietveld method. ume of the hexagonal wurtzite phases of, ZyCo,0 as a function

of starting x values. Vertical lines associated with the points are

anx value of 0.20. Due to the poor contrast between Co ang'ror bars from the Rietveld analysis and tend to be underestimates
_— e . of the true error. Fox=0.10, independent results from two sepa-
Znin X ray dlﬁraCt.lon(XRD)’ the anaIyS|s.coqu not be useq rate samples are displayed. The dashed lines are guides to the eye.
to refine the relative amounts of these ions in the wurtzite
structure. Rietveld analysis also allowed the extraction Ofarrows) the composition determined by EDS was uniform
accurate cell parameters and, for the case okth®.25 and ¢ this, sample. TEM images of the=0.25 sampldFig

x=0.30 sample_s, a quantitative estintdtef the rgtio_ O_f 3(b)], on the other hand, comprise larger particles with a high
wurtzite and spinel phases. Such phase analysis indicat

hat th inel oh . onifi nsity of structural defects. The inhomogeneous contrast in
tzir?ct:t e spinel phase incorporates a significant amount Ghe g images may reflect defects arising from the precipi-

: . tation of the secondspine) phase. EDS indeed suggested
Figure 2 shows the evolution of the hexagoaandc cell  gjanificant variations in the zn:Co ratio between different
parameters, and the unit cell volume of the,Z{Co,0

samples, as a function of the starting values.ofhe differ- particles.
ence in radii between divalent, high-spin Co in tetrahedral
coordination(0.58 A) and divalent Zn in tetrahedral coordi-
nation(0.60 A) (Ref. 26 is small. As a result, changes in cell  From the structural studies, it is clear the ;ZpCo,0
parameters and cell volume with cobalt substitution are alssamples withx=0.05, 0.10, and 0.15 have €oions sub-
small. Interestingly, while the substitution results in a de-stituting uniformly for Zrf* in the wurtzite lattice. The
crease in the paramete(in keeping with the smaller radius samplex=0.25 shows clear evidence for a second, spinel
of Co?"), thea parameter actually increases.*Cadoes not  phase. The sample=0.20 straddles the single-phase and
readily enter tetrahedral coordination. If the*Cdons were  two-phase regions of the metastable phase diagram, making
in an octahedral environment in the wurtzite structure, itit more difficult to state with certainty that it is single phase.
would be signaled by a significant increase in the cell paramA magnetic study of Zp ,CoO samples withx=0.05,
eters since octahedral €o has a radius between 0.65 A 0.10, and 0.15 was deemed appropriate. Plots of the molar
(low spin) and 0.745 A(high spin.?® magnetic susceptibilityy as a function ofT for the three
Since x-ray diffraction is a “bulk” technique and is not samples are displayed in Figia} The traces from bottom to
always sensitive to small precipitates of a second phase, wep correspond ta=0.05,x=0.10, andk=0.15. Data were
have also studied two of the samplas; 0.15 andx=0.25, acquired on warming in a field of 1000 Oe, after cooling in
by transmission electron microscopy. These two samplegero field(ZFC). Data taken on warming after field cooling
flank the two sides of what XRD suggests to be the solubility(FC) displayed identical behavior.
limit for Co?* in ZnO under the conditions presented here. Plots of the inverse molar susceptibilityylas a function
Micrographs of the two samples are displayed in Figs) 3 of T are displayed in Fig. @) as solid lines. This time, the
and 3b). The images corresponding to tke=0.15 samples bottommost trace corresponds to the0.15 sample, the
[Fig. 3@] suggest single crystals with sizes in the 50—200middle trace tox=0.10, and the topmost trace xe=0.05.
nm range. Although some defects are visifiledicated by  The high-temperature partbetween 300 and 400)kof 1/y

B. Magnetism
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FIG. 4. (a) Susceptibility vs temperature of three samples of
Zn, _,Ca O (bottom to top arex=0.05, 0.10, and 0.)5acquired
under a field of 1000 Ogb) The solid lines are inverse suscepti-
bility as a function of temperaturgop to bottom arex=0.05, 0.10,
and 0.15% and the dashed lines are the corresponding Curie-Weiss
fits to the data between 300 K and 400 K. The fits have been
extrapolated to the point where they meet the temperature axis.

number of unpaired electrons per formula unit. This is plot-

ted as a function of startingfor the different Zpr_,Co,O in

Fig. 5 as points. The dashed line corresponds texpected

values of the number of unpaired electrons per formula unit

assuming all the cobalt in the structure exists as tetrahedral

Co*" in the high-spind” configurationet3. The close cor-

respondence between experiment and expectation supports
FIG. 3. TEM images of powders with the starting compositionsOUr belief that sample stoichiometries, oxidation states, and

Zn,_,Co0 with x=0.15[image(a)] andx=0.25[image(b)]. The ~ homogeneity are as suggested by the formula £80,0

scale bars on the images correspond to 200 nm. with x=0.05, 0.10, and 0.15.

vs T display Curie-Weiss behavior and the data could be 05

fitted to a straight line. These straight lingtashed in Fig.
4(b)] have been extrapolated to the temperature axis to ob-
tain values of the Curie-Weid8, which is indicative of the
nature and strength of coupling between magnetic ions in the
lattice. For thex=0.05 sample,® is small and positive
(=20 K). For larger values ok—namely,x=0.10 andx
=0.15—the sign of® becomes negative. The magnitudes
are larger, due to the higher concentration of magnetic ions
in the lattice and, therefore, shorter average distances be-
tween ions. The values @& are ~—60 and~ —90 K, re-
spectively, forx=0.10 andx=0.15. 0 K ‘ ‘ ‘
The Curie-Weiss fit permits calculation of the effective 0 0.05 0.1 0.15 0.2
magnetic momentu.s per mole from the slopeC in y starting x
=C/(T-8). C is r_elated 0 prer through  prer FIG. 5. Points show, for the different samples, the number of
= J(3kgC)/N4 wherekg is the Boltzmann constant amth  npaired electrons per formula unit extracted from the effective
the Avogadro number. From,;, we calculate the number of nagnetic moment, which in turn is obtained from the slope of the
unpaired electrons per formula unit of ZnCoO, using  curie-Weiss fit. The dashed line shows expected values assuming
ter=09\J(I+1)ug where the Landey factor is 1.54 for the starting formula Zn ,CoO accurately describes the sample
Co®" (Ref. 27. The values ofl have then been converted to and that each cobalt atom is divalent with three unpaired electrons.

04 r . B

0.3 2 .

02 - e i

0.1 r ’ b

unpaired electrons per (Zn,Co)O
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FIG. 6. MagnetizationM per CG* atom in the sample, ex-
pressed inug at a temperaturef® K as afunction of M/T. The
dashed line is the Brillouin function for a &b ion with three
unpaired electrons, usingcavalue of 1.54.

Low-temperature(2 K) magnetization as a function of
magnetic field scaled by the temperature is shown for the
three samples in Fig. 6. Also shown for comparison is the
Brillouin function (dashed tragefor a system with three un- FIG. 7. Densities of stat¢a) for a ZnO supercell (X2x2
paired spins and g value of 1.54. It is immediately clear wurtzite ZnO cell$, (b) of Co d states(shadedl and total states for
that none of the samples display any sortf@fromagnetic  ferromagnetic Zp,CoO,4, and(c) of Co d states(shaded and total
ordering or any evidence of hysteresis. The sample states for ferromagnetic Zi€0,0.6. In panels(b) and (c), the
=0.05, with the lowest concentration of magnetic ions, is theupper halves display spih states while the lower halves displagy
closest in its behavior to the Brillouin function, meaning thatstates.
it is closest to being an ideal paramagnet with no magnetic
interactions. When the concentration of magnetic ions in thaeoted?® The densities of state and band gap of pristine ZnO
lattice is larger(for larger starting values of) and the aver- presented here reproduce earlier high-level band structure
age spacing between them is smaller, the deviation fromesults?®
ideal paramagnetism is greater. The magnetization oixthe = When one Co atom is included in each supercell, ordering
=0.10 andx=0.15 samples tends to saturate to smaller val-of spins is forced to be ferromagnetic. The concentration of
ues, but the saturation behavior for all three samples comco ions is 6.25% and the formula of the compound is
mences at approximately the same valuédéT as the Bril-  Zn;sCo00,4. The magnetic moment per unit cell is calculated
louin function. to be 3.1Qug, close to the value of 3/ predicted for
purely ionic C3" with three unpaired electrons.

The density of states for such a 32-atom unit cell contain-
ing a single Co atom is shown in Fig(bj. The density of

We begin by constructing a 32-atom wurtzite structurestates is very similar to pristine ZnO, except for the well-
supercell of ZnO(16 ZnO formula units The supercell is  defined and -localized Co statéshaded gray, with a thick
formed by doubling the conventional four-atom wurtzite solid line) within the band gap region. Comparing Fig$a)7
structure along each axis, adopting the experimental latticand 7b), it is seen that the spin polarization of the Co atom

-6

Energy (eV)

C. Computation

constant. This gives the lattice vectors barely affects Zn and O states.
With an odd number of electrons and in the absence of
12 —3/2 0 any spin polarization, ZRCoO,¢ should be a metal within
12 31 0 the density functional theory local density approximation
' (DFT-LDA). The electronic configuration of the’ tetrahe-
0 O c/a dral system would be?, tg with the Fermi energy lying in

the half-filledt, manifold (e comprisesd,2_y2 andd,2 while
wherea andc refer to the wurtzite cell parameters witgh  t, comprisesd,,, d,,, andd,,). When spin polarization is
=12.28 a.u. andc/a=1.6024. Densities of state for this switched on, as is the case here, insulating ground states can
wurtzite supercell are displayed in Figay. Zn d states are be obtained within the LSDA provided the different spin di-
found concentrated within a region centered around eV  rections are separated by a gap. We observe that the density
with a dispersion of about 2 eV. Oxyg@rstates are concen- of states(DOS) shown in Fig. Tb) is indeed gapped at the
trated in the region betweenr6 eV and—2 eV. There is Fermi energy.
some Zn 3-O 2p covalency as has been previously The Fermi energy is found to lie between two sgin
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TABLE I. Relative stabilizationin meV) of the different mag- 08 | : ]
netic ground states. ’ neareét_geci)ghbors
a1
ZM L0046 2 0.6
FM AFM 2
« » _ =
Near 1 0 S 04
“Separated” -4 0 s
Zny31C0,046 3
= 021
“Near” —60 0
“Separated” -60 0
Zn,,C0,0,40 or ‘ .
0 0.1 0.2 0.3
Near 0 -1 xin Zn,_M,0
“Separated” 0 —4

FIG. 8. Fraction of the total number & atoms that have 0, 1,
2, 3, and 4M nearest neighbors in Zn,M,0O, assuming thaM
states. In order to understand this, we must recognize that thebstitutes Zn in a completely random manner.
exchange splittingbetween] and | state$ in Fig. 7 is al-

1 eV. Thed’ configuration is therefore Suchp-type doping strongly stabilizes the FM state. In both
the separated and near configurations the FM state is now 60
ex(1), t3(1), eX(D|t3(]). meV lower in energy than the AFM state. In contrast, if the

vacancy is created on the anion sj@ atom replaced by a

The small crystal field splitting and large exchange split-1J), the resultingn doping stabilizes the AFM state. In the
ting is consistent with what one expects for a tetrahedrali-doped “separated” configuration, the AFM state is now 4
oxide ligand field, and three unpaired electrons. meV lower in energy than the FM, and for the “near” con-

It is important to note that the gap is, in some sensefiguration the AFM state is 1 meV lower than the FM.
fortuitous. If the crystal field or exchange splitting were any ~ The very small stabilization of the ferromagnetic ground
smaller in comparison with the bandwidths or the electronicstate in Z,C0,04¢ is in agreement with the more approxi-
configuration did not correspond to high-spin, tetranedramate KKR calculations of Sato and Katayama-YosHidia,
Cc®™, we would likely obtain a metallic ground state within Who obtain fractions of mRy stabilization of the ferromag-
the LSDA. Indeedab initio electronic structure calculations netic ground state in 10% Co-substituted ZnO. For the hole-
of Sato and Katayama-Yoshiﬂaield a metallic, magnetic and electron-doped systems, their results are quite different
ground state for ZgCoQ,. However, since the compounds from ours. For example, they find that electron doping in-
discussed here have very narrow bands, extensions to LSD@duces ferromagnetic coupling. The manner in which they
methods, such as LDAU or self-interaction correctiorfS, ~ achieve such doping is different from what we have done
would restore the band gap even in systems that withifere, so comparisons may not be valid. We do not choose to
LSDA are found to be metallic. interpret small €10 meV) differences in the energies of the

When two Co atoms are included in a 32-atom unit celldifferent ground states as being significant. The most striking
(giving a 12.5% substituent concentration with the formularesult of our calculations is that robust ferromagnetism in
Zn,,C0,04¢), a number of different magnetic and positional Zn-xCoO is only possible in the presence of substantial
arrangements are possible. Here we adopt two different paif¥ole doping.
of Co positions: a “near” configuration, in which the Co ions

in the same unit_cell are s_epara_ted by a single O ion, an_d a V. DISCUSSION
“separated” configuration, in which they are connected via
-O-Zn-O- bonds. The densities of state in Figc)7are dis- The DFT calculations suggest that energy differences be-

played for a system where the two Co atoms are “near” andween ferromagnetic and antiferromagnetic arrangements in
their spins are paralléferromagnetit. For both “near” and  all cases except when there is cation vacaimle doping
“separated” configurations we have calculated the relativeare small, of the order of a few meV. However, a trend is
energies of the ferromagneti&M) and antiferromagnetic observed that helps in the interpretation of the magnetic
(AFM) spin alignments. We find for both configurations that data—namely, when the magnetic atoms are separated, the
the energies of the FM and AFM configurations are verytendency to ferromagnetic ordering is enhanced. To recapitu-
close, with the FM being slightly lowefthe energy of the late, while thex=0.05 sample showed evidence for ferro-
“separated” FM configuration is 4 meV lower than that of magnetic interactions between €o(with a positive Curie-
the “separated” AFM configuration and for the “near” con- Weiss ® of ~20 K), the x=0.10 andx=0.15 samples
figuration FM is only 1 meV lower than the AFM suggest nearest-neighbor antiferromagnetism, ®ithalues

We have modeled hole doping in our system by removingaround— 60 K and —90 K. To interpret these, we consider
a Zn atom from the unit cell of ZpCo,0;6 to form  in Fig. 8, the fraction of Co ion&r M ions in generalin the
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wurtzite lattice (ignoring the aniop that have other QM) The smalle 2 K saturation moments at higher €ocon-
nearest neighbors, as a function xf When x=0.05, we centrationgfor x=0.10 andx=0.15) arise because asn-
observe that approximately 80% of €ohave no nearest- creases, a larger fraction of the Toare coupled antiferro-
neighbor C8*. This means that most of the magnetism magnetically in pairs(between nearest neighbarsThe
arises from coupling through intervening Zn and thereforesaturation behavior is from the “isolated” €6 that have no

corresponds to the “separated” case.fisicreases, the frac- nearest-neighbor &g, and these form larger fractions of the
tion of C&?* that have nearest-neighbor €ogrows rapidly, magnetic ions whem is smaller.

and the dominant magnetic interactiomhich is also stron-
ger because the distances are smpalledue to the “near”

case.
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