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Impurity-ion pair induced high-temperature ferromagnetism in Co-doped ZnO
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Magnetic 3d ions doped into wide-gap oxides show signatures of room-temperature ferromagnetism, al-
though their concentration is two orders of magnitude smaller than that in conventional magnets. The prototype
of these exceptional materials is Co-doped ZnO, for which an explanation of the room-temperature ferromag-
netism is still elusive. Here we demonstrate that magnetism originates from Co?* oxygen-vacancy pairs with a
partially filled level close to the ZnO conduction-band minimum. The magnetic interaction between these pairs
is sufficiently long ranged to cause percolation at moderate concentrations. However, magnetically correlated
clusters large enough to show hysteresis at room temperature already form below the percolation threshold and
explain the current experimental findings. Our work demonstrates that the magnetism in ZnO:Co is entirely
governed by intrinsic defects and a phase diagram is presented. This suggests a recipe for tailoring the
magnetic properties of spintronics materials by controlling their intrinsic defects.
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I. INTRODUCTION

ZnO is a piezoelectric conductive oxide in which free
carriers coexist with optical transparency.’? If made mag-
netic, ZnO will become the ultimate multifunctional material
with semiconducting, magnetic, optical, and mechanical
properties. This will have a far reaching impact on the
emerging field of spintronics’ with applications in
optoelectronics* and quantum computing.®> Moreover it will
allow us to go beyond the (Ga,Mn)As paradigm® whose
practical use is severely hampered by the low ferromagnetic
critical temperature. This is why ZnO:Co is perhaps the most
studied among all the diluted magnetic oxides. Room-
temperature ferromagnetism (RTF), first demonstrated by
Ueda et al.,” is now confirmed by a number of groups.®-10
The experimental situation is however still confused and
populated by somehow contradictory results. Here we list the
main findings.

(i) Spectroscopy confirms that Co®* substituting Zn is the
center responsible for all the different magnetic phases found
experimentally, including RTF,'"-'3 paramagnetism,'>!#4 and
spin  glasses.”> RTF is usually assigned from
magnetometry.’ 10

(ii) The saturation magnetization M, and the remanence
are always small and secondary phases are often difficult to
rule out. However, except for metallic Co, most of them are
either nonmagnetic or antiferromagnetic with low Néel tem-
peratures (CoO, Co,03, Co;0,, and ZnCo,0,). The coercive
field is typically small (~100 Oe) and only weakly tempera-
ture dependent.

(iii) M, is usually smaller than what is expected for Co**
with values as low as 0.01 ug/Co,'? suggesting antiferro-
magnetic interaction among Co?* and frustration.'31416.17

(iv) Growth conditions and annealing are crucial for the
magnetic state. Chemical methods'*!® and molecular-beam
epitaxy'® generally lead to paramagnetism, while pulsed la-
ser deposition produces RTF films.”-'° Typically oxygen de-
ficient growth!® at tuned substrate temperatures'®2!' pro-
motes RTF. Similarly, annealing in vacuum enhances the
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magnetic moment and produces ferromagnetism,!>2!-23

while annealing in oxygen has the opposite effect.?>2*
Clearly sample morphology and intrinsic defects are impor-
tant for the magnetic state.

(v) The role played by free carriers in establishing mag-
netism is unclear. Sequential annealing in reducing and oxi-
dizing atmosphere reveals little correlation between the elec-
trical conductivity and the magnetic state.”® Similar
conclusions are reached for Al and H doping.?® In general
ferromagnetism is found in both insulating and metallic
films?’ although samples with similar carrier and Co densi-
ties can also be found paramagnetic.?®

(vi) ZnO is often reported to be oxygen deficient. This has
been attributed to either oxygen vacancies (V) (Refs. 29 and
30) or interstitial H,3' with Zn interstitials (Zn;) now ruled
out by both experimental®® and theoretical®*3! evidences.
Thus the promotion of RTF due to Zn vapor exposure’>33
can be hardly attributed to an increase of the Zn; concentra-
tion, and may be reinterpreted as originating from an in-
crease of the Vy concentration.

(vii) Electron paramagnetic resonance>* suggests the pres-
ence of two magnetic centers. These are both related to Co*,
although they exhibit fine differences in the signal. Interest-
ingly, for a nominal Co concentration about 5% the two cen-
ters appear with similar abundance. Very recent studies based
on Raman spectroscopy,’ x-ray absorption near-edge struc-
ture spectroscopy,*® and resonant inelastic x-ray scattering®’
have attributed such second center to the presence of oxygen
vacancies.

In this work we investigate theoretically the ferromag-
netism of ZnO:Co by using a combination of state of the art
density-functional theory electronic structure method and
Monte Carlo simulations for effective Hamiltonian. We will
demonstrate that the ferromagnetism originates from a subtle
interplay between strong near range magnetic interaction be-
tween Co”* ions substitutive to Zn and a long-range coupling
between Co** oxygen vacancy pairs. Based on our calcula-
tions we propose a phase diagram for ZnO:Co that is put to
the test of the existing experimental data.
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II. DISCUSSION OF EXISTING MECHANISMS FOR
FERROMAGNETISM

Existing mechanisms for ferromagnetism in the diluted
limit cannot explain this complex collection of phenomena.
The p-d Zener model3® lacks of its foundations when applied
to Zn;_,Co,0 since it is difficult to establish a clear correla-
tion between carriers and magnetism.>>->® When present, car-
riers are electrons and not holes with small exchange cou-
pling to the local spins and therefore the typical critical
temperatures (T) are tiny at realistic carrier densities. Simi-
larly superexchange must be ruled out.* This is short ranged
and RTF can be obtained only for x above the nearest-
neighbor (NN) percolation threshold. For the wurtzite lattice
this is 20%, much greater than the typical experimental con-
centrations.

Rather often a modification of the Zener scheme, called
the donor impurity band exchange*®® (DIBE), is claimed to be
at the origin of RTF in magnetically doped wide-gap oxides.
This assumes that the magnetic interaction is mediated by
large hydrogenic orbitals associated to intrinsic defects and
predicts ferromagnetism below the donor percolation thresh-
old, i.e., in absence of free carriers. It is then attractive since
it justifies ferromagnetism deep into the insulating regime.
Although the mean field 7~ obtained with realistic param-
eters for Zn,_,Co,O is extremely small (~10 K),** the
model is frequently used to explain the experimental results.

We critically assess the DIBE model by performing

Monte Carlo simulations, where the local spins S are treated
as classical variables coupled to quantum electrons following
the scheme proposed in Ref. 41. The Hamiltonian for the
system is*?

- L1l
H=Ztijc;rgcjg+zk.]kj5k- (C}QEUQIBCLB)’ (1)
ij J

where ¢, (cjo) is the annihilation (creation) operator for an
electron at the donor site i with spin o, k labels the cation
positions of the Co ions, and ¢ is a vector of Pauli matrices.

The hopping integral is a function of the separation rij=|Ri
—R|| between two donor sites t,:j=2(l+£’§)e"ii/’ﬂ Ry (Ry is

the binding energy of the donor) and ka:Jeffe‘z‘Rk‘RiV’H.

Note that this model is similar to that used to describe
(Ga,Mn)As,*! although now the sites providing the magnetic
moment are separated from those providing the donor carri-
ers. The effective exchange coupling is J. = Sd(:—:)3, where
the standard s-d exchange J,; (~1.5 eV from the red shift of
the band gap with cobalt doping***3) is rescaled by the ratio
between the radius of the Co d shell r,; with that of the hy-
drogenic impurities 7. An estimate of J.; for ZnO gives us
a value of 63 meV.*’ Since the mean field T obtained with
these parameters is rather small we further rescale J. by a
factor « and we investigate which value of « is needed for
RTFE.

Our results for a Co and donor concentrations, respec-
tively, of 10% and 1% are presented in Fig. 1. It appears
clearly that RTF is achieved only for =100, while T is
only a few Kelvin for a=1. Interestingly though the magne-
tization curve (displayed in the inset for @=150) has a con-
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FIG. 1. (Color online) Critical temperature T, as a function of
the scaling parameter « as obtained with Monte Carlo simulations
for the donor impurity band exchange model. In the inset we show
the reduced magnetization m=M /M and the magnetic susceptibil-

ity x as a function of temperature for a=150.

cave upwards shape with long tails and the susceptibility y
clearly peaks at 7. Since the uncertainty over J is defi-
nitely smaller than a factor 100 we conclude that the DIBE
model cannot account for the RTF in Zn;_,Co,0.

II1. DENSITY-FUNCTIONAL THEORY APPROACH AND
COMPUTATIONAL DETAILS

In the absence of any simple scheme for ferromagnetism
we turn to atomistic density-functional theory (DFT) calcu-
lations. To investigate the (Zn,0)Co system, we adopt the
pseudopotential based supercell approach which is by far the
most widely used approach to model doped semiconductor
systems, although some studies using accurate all electron
methods but smaller supercells can also be found in the
literature.** The choice of exchange and correlation (XC)
potential is also crucial and it is widely acknowledged in the
more recent literature that standard functionals such as local
spin density approximation/generalized gradient approxima-
tion (LSDA/GGA) are in general not adequate to describe
(Zn,Co)O and that improved XC functionals are necessary.
Some of the well-known shortcomings of LSDA/GGA in
describing (Zn,Co)O include the underestimation of the ZnO
band gap, the underestimation of the binding energy of the
Zn-3d states, and the overdelocalization and underbinding of
the Co-d shell resulting in their incorrect positioning with
respect to the Fermi level Er. Similar failures only have a
minor impact in the case of other transition-metal doped
semiconductors such as GaAs:Mn,* but they become a
serious drawback for the oxides where the Co-d density of
states (DOS) has important contributions in the ZnO band
gap. Hence beyond-LDA approaches such as LSDA
+U/GGA+U,**#748 hybrid DFT,* and empirical nonlocal
external potentials (NLEP)*® have been employed in recent
times to investigate the magnetism in transition-metal ion
doped ZnO. Chanier et al.** investigated the exchange cou-
plings between substitutional Co and Mn ions in ZnO using
accurate all electron based LSDA+U. Gopal and Spaldin*’
applied the LSDA+ U approach to study the magnetic inter-
actions in ZnO for a range of transition-metal dopants and
impurities. In the work of Patterson,** the B3LYP hybrid-

054428-2



IMPURITY-ION PAIR INDUCED HIGH-TEMPERATURE...

DFT functional is used to study the magnetism in (Zn,Co)O
including the role of various intrinsic defects. More recently,
Lany et al>° used the NLEP approach to study the effect of
electron doping on the magnetic interactions between Co
ions in (Zn,Co)O. In this work, we adopt an approximate
self-interaction correction (ASIC) scheme,’!> which is free
of the problems associated with LSDA/GGA and also pro-
duces exchange parameters for transition-metal monoxides
superior to those obtained with LDA/GGA.>* Furthermore,
the spectra of the oxide phases of Co, such as CoO and
Co50, are reproduced correctly in ASIC.>*

It is worth noting that while most beyond-LDA methods
generally improve upon the LSDA/GGA description of
(Zn,Co)0, certain differences do exist in the way the meth-
ods treat various parts of the (Zn,0)Co spectrum. For ex-
ample, in the commonly used LSDA+U/GGA+U
approach,*#748 only the d states of the dopant transition-
metal ions are often corrected while the spectrum of the un-
derlying ZnO host is left uncorrected. Thus the band gap of
ZnO is still underestimated in LSDA+ U and results that de-
pend upon the position of the ZnO conduction band must be
interpreted carefully.’® Approaches such as hybrid-DFT,
NLEP, and ASIC overcome this limitation by correcting both
the host semiconductor states as well as the dopant
transition-metal ion derived states. Still, some quantitative
differences exist between the methods especially with re-
gards to the exact location of the empty Co-#, states above
the ZnO conduction band.

The ASIC method has been implemented numerically in
the localized basis set code SIESTA.” In this work, the ASIC
scaling parameter « was set to 1/2, which is the value appro-
priate for describing the electronic structure of mid- to wide-
gap semiconductors.’” In all the simulations we have consid-
ered unit cells ranging from 128 to 256 atoms. The basis set
used was as follows: Zn: DZ-s, DZ-p, SZ-d, O: DZ-s, DZ-p,
SZ-d, Co: DZ-s, DZP-p, DZ-d (SZ=single zeta, DZ
=double zeta, DZP=double zeta polarized>). The grid cutoff
(equivalent to plane-wave cutoff) was 650 Ry and we have
considered 18 k points in the full Brillouin zone for the 128
atom cell and appropriate scaling for other cells. Standard
conjugate gradient geometrical relaxation was performed un-
til the forces were smaller than 0.04 eV/A.

IV. RESULTS
A. Co** in ZnO: Short-range magnetic interaction

In Fig. 2 we present the DOS of a Co impurity (at the Zn
site) in a 128 atom ZnO supercell (x=0.0156) calculated
with both LDA and ASIC. Although they both predict a 2+
valence, the position of the Co d levels is remarkably differ-
ent in the two cases. LDA places the occupied minority e
states just below Ej at the edge of the ZnO conduction-band
minimum (CBM). ASIC shifts these by about 2 eV down to
the valence-band top (VBT) in agreement with recent
calculations.’ In addition the ZnO band gap opens and the
Zn d DOS is also downshifted. This gives us a picture where
there is no Co-d contribution to the DOS around E, with the
first unoccupied minority states (#,) placed at about 1 eV
above the CBM. It is worth noting that the position of this 7,
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FIG. 2. (Color online) Density of states of Zn;_,Co,O as calcu-
lated from density-functional theory. The simulation cell is a 128
ZnO supercell in which one Zn atom is replaced by Co (x

=0.0156). Panels (a) and (b) show LDA and ASIC results,
respectively.

state is reported to be ~0.5 eV, ~2.0 eV above the CBM in
NLEP (Ref. 50) and hybrid-DFT (Ref. 49) calculations, re-
spectively. Thus the ASIC value is intermediate to the two
although much closer to the NLEP value. The ASIC calcu-
lated DOS for the occupied states in (Zn,Co)O is in excellent
agreement with ultraviolet photoemission (UPS), which
places the Co-d DOS at a binding energy of about 3 eV with
a satellite peak at 7 eV and a rather diffuse tail'3 [see Fig.
3(d))]. This electronic structure is incompatible with a carrier
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FIG. 3. (Color online) Density of states for a ZnO 128 atom
supercell with one Co?* and one additional defect: (a) Zn;, (b) Vo,
and (c) H. The left panels are for Co?* and the defect well separated
in the cell, while the right panels are for the NN position. The
arrows indicate the relevant defect position. In (d) and (e) we
present the Co 3d density of states as compared with UPS data from
Ref. 13. (d) Co** substitutional at the Zn site, (e) Co** -V com-
plex. The UPS signal has been aligned to the calculated DOS in
order to have the first peak at the minority Co e states.
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TABLE 1. (Color online) Calculated magnetic energy E,, for various magnetic centers and different
dopants configuration. C1 and C2 are the two magnetic centers included in the simulation cell and their
relative concentration (concentration of each center), D is the dopant with its concentration dcj_c, in the
distance between the two centers expressed both in A and in NN shells. For some of the NN complexes we
present the geometrical configuration (after relaxation in the pictures below).

Cl c2 D dci-c2  dci-c2 Ey
(x) (%) ) (A) (NN) Position D (meV)  Fig.

Co (0.015) Co (0.015) - 3.19 1 - -38
Co (0.015) Co (0.015) - 3.11 1 - 62 2
Co (0.015) Co (0.015) - 4.54 2 - -1 -
Co (0.010) Co (0.010) Zn; (0.010) 8.01 3 Far -1 -
Co (0.010) Co (0.010) Zn} (0.010) 8.01 3 Far 1 -
Co (0.010) Co (0.010) H (0.010) 8.01 3 Far 0 -
Co (0.010) Co (0.010) Vo (0.010) 8.01 3 Far -1 -
Co (0.015) Co (0.015) Zn; (0.015) 3.180 1 Near 629 3
Co (0.015) Co (0.015) Zn; (0.015) 2.551 1 Near 3 4
Co (0.015) Co (0.015) Zn; (0.015) 2914 1 Near 512 5
Co (0.015) Co (0.015) Zn; (0.015) 2.557 1 Near 731 3
Co (0.015) Co (0.015) Vo (0.010) 2.585 1 Near 10 6
Co (0.015) Co (0.015) Vo (0.010) 2.795 1 Near -103 -
Co (0.015) Co (0.015) H (0.010) 3.829 1 Near 12 7
Co (0.015) Co (0.015) H (0.010) 2713 1 Near 296 8
CoV (0.015)  CoV (0.015) - 5.55 2 - -6 -
CoV (0.015)  CoV (0.015) H (0.010) 2.30 1 Far 423 -
CoV (0.015)  CoV (0.015) H (0.010) 2.27 1 Far 614 -
CoV (0.015)  CoV (0.015) H (0.010) 5.55 2 Far 84 -
CoV (0.015)  CoV (0.015) H (0.010) 451 2 Far 9 -
CoV (0.015)  CoV (0.015) H (0.010) 6.94 3 Far 20 -

‘ (]

e =

mediated picture of ferromagnetism. In fact, E should be
moved by at least 1 eV in order to affect the Co valence and
therefore to promote the charge transfer necessary for strong
exchange coupling;*® a task hardly achievable.

We test this conjecture by calculating the magnetic cou-
pling between two Co?* at various distances dc,.c,. In Table
I we show the magnetic coupling energy E,; (E,;;>0 indi-
cates ferromagnetic coupling), obtained as the total-energy
difference between the ferromagnetic (FM) and antiferro-
magnetic (AFM) configurations of a selection of supercells
containing two Co®* and one intrinsic defect far from both
the Co?*. Clearly the exchange interaction between two Co>*
is strong only at NN position, i.e., when the superexchange
interaction is effective. In this case the interaction is AFM in
the a-b plane (dcy.co=3.19 A) and FM along the ¢ axis
(dco.co=3.11 A). We note that in contrast to ASIC, LSDA
+ U calculations find both the in and out-of-plane interactions
also to be AFM.**#7 Significantly, E,, drops to almost zero
already at second NN, regardless of the presence of addi-
tional intrinsic defects. In particular we show data for third
NN (the data for second NN are similar) in presence of either

Zn;, H, or V5 from which one has to conclude that RTF is not
achievable by simply defect doping.

Figure 3 offers an insight on why Zn; and V, are unable to
mediate RTF. We present the DOS of a 128 atom supercell
containing one Co** and one intrinsic defect (V,, Zn;, and
H), and compare the case where the Co’* and the defect are
well separated in the cell with that in which they are at NN
position. In the case of distant defects the DOS is essentially
a superposition of that of Co** and the defect. Both Zn; and
H posses a filled hydrogenic level above the CBM and rather
close to the Co d-t, minority levels. In contrast V, displays
a doubly occupied impurity level 1 eV above the VBT, al-
most at the same position of the minority Co-d e levels. Most
importantly there is no evidence of interaction between Co**
and the defect levels (the magnetic moment calculated from
the Mulliken population is ~2.6 up/Co for all three cases,
similarly to the case of Co®* only). This means that, despite
the energy proximity of the defect levels to those of the
Co 3d shell, the overlap of the hydrogenic wave function at
the Co site is only minimal. For this reason we conclude that
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the DIBE model as formulated cannot be sustained by the
electronic structure of Co?* in ZnO.

The right panels of Fig. 3 for NN defects give a different
picture. In the case of both H and Zn; there is a substantial
charge transfer from the defects to the Co** resulting in a
partial occupation of the minority ¢, levels and a reduction of
the magnetic moment (1.95 uz/Co and 2.05 up/Co, re-
spectively, for Zn; and H). On-site repulsion moves upwards
in energy all the Co 3d manifold and now the majority #,
levels occupy the ZnO band gap. In contrast, for V no such
charge transfer occurs from the defect to the Co-d shell. In
fact, the Mulliken population on the Co-d shell is found to
decrease slightly by about 0.01 electrons indicating a slight
broadening of the d states. More significantly, in the absence
of an O ion next to the Co, the crystal field experienced by
the Co ion is smaller which lowers the energy of the Co-3d
manifold. Furthermore, the doubly occupied Vg level spin
splits by about 0.5 eV in the opposite direction to that of Co.
Such a feature suggests that the exchange interaction be-
tween NN Co ions, when mediated by a defect, can be ex-
tremely large. This is indeed the case as demonstrated in
Table I where E,, for various Co-Co-defect complexes is
presented. Such complexes effectively behave as small me-
tallic clusters and it is of no surprise that the exchange en-
ergy increases quite dramatically for dc,.c, around and be-
low 2.5 A, which is the NN distance in metallic Co.

Is this sufficient for RTF in the diluted phase? Unfortu-
nately not. These interactions, although strong, are still short
range and therefore produce RTF only for x around the per-
colation limit. Moreover, the strong FM interactions require
a ratio between Co and the relevant donor of 2:1, which at
percolation means typical defect concentrations of around
10%. These are impossible to achieve for any of the defects
investigated even under the most favorable conditions. Fi-
nally those complex structures, if abundant, should appear
spectroscopically with a substantial increase of the Co-d
DOS in the ZnO band gap.

B. Magnetism of the Co?*-V, pairs impurity band

Since Co?* alone cannot be responsible for RTF at low
dilution we have searched for other possible magnetic cen-
ters and found that Co?*-V,, pairs (CoV) overcome the limi-
tations mentioned above, in agreement with recent experi-
mental suggestions.>>>7 In this section we demonstrate that
CoV (1) are spectroscopically compatible with UPS data, (2)
are abundant, i.e., they have a low formation energy, and (3)
couple ferromagnetically over long range if donors are
present.

In Figs. 3(d) and 3(e) we present the DOS associated to
the Co-d shell for both Co** and CoV, as compared with UPS
from Ref. 13. Clearly both Co?>* and CoV are compatible
with UPS; in particular they both show a finite DOS at about
-8 eV from Ep. This feature is absent in the DOS of both
the Co-Zn; and Co-H complexes, which instead present sub-
stantial contributions in the ZnO gap and therefore are in-
compatible with the spectroscopy. Moreover CoV is the only
complex among the ones studied which maintains Co in the
2+ valence state.
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Next we have to establish whether V, are likely to be
abundant and sit preferentially close to Co** ions. The for-
mation energy F/(VY) for an oxygen vacancy (Vo) in ZnO in
the charging state g has been calculated using a supercell
approach well documented in the literature.>%3! E/(VY) can
be expressed as

Ef(V((J)) = Etot(v(g)) - Elot(zno) + Uo t+ CI(EF - Ev) s (2)

where E(V{) is the total energy of a supercell containing
the Vy, in the charging state g, E,,(ZnO) is the total energy of
the perfect ZnO crystal, g is the oxygen chemical potential,
Er is the Fermi level, and E|, is the valence-band top. All the
quantities entering in the Eq. (2) are calculated in terms of
total-energy differences, including the valence-band top.
This latter is computed as

li Elot(ZnO) - Etot(ZnO - Q)
lquO q s (3)

where E,.(ZnO—-gq) is the total energy of a perfect ZnO crys-
tal where g electrons have been removed.”’ In all the calcu-
lations we consider 128 atoms supercells with identical con-
vergence parameters (basis, k points, etc) as those used in
rest of the paper.

At variance with both Refs. 30 and 31 there is no need to
correct the native ZnO band gap, which is properly described
by ASIC. To prove this point the band structure of a 128 ZnO
supercell including one V, in different charging states is pre-
sented in Fig. 4. Note that the band gap is about 3.5 eV with
the single particle a; level associated to the neutral O vacan-
cies placed at around 0.75 eV from the valence-band top.

The formation energy as a function of the position of the
Fermi level for Zn-rich growth conditions is presented next
in Fig. 5. Our results, in agreement with both Refs. 30 and 31
confirm that V,, is a “negative U” center, with the E(2+ |+)
transition state placed at an higher energy than E(+|0). Fur-
thermore from the figure it is easy to note that the E(2+ |0)
transition state is only about 1 eV above the valence-band
top. This results in a formation energy for Vg in n-doped
ZnO (Eg close to the conduction-band minimum) of only
0.65 eV, confirming the results of Ref. 30. Such low forma-
tion energies for V have also been reported in recent hybrid-
DFT calculations**® and demonstrate that V,, are certainly
abundant in ZnO.

Our calculated V, formation energy suggests that the Vi
concentration in ZnO can be as large as 1% at equilibrium.
Since Co does not introduce doping its presence will not
change considerably the V, formation energy. We have then
left only to establish whether the V| sits preferentially close
to a Co site. By using a 128 atom supercell we calculate a
reduction in total energy of about 340 meV for Co and V,
moving from third to first NN (pairing energy). This is quite
a large gain suggesting that most of the V are indeed likely
to be close to Co ions. The large pairing energy also means
that the relative concentration of CoV (x°V) with respect to
that of Co?* (x*°) will increase upon oxygen absorbing pro-
cessing. This is the case for both annealing in an oxygen
poor atmospheres and long exposure to Zn and Ti vapors.?
In the first case one expects V migration to the Co sites,
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FIG. 4. (Color online) Band structure of a 128 ZnO supercell
including one Vj, in different charging states. In the case of V) the
band structure is spin polarized and the dark and lighter shaded
lines represent majority and minority spin bands, respectively.

while in the second a preferential V, formation close to Co.
Finally, we found that the pairing energy between two Co**
is also large (~210 meV), while we did not find any sub-
stantial pairing interaction among the CoV in any charging
configuration. We then expect an inhomogeneous distribution
of the Co?*, which in turn would lead to an inhomogeneous
distribution of CoV and the formation of both high and low-
concentration regions.

Finally, we have to establish whether CoV couple at long
range. Table I shows E,, for various CoV combinations.
Similarly to the case of Co®* also the magnetic coupling
between two charge neutral CoVs is remarkably weak al-
ready at second NN (-6 meV). However, when an addi-
tional electron donor is present, the situation changes dra-
matically with second and third NN magnetic couplings
reaching up, respectively, to E,;~80 meV and E,
~20 meV. Note that we cannot exclude an even longer in-
teraction range, which however is hardly accessible in our
simulations since the size of the supercells becomes prohibi-
tively large.

Why does CoV sustain long-range coupling while Co**
does not? The cartoon of Fig. 6(a) shows the electronic struc-
ture of Co?*, Vo, and CoV. The main feature is that the Co?*
empty 7, minority state broadens in CoV and forms a ,-Vq
hybrid level right at the CBM. This extends in space over the
first shell of Zn ions and an impurity band forms already at
tiny concentrations. Such a band can be easily n doped.
Thus, while for Co?* the only exchange mechanisms avail-
able either involve virtual transitions or weak s-d (Ref. 59)
exchange interaction with hydrogenic orbitals, for CoV
strong carrier-mediated magnetic interaction is possible. In
Fig. 6(b) we show E,; for two CoV in a 128 atom unit cell as
a function of the electron doping. This is introduced by either
moving Ef in our simulations or by explicitly introducing an
H ion in the supercell. Clearly E,; depends strongly on the
occupation of the impurity band, with a maximum at half
filling (n=6.7 X 10*° cm™) and vanishing for n=0 (empty
band). Note that as n is increased, beyond a certain point
(n~8x10% cm™), E,, is seen to flatten out. This is be-
cause, as the occupation of the minority Co-z, states in-
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FIG. 5. (Color online) Formation energy for V as a function of
the position of the Fermi level. Note that V is a “negative U”
center, with the E(2+ |+) transition state placed at a higher energy
than E(+]0).

creases, the on-site coulomb repulsion causes the energy of
the Co-3d manifold to increase. This causes the minority 7,
states, initially located just below the CBM, to merge with
the conduction-band (CB) states. Beyond this point, extra
charge carries prefer to occupy CB states and the occupation
of the Co-t, states remains almost constant as they are pinned
just above the Fermi level. We therefore expect the valence
state of Co ions in Co-V complexes even in the presence of
additional charge carriers to be Co>~9* where 0< §<1.

C. Two-center model and phase diagram

Thus DFT offers us a mechanism for the ferromagnetism
in (Zn,Co)O based on two magnetic centers: Co®* is respon-
sible only for short-range coupling, while CoV can instead
sustain long-range interaction via a fractionally filled impu-
rity band. Can this alone produce RTF? Percolation theory®°
sets a strict condition for a magnetic ground state of diluted
systems: the concentration of magnetic impurity should ex-
ceed the percolation threshold x,.. This depends on the range
of the interaction and for the fcc lattice we find 19.8%,
13.7%, and 6.2% for interaction extending, respectively, to
first, second, and third NN.°! Therefore our two-center model
already produces long-range ferromagnetism at x“°V>x,
~6%. However, we do not need such a large x for observing
hysteresis in the M-H curve at room temperature (i.e., for
explaining the various experimental claims). This can be
achieved below x, since one just needs a number of perco-
lating clusters large enough to be superparamagnetically
blocked. Note that “clusters” here mean regions where x is
locally larger than x,.. The presence of CoV pushes this limit
far below the 20% needed by Co®* and by the recently pro-
posed model where the magnetism originates from uncom-
pensated spins at the surface of antiferromagnetic clusters.5?

The size of those clusters can be estimated by considering
coherent rotation of the magnetization over an anisotropy
barrier DNS? (D is the zero-field splitting, N the number of
magnetic ions magnetically blocked, and S the Co spin). By
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FIG. 6. (Color online) CoV impurity band. (a) Level diagram for
Co**, Vi, and CoV. (b) E,, for two second NN CoV as a function of
the donor impurity band electron density. The electron density 6.7
%100 cm™3 corresponds to one electron every two CoV.

taking D=2.76 cm™' from electron paramagnetic resonance
(EPR) measurements'® we obtain the estimate Ny~ 800 for a
blocking temperature 75=300 K. This however is rather
conservative. In granular magnets random dipolar
interaction,> random magnetic anisotropy,®* or spinodal
decomposition® can push Ty to values considerably larger
than those predicted for single-particle coherent rotation (up
to a factor 5). Thus we estimate Ny in the range of 250
magnetic ions. Therefore, an observation of a hysteresis re-
quires the existence of regions where 250 CoV ions interact-
ing at third NN exist at concentrations larger than ~6%.
Indeed this is a rather modest requirement.

In Fig. 7(a) we present typical cluster distributions P(N)
as a function of the cluster size N for various concentrations
of Co?* and CoV. These have been obtained by filling ran-
domly a wurtzite lattice comprising 10° sites. As expected
P(N) moves from small to large clusters as xC°V is increased
with respect to x°°. In particular one notes that already for
x®°V=29% large clusters appear in the distribution, which be-
comes bimodal at x*°V>6%, i.e., above x.. We emphasize
that these P(N) have been obtained from a completely ran-
dom distribution, i.e., neglecting the tendency to clustering
suggested by the pairing energy.

Finally, we investigate the thermodynamical properties of
our two-center model by performing Monte Carlo simula-
tions for a Heisenberg energy (|S;/=1),

Co,CoV Co,CoV

Hetr= 2 JiSi-S;. + > D(S;- i) (4)

(i.j) i
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FIG. 7. (Color online) Monte Carlo simulations for the two-
center model: (a) cluster distribution P(N) as a function of the num-
ber N of magnetic ions in the cluster for different x“° and x®°V
(xC0/xCV); (b) magnetization curves m(7T) at different Co concen-
tration for xX°°/x°V=35; (c) m(7) for a total Co concentration of 6%
and different x©°/x“°V; (d) m(T) for x“°V above percolation (7%)
and various x° (x€°/xC°V).

The exchange parameters are chosen to mimic the short and
long-range exchanges between Co?* and CoV, respectively.
At NN J;; is AFM for Co** pairs (15 meV) and FM for CoV
pairs (50 meV) and between Co?* and CoV (50 meV). More-
over it extends to second (15 meV) and third NNs (5 meV)
for CoV pairs. The last term accounts for an hard-axis (easy-
plane) anisotropy (|ii|=1).'® Note that we implicitly assume
doping in the CoV impurity band and neglect the NN FM
component of the exchange between Co** pairs. Given the
uncertainty over the precise microscopic configuration and
the relative abundance of the various complexes (Table I) our
numerical values are only representative and certainly con-
servative. However, even with this choice 7.=250 K above
percolation (x®°V=7%) suggesting that RTF is indeed pos-
sible.

Monte Carlo simulations were performed with the Me-
tropolis algorithm as implemented in a home-made package.
Typical simulation cells for the two-center Heisenberg model
contain between 1600 and 5000 magnetic ions and we al-
ways use periodic boundary conditions. The systems are
equilibrated until an initially AFM and FM replicas have
converged to the same value (typically 10 000 steps) and
then the Monte Carlo measurements are taken by sampling
60 000 new steps. Disorder averages have taken over 32 dif-
ferent samples at each concentration. The Curie temperature
T, for the two-center model (Co** and CoV) is calculated
from the specific heat C of a diluted system. In Fig. 8 we
present results for xC°V=7%, i.e., for a concentration above
percolation (third NN percolation of the fcc lattice). Clearly
the critical temperature 7, is around 250 K.

In Fig. 7(b) we present the reduced magnetization m
=M/M, as a function of T for different Co concentrations,
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FIG. 8. Specific heat C as a function of temperature 7 for the
two-center model at x“°V=7% and x*°=0%. The peak in C(T) de-
notes the position of the Curie temperature 7. Each point in the
graph is an average of over 32 disorder configurations.

while keeping x°/x“°V=5. The magnetization curves show a

transition from a concave upwards shape at low concentra-
tions to a convex one for high. As the concentration increases
one encounters the two percolation thresholds, respectively,
for CoV and for Co. This produces the change in shape,
which however is complete only above 20%, i.e., when the
Co”*’s start to percolate. Interestingly m never reaches 1 be-
cause of the strong NN AFM interaction among Co.

We also investigate the interplay between Co>* and CoV.
In Fig. 7(c) m(T) is calculated by keeping the total Co con-
centration to 6% and by varying the ratio between x“° and
X%V, while in Fig. 7(d) we keep xX“°V=7% (above percola-
tion) and change x®°. In both pictures x“° is well below the
percolation threshold for NN and the high-temperature re-
gion of m(T) is almost entirely dominated by x“°V. For in-
stance one may note that for xX“°V=5% m(T) approaches zero
roughly at the same T regardless of whether x*° is 1% [Fig.
7(c)] or 25% [Fig. 7(b) for a total concentration of 30%]. In
contrast the amount of Co®* affects the low-temperature re-
gion, where the strong AFM interaction can drastically alter
the total magnetic moment. For instance m(0) drops from 1
to about 0.8 if x° is increased from 1% to 3%, by keeping
xV=7%.

We are now in a position to propose a phase diagram for
(Zn,Co)O based on the relative concentration of Co>* and
CoV (Fig. 9). The most important feature is the presence of
what we called a blocked superparamagnetic phase.

This is below xLC,OV and xLC,", but nevertheless allows one
the detection of both a net magnetic moment and hysteresis
at room temperature. For larger x a long-range FM ground
state emerges, which however is limited by the short-range
AFM interaction of the Co ions. Therefore we predict either
a frustrated antiferromagnet or a spin glass for xC°>xS° and
1V <xC° We emphasize that bulk measurements (hyster-
esis or magnetization) can hardly distinguish between the
FM and the blocked superparamagnetic phase, and more lo-
cal probes are needed. In particular further insights would be
provided by a thorough analysis of small-angle neutron-
scattering data similar to the case of disordered
ferromagnets.** Alternatives may be muon rotation, high-
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FIG. 9. (Color online) Proposed phase diagram for (Zn,Co)O as
a function of the relative concentrations of Co and CoV. The yellow
area is the blocked superparamagnetic (SPM) region, where both
magnetic moment and hysteresis can be detected. The dashed line at
small x delimits the region where most of the experiments are con-
ducted. Finally the FM region is partition into two regions depend-
ing on whether or not anomalous Hall effect can be detected.

resolution EPR, and energy-dispersive x-ray spectroscopy.

Finally we partition the long-range FM region into two
regions separated by the CoV percolation threshold xCC_OV. For
xc"V>xE°V percolation among CoV is achieved and one ex-
pects measurable conductivity from the impurity band. Since
the exchange is strong an anomalous Hall effect (AHE)
should be detected. This is not expected for ferromagnetism
below xSOV since the conductivity is then dominated by band
conductivity which is weakly affected by Co?*, given the
small exchange. Note that this phase diagram says little
about the overall conductivity of (Zn,Co)O, which in turn
can be determined by electrons in the conduction band.
Moreover, the precise location of the phase boundaries de-
pends on details such as the concentration of electron donors.
In the extreme case of fully compensated samples the
blocked superparamagnetic phase may even disappear en-
tirely.

V. CONCLUSION

In conclusion, by using a combination of DFT and Monte
Carlo simulations, we have demonstrated that the observed
RTF in (Zn,Co)O can be attributed to blocked superparamag-
netism. This develops at concentrations below those required
by long-range ferromagnetism. However, even this model
requires a second magnetic dopant in addition to Co®* sub-
stituting Zn, capable of mediating magnetic interaction be-
yond nearest neighbors. We have identified the Co-V pair as
the most likely candidate and demonstrated that such center
can indeed promote long-range coupling, if additional n dop-
ing is present. These findings draw a new roadmap for de-
signing diluted magnetic oxides, where the engineering of
intrinsic defects play the leading role. For instance paramag-
netic samples can be turned ferromagnetic by prolonged ex-
posure to Ti vapors, which produce high concentrations of
VO'29
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