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Ferromagnetic versus antiferromagnetic interaction in Co-doped ZnO
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~Received 23 July 2003; published 19 February 2004!

Based on first-principles spin-density functional calculations, we find that Co-doped ZnO energetically
favors a spin-glass-like state due to antiferromagnetic interactions between transition metal atoms, while
ferromagnetic ordering is stabilized by electron doping. We find a short range nature in both antiferromagnetic
and ferromagnetic interactions, and suggest that a very high doping level of Co ions is required to achieve
ferromagnetism, together with a sufficient supply of electron carriers. Our results explain experimental features
such as the low reproducibility of ferromagnetic samples and the very low saturation magnetization per Co ion.
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Diluted magnetic semiconductors~DMSs!, where transi-
tion metal atoms are introduced into the cations of the se
conducting host, have attracted much attention becaus
the potential use of both charge and spin of electrons
spintronic devices.1 A promising technique is to use DMSs t
inject spin-polarized carriers into nonmagnetic semicond
tors. Recently, spin injection using Mn-doped III-V-bas
semiconductors has been successfully demonstrated;
ever, devices only work at low temperatures far below ro
temperature because of the low Curie temperature (Tc) for
these materials.2 For practical applications, it is a key issu
to raise theTc of DMSs above room temperature, and roo
temperature ferromagnetism has been observed for se
magnetically doped materials such as ZnO, GaN,
ZnGeP2.3–5

Among room temperature ferromagnetic semiconduct
ZnO has been of special interest because this materia
optically transparent with a wide band gap of 3.3 eV an
large exciton binding energy of 60 meV.6 Especially, in Co-
doped ZnO, there have been several experiments repo
room temperature ferromagnetism.3,7–9However, experimen-
tal results are quite controversial; Uedaet al. succeeded in
obtaining room temperature ferromagnetism only in a f
samples showing metallic conduction with electron conc
trations as high as 1020 cm23, while other samples exhibite
a spin-glass behavior.3 This experiment indicated that hig
electron carrier concentrations seem to be essential for
ferromagnetism; however, other experiments showed q
different results, observing no ferromagnetism even
samples with carrier concentrations over 1020 cm23.10 The
existence of ferromagnetic ordering in Co-doped ZnO w
first theoretically proposed, which is attributed to the dou
exchange interaction between Co ions,11 while later calcula-
tions suggested the Ruderman-Kittel-Kasuya-Yos
~RKKY ! interaction as the origin of ferromagnetism.12 As
other possible origins for the ferromagnetism, the format
of CoO or Co-metal clusters was also considered.3,13

In this paper, we find that antiferromagnetic couplings
preferred between transition metal atoms in Co-doped Z
resulting in a spin-glass state, while ferromagnetic order
is realized by electron doping, based on first-principles sp
density functional calculations. Due to the short range na
of the ferromagnetic coupling, a heavy incorporation of
atoms is required to stabilize the ferromagnetic state. H
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ever, this process simultaneously reduces the amoun
doped electrons per Co ion, weakening the ferromagn
interaction. Our results explain the low reproducibility
ferromagnetism and very low saturation magnetization
Co atom in Co-doped samples, and provide optimum con
tions for achieving the ferromagnetic state.

Our calculations are performed within the local-spi
density functional approximation using the generalized g
dient correction for the exchange-correlation energy.14 We
use ultrasoft pseudopotentials for the efficient treatmen
the localized orbitals of the O, Zn, and Co atoms.15 The wave
functions are expanded in plane waves up to a cutoff of
Ry, which ensures an energy precision of better than 1 m
per two Co atoms in comparing ferromagnetic and antifer
magnetic states. Ionic coordinates are fully optimized w
the use of the conjugate gradient technique. We choose v
ous supercells which are formed by integer multiples (n1a1 ,
n2a2, andn3a3) of the primitive lattice vectors,a1 , a2, and
a3, of the wurtzite structure, and thus denoted byn13n2
3n3. For the summation of charge densities over the B
louin zone, we choose ak-point set which is equivalent to
that generated by the 83834 Monkhorst-Pack mesh for th
13131 primitive cell.16 For charged systems, we use a je
lium background that eliminates the divergence in the ene
of the periodically repeated charged system.

For a Co ion occupying a cation site, we use the 232
31 supercell to examine hybridizations between Co and
orbitals. Compared with a pure ZnO, we find that major
and minority spins have similar ZnO-derived bands, wh
the valence and conduction band edges of minority spins
slightly shifted by about 0.16 and 0.08 eV, respectively, d
to p-d and s-d exchange splittings, as shown in Figs. 1~a!
and 1~b!. From the projected densities of states in Fig. 1~c!,
major hybridizations occur between Cod and Op orbitals,
forming bondingtb and antibondingta states, with nonbond-
ing e states lying between the two states. For majority sp
thee andta states are located between 0 and 1.10 eV, i.e.
the band gap, while they lie in the conduction band for m
nority spins, with the intraionic exchange splittings of 1
and 2.4 eV, respectively, similar to previous calculations.11

To see the origin of ferromagnetism in Zn12xCoxO alloys,
we first investigate magnetic interactions between Co io
especially the interaction range and dependence on the c
tal direction. We choose the 23231 supercell containing
©2004 The American Physical Society05-1
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two Co atoms, which leads to the Co doping level ofx
50.25. When Co atoms are aligned along thea1 direction on
the hexagonal plane, the distance between nearest neig
ing Co atoms is 3.28 Å, and 3.23 Å along thec axis, i.e., the
a3 direction @see Figs. 2~a! and 2~b!#. When Co ions are

FIG. 1. ~a! The total density of states for~a! pure and~b! Co-
doped ZnO, and~c! Co 3d-projected density of states for electron
with up- and down-spins in Co-doped ZnO. For Co-doped ZnO,
23231 supercell is used with containing a Co atom at the
lattice. The dotted and dot-dashed vertical lines indicate the Fe
level and the conduction band minimum, respectively.

FIG. 2. Supercell geometries for Co ions continuously align
along the~a! a1 and~b! a3 directions, and those paired along the~c!
a1 and ~d! a3 directions.
08520
or-

continuously aligned along thea1 direction, the antiferro-
magnetic ~AFM! solution is energetically more stable b
about 34 meV per Co atom than the ferromagnetic~FM!
state, while the FM state is lower in energy by about 1 m
per Co atom for the alignment on thec axis, as shown in Fig.
3. The difference in the stability of magnetic states betwe
the two alignments of Co atoms results from the hexago
symmetry of the wurtzite structure, which affects the mag
tude of superexchange interaction. The superexchange i
action arises from the coupling of magneticd holes in half-
filled t orbitals, while it vanishes for almost fully fillede
orbitals. Since the bond angle between two Co-O bond
about 109.5°, we expect finite superexchange couplings
tween t orbitals according to the Goodenough-Kanam
rules17 for the antiferromagnetic state, which predicted t
absence of superexchange coupling for the bond angle
90°. Analyzing the emptyt↓

a states, we find that interaction
betweend holes via ligandp orbitals strongly depend on th
alignment direction of Co atoms, causing the difference
the superexchange coupling. Along thea1 axis, the two Co
ions, CoI and CoII in the supercell~see Fig. 4!, are located in
the same crystal fields, and thus theird orbitals effectively
interact with a mediating O 2p orbital. Since the interacting
lobes of Co-d and O-p orbitals form an angle of about 35.3°
bothdpp anddps interactions exist between the O and tw
neighboring Co atoms. On the other hand, for Co ions alo
the c axis, weakdpp-type interactions exist between the
and one (CoI) of the two neighboring Co atoms, significant
reducing the magnitude of the electron~or hole! transfer ma-
trix element (b), while the d orbital of the other Co atom
(CoII) strongly interact with the Op orbital via thedps-type
coupling. Thus, the AFM coupling is much weakened for C
ions aligned along thec axis, since the superexchange inte
action is proportional tob2/U,18 where U is the repulsive
Coulomb interaction energy.

e

i

d

FIG. 3. The total energy differences (DEFM-AFM) between the
ferromagnetic and antiferromagnetic states are plotted as a fun
of the amount of doped electrons for Co ions paired and cont
ously aligned~chain-like! along thea1 and a3 ~i.e., c-axis! direc-
tions.
5-2
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We also find similar results for the superexchange in
action, with use of larger 33231 and 23232 supercells
containing the same number of Co ions, where Co ions ar
fact paired along thea1- andc-axis directions, respectively
with pair-pair distances of 9.84 and 10.5 Å@see Figs. 2~c!
and 2~d!#. For Co pairs along thea1 axis, the AFM state is
still energetically more favorable by 21 meV per Co ato
but the energy difference between the antiferromagnetic
ferromagnetic states is decreased by 13 meV/Co due to
duced hybridizations between the Co and O atoms. For
pairs along thec axis, the stability of the AFM state is no
affected. To find the range of interactions between Co ato
we test various geometries for a Co pair in the superc
increasing the Co-Co distance from 3.28~or 3.23! to 4.61,
5.25, and 6.56 Å. The type of adopted supercells and
coordinates of Co atoms for each case are listed in Tab
Although the supercell size may not be large enough to
amine pure magnetic interactions between two isolated
ions, the order of magnitude of magnetic couplings can
accurately estimated. For all cases, we find that the t
energy differences between the FM and AFM states are
than 3 meV per Co atom, almost independent of the Co
distance. These results indicate that couplings between
Co ions are negligible for distances larger than 4.6 Å, s
gesting that the range of magnetic interactions is rather sh
For Ge12xMnx , recent calculations showed that exchan
interactions greatly fluctuate at similar distances betw
metal ions, obeying the RKKY formula.19 For Co-doped

FIG. 4. The charge density contours are plotted for thet↓
a orbit-

als which predominantly contribute to the antiferromagnetic sup
exchange interaction, with a contour spacing of 0.03 a.u. In~a! and
~b!, Co ions are aligned along thea1- andc-axis directions, respec
tively.

TABLE I. The total energies (EFM in units of meV per Co atom!
of the ferromagnetic state relative to the antiferromagnetic confi
ration are compared for various Co-Co distances (d). For each
supercell, the coordinates of CoII are given in terms of the primitive
lattice vectors in the wurtzite structure~Ref. 23!, while CoI is posi-
tioned at the origin. HereNe denotes the number of doped electro
per Co atom.

d54.61 Å d55.26 Å d56.56 Å

Supercell 23232 23132 43131
Coordinate of CoII ~2/3,2/3,1/2! ~0,0,1! ~2,0,0!
EFM for Ne50 0.1 1.7 2.8
EFM for Ne50.5 1.0 2.5 1.4
EFM for Ne51.0 24.1 3.8 0.4
08520
r-

in

,
nd
e-
o

s,
ll,

e
I.

x-
o
e
al
ss
o
o
-
rt.
e
n

ZnO, however, the magnetic properties seem to be predo
nantly determined by Co-Co interactions over a small reg
of about 3 Å, i.e., the nearest-neighbor distance of Co io
We point out that although the alignment of Co atoms alo
the c-axis favors the FM state mainly due to weakening
AFM superexchange interactions, the FM state is unlikely
be stabilized because of the very small energy differe
between the FM and AFM states. Thus, contrary to previ
calculations,11 our results suggest that Co-doped ZnO en
getically prefers the spin-glass-like state to the ferromagn
ordering.

Although spontaneous magnetization is not expected
intrinsic Co-doped ZnO, it is possible to obtain the ferroma
netic ordering in this material by electron doping. Actual
Fig. 3 illustrates that electron doping generally enhances
stability of the FM state, with an exception. In the case
continuously aligned Co ions, the FM state is greatly sta
lized when electrons are doped above 0.5 electrons per
atom. At the doping level of one electron per Co atom,
FM state is more stable by 94 and 69 meV per Co atom
the alignments along thea1- and c-axis directions, respec
tively. For Co pairs formed along thea1 axis, although the
stability conversion from AFM to FM states occurs at a do
ing level higher than 0.5 electrons per Co atom, the stab
zation of the FM state is significant after the doping of o
electron per Co atom, while the stability of the AFM state
almost unaffected for Co pairs along thec-axis direction.
When the Fermi level increases by electron doping, do
electrons occupy both the conduction band and theta state of
minority spins @see Fig. 5~a!#. Comparing the Co
3d-projected densities of states for the AFM and FM stat
we note that the bandwidth of theta band is much broadene
for the FM state, as shown in Fig. 5~b!, and thereby the
kinetic energy is lowered. Thus, the important mechani
for stabilizing the FM state is likely to be double exchan

r-

-

FIG. 5. For then-type doping with an electron per Co ion, th
~a! total and~b! projected densities of states onto one of the Co io
aligned along thea1 direction are drawn. The solid and dotted line
indicate the FM and AFM states, respectively, and the vertical li
denote the Fermi level. Note that the Co 3d-derived bands are
broadened due to the increase of the Co concentration by twic
compared to that in Fig. 1.
5-3
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interactions induced by carriers, which were originally pr
posed by Zener.20 We check the change of magnetic intera
tions after electron doping for the Co-Co distances lar
than 4 Å. As shown in Table I, we find no noticeable chan
in the magnetic state, which suggests that the range of
interactions is also short, similar to that for AFM intera
tions. In addition, our calculations indicate that FM intera
tions weakly depend on the direction of aligned Co ions
well as the Co-Co distance. The Co-Co distances along
a1- and c-axis directions slightly differ by 0.05 Å in the
wurtzite structure used here; however, different magnetic
teractions along these two axes do not originate from suc
small difference in the Co-Co distance. Even if we use
ideal c/a ratio of A8/3, which makes the same Co-Co di
tances, we find that the results remain unchanged. Thus
use of the RKKY model,12 which has long-range interaction
with no directional dependence, may be inappropriate
Co-doped ZnO.

Based on our results, we suggest optimum experime
conditions for obtaining ferromagnetism in Co-doped Zn
As discussed above, the first requirement is to increase
number of itinerantd electrons, which is sufficient enoug
for the FM coupling to prevail against the AFM supere
change interaction. This suggestion can explain the fe
magnetic ordering observed in samples with very high e
tron carrier densities of about 1020 cm23.3 However, we
point out that electron doping does not always guarantee
occurrence of ferromagnetic ordering; for Co-Co distan
larger than 4 Å, the electron doping affects the magne
coupling little. In fact, some experiments failed in obtaini
ferromagnetic samples even with high carrier densities o
1020 cm23.10 Thus, as a second requirement that ensures
the ferromagnetic ordering, we suggest that a large amo
of Co ions should be incorporated to reduce the Co-Co
tance and thus meet the short-range characteristics of fe
magnetic interactions. For a given Co concentration, a c
tering of CoZn ions may enhance the stability of the FM sta
as compared to a uniformly distributed configuration. Ho
ever, it is a very difficult task to satisfy both the conditions
sample preparation. As the amount of incorporated Co i
n
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increases, the number of doped electrons per Co may
crease due to the solubility limit of donor impurities, makin
it difficult to fulfill the first requirement. For example, con
centrations of single donor impurities as high as 1022 cm23

are needed to achieve the doping level of one electron pe
ion in Zn0.75Co0.25O, which is practically unachievable in
experiments. If the amount of doped electrons is not su
cient, our calculations indicate that the AFM coupling
more preferable with increasing Co density, while previo
calculations suggested that the strength of FM interaction
proportional to the Co density.11 Experimentally, the ferro-
magnetic ordering was actually found in Zn0.95Co0.05O and
Zn0.85Co0.15O but not in Zn0.75Co0.25O,3 consistent with our
results. The reason for the low reproducibility of ferroma
netic samples seems to be due to the competing aspect o
two conditions. Finally, our results also possibly explain t
low saturation magnetization per Co ion observed
experiments.21 If the two conditions are locally fulfilled in
samples, the ferromagnetic ordering may appear in limi
local areas, while most areas are in a spin-glass-like s
resulting in a weak spontaneous magnetization. In this c
however, we do not exclude the possibility that small ma
netic moments are due to Co-metal clustering or other s
ondary phases.

In conclusion, we have investigated the nature of m
netic interactions between Co ions in ZnO through fir
principles spin-density functional calculations. Due to an
ferromagnetic superexchange interactions between Co i
Co-doped ZnO prefers to the spin-glass-like state, while
ferromagnetic state is stabilized by electron carriers. We fi
that the ferromagnetic coupling has a short range nature
fective at Co-Co distances of about 3 Å, and suggest
very high concentrations of Co ions are needed to achi
ferromagnetism, with electron carriers sufficient enough
induce the ferromagnetic interaction.
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