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Ferromagnetism in ZnO codoped with transition metals: Zn1Àx„FeCo…xO and Zn1Àx„FeCu…xO

Min Sik Park and B. I. Min
Department of Physics and Electron Spin Science Center, Pohang University of Science and Technology, Pohang 790-784, K

~Received 15 July 2003; published 31 December 2003!

We have investigated electronic structures and magnetic properties of ZnO-based potential diluted magnetic
semiconductors codoped with transition metals: Zn12x(FeCo)xO and Zn12x(FeCu)xO. We have found that the
origin of the observed ferromagnetism in Zn12x(FeCo)xO would be different from that in Zn12x(FeCu)xO.
Zn12x(FeCo)xO does not have a tendency to form the Fe-O-Co ferromagnetic cluster, and so the double-
exchange mechanism will not be effective. In contrast, Zn12x(FeCu)xO has a tendency to form the Fe-O-Cu
ferromagnetic cluster with the charge transfer between Fe and Cu, which would lead to the ferromagnetism via
a type of the double-exchange mechanism. The ferromagnetic and nearly half-metallic ground state is obtained
for Zn12x(FeCu)xO.

DOI: 10.1103/PhysRevB.68.224436 PACS number~s!: 75.50.Pp, 71.22.1i, 75.50.Dd
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I. INTRODUCTION

‘‘Spintronics,’’ namely, electronics utilizing the spin de
gree of freedom of electrons becomes an important emer
field. Spintronics is expected to overcome the limits of t
ditional microelectronics.1 Diluted magnetic semiconductor
~DMS’s! will play an important role in spintronics as sem
conductors do in electronics because of their easy integra
into existing electronic devices. Two types of DMS famili
have been well studied: II-VI type such as Mn-doped Cd
and ZnSe~Ref. 2!, and III-V type such as Mn-doped GaA
~Ref. 3!. In particular, the latter attracts great attention, b
cause it becomes a ferromagnetic~FM! DMS having the Cu-
rie temperatureTC;110 K. Recent research effort has be
focused on developing new FM-DMS’s operating at roo
temperature.4–9

Along this line, attempts have been made to fabric
ZnO-based DMS. ZnO is a wide-gap (Eg;3.44 eV) II-VI
semiconductor, and so it can be used for ultraviolet lig
emitting devices. Jinet al.10 fabricated 3d transition metal
~TM! doped epitaxial ZnO thin films using the combinator
laser molecular-beam epitaxy method. They have not
tected any indication of ferromagnetism. In contrast,
Zn12xCoxO films made by using the pulsed-laser deposit
technique, Uedaet al.11 observed the FM behavior withTC
higher than room temperature. The reproducibility, howev
was less than 10%. Hence the realization of the FM lo
range order in Co-doped ZnO films is controversial.

On the other hand, there were also trials to make Zn
based DMS by doping double TM elements:~Fe,Co! or ~Fe,
Cu!. Cho et al.12 observed the room-temperature ferroma
netism for Zn12x(Fe0.5Co0.5)xO films fabricated by using the
reactive magnetron co-sputtering technique. The sam
seem to have the single phase of the same wurtzite struc
as pure ZnO up tox50.15, and the rapid thermal annealin
under vacuum leads to increases inTC , magnetization, and
the carrier concentration. Hanet al.13 also observed the fer
romagnetism for Zn12x(Fe12yCuy)xO bulk samples with
TC;550 K. The bulk sample has the advantage of inse
tivity to the detailed process conditions, compared to the fi
sample fabricated under the nonequilibrium conditions. Th
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observed the saturation magnetic moment of 0.75mB per Fe,
which increases as the Cu-doping ratio increases up to
In addition, the large magnetoresistance was observed be
100 K.

Motivated by these experimental reports on the FM Z
codoped with transition metals, we have studied electro
structures and magnetic properties of~Fe,Co! and ~Fe, Cu!
doped ZnO: Zn0.875(Fe0.5M0.5)0.125O (M5Co or Cu!. We
have used the linearized muffin-tin orbital~LMTO! band
method in the local spin-density approximation~LSDA!. To
explore the effects of the Coulomb correlationU and the
spin-orbit ~SO! interaction, we have also employed th
LSDA1U1SO method by incorporatingU and the SO
interaction.14 ZnO has the wurtzite structure in which anion
and cations form the hexagonal close-packed lattices.
wurtzite ZnO is composed of tetrahedrons formed by four
anions. For Zn0.875(Fe0.5M0.5)0.125O, we have considered a
orthorhombic supercell containing sixteen formula units
the primitive unit cell by replacing two Zn atoms by Fe an
M atoms (Zn14Fe1M1O16). For the lattice constants, we a
sumed those of pure ZnO witha56.4998, b511.2580,c
55.2066 Å.

II. ZnO, Fe- AND Co-DOPED ZnO

First, we have checked the electronic structure of p
wurtzite ZnO without doping elements. The overall ba
structure of the present LMTO result is consistent with e
isting results.15–17 As usual in the LSDA calculations, th
obtained energy gap;0.7 eV is only about 20% of the ex
perimental value. Also the position of Zn 3d band (23.0–
25.0 eV with respect to the valence-band top! is much shal-
lower than the Zn 3d spectrum obtained by photoemissio
experiment (;29.0 eV).18 The LSDA1U band method
improves the results of the LSDA, but not so satisfactor
As shown in Fig. 1, the LSDA1U calculation yields the
increased energy gap (;1.0 eV) and the deeper Zn 3d band
(26.0–27.0 eV). The LSDA1U result for the Zn 3d po-
sition is consistent with result obtained by the GW ba
calculation.16,17 Still the energy gap and Zn 3d position are
smaller and shallower than experimental values.
©2003 The American Physical Society36-1
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We then have performed the LSDA band calculations
Fe- and Co-doped ZnO: Zn12xFexO and Zn12xCoxO (x
50.0625). Due to heavy computational load in the super
calculations for doped ZnO systems, we have not conside
the Coulomb correlationU for Zn 3d electrons.19 Sato and
Yoshida5 have reported electronic structures of ZnO dop
with TM elements for 25% TM doping concentration by u
ing the Korringa-Kohn-Rostoker band method combin
with the coherent potential approximation. They found th
V-, Cr-, Fe-, Co-, and Ni-doped ZnO would have the F
ground states rather than the spin-glass states. With
background, we thus consider below only the FM states
Fe- and Co-doped ZnO with more realistic TM doping co
centration of 6.25%.

Figure 2 shows the LSDA total density of states~DOS!
and TM 3d projected local DOS ~PLDOS! for
Zn0.9375Fe0.0625O and those for Zn0.9375Co0.0625O. For both
Fe- and Co-doped ZnO, we have obtained nearlyhalf-
metallic electronic structures, that is, the conduction el
trons at the Fermi levelEF are almost 100% spin polarized
The minority spin 3d states of both Fe and Co nearEF are
seen to be hybridized slightly with the conduction band~see
Fig. 3!. Both for Fe-doped and Co-doped ZnO, the Fer
level cuts the sharp minority spine states. Note that Fe an
Co ions are located at the centers of tetrahedra formed b
ions, and so thee states are lower in energy than thet2 states.
Since there is nearly one mored electron in Co-doped ZnO
the Fermi level is located near the valley between the Ce
andt2 minority spin states. The exchange splittings are lar
than the crystal-field splittings, reflecting the high-spin sta
of Fe and Co in ZnO. Especially, the exchange splitting
Fe-doped ZnO is very large to locate both thee andt2 states
deep in energy, and so the majority spin Fet2 states become
fully hybridized with O 2p states to yield a broad band. I
contrast, thet2 states in Co-doped ZnO are shallow and
cated above the O 2p valence band and so the hybridizatio
becomes weak.

The total magnetic moments 4.44mB and 3.25mB for Fe-
and Co-doped ZnO come mostly from Fe (4.11mB) and Co

FIG. 1. The LSDA1U band structure of ZnO withU53.0 eV
for Zn 3d electrons. The lowest and intermediate bands corresp
to mainly Zn 3d and O 2p bands, respectively. Zn 3d bands in the
LSDA are too shallow to become mixed with O 2p bands.
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(2.92mB) ions, respectively. These results suggest elect
occupancies ofd6 (Fe21) andd7 (Co21), respectively. Fig-
ure 3 provides the band structure of Zn0.9375Co0.0625O near
EF . The size of circle in the figure represents the amoun
Co 3d component in the wave function. It is seen that t
rather flat majority spin Co 3d states are located below th
Zn 4s conduction band by;1.0 eV. The minority spin Co
3d states are located near and aboveEF manifesting hybrid-
ization with the Zn 4s conduction-band states. However, w
do not expect that either Fe- or Co-doped ZnO in nature
a stable metallic FM ground state, as obtained above.
high DOS’s atEF for both Fe- and Co-doped ZnO woul
drive the possible structural instability or become reduc
substantially by the Coulomb correlation interaction betwe
TM 3d electrons. Indeed, the LSDA1U band calculation
with U55.0 eV for Co 3d electrons yields the insulating
ground state for Co-doped ZnO, distinctly from the LSD
band results.20

III. „Fe,Co… DOPED ZnO

Now we have performed the LSDA band calculations
~Fe,Co! doped ZnO: Zn122xFexCoxO (x50.0625). We have
examined magnetic properties by varying the separation
tween Fe and Co in the supercell: 3.2499, 5.6055, and 6.4

d

FIG. 2. The LSDA total and TM 3d PLDOS’s of
Zn0.9375Fe0.0625O and Zn0.9375Co0.0625O.
6-2
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Å. 3.2499 Å corresponds to a nearest Fe-Co separation
Fe-O-Co configuration in thea-b plane of the orthorhombic
supercell, while 5.6055 and 6.4998 Å to farther Fe-Co se
rations with Fe-O-Zn-O-Co configurations along the diag
nal direction and in thea-b plane, respectively. Total ene
gies are nearly the same among three cases: the sho
3.2499 Å case has the lowest total energy by only;3 mRy.
This result reflects that there will not be any noticeable T
clustering effect in the~Fe,Co! doped ZnO. Further, for al
three cases, we have found that the FM configuration of
and Co spins is found to be slightly more stable than
antiferromagnetic~AFM! configuration. For a Fe-Co separ
tion of 5.6055 Å, the energy difference amounts to;3 mRy.

Figure 4 shows the LSDA DOS of Zn0.875Fe0.0625Co0.0625O
for a Fe-Co separation of 5.6055 Å. The Fe and Co 3d PL-
DOS’s in the codoped case look very similar to those of
single TM-doped cases of Fig. 2. There is no indication
charge transfer between Fe and Co, and so Fe21 and Co21

valence configurations are retained in the~Fe,Co! doped
ZnO. This suggests that thedouble-exchangemechanism21

will not be effective in Zn122xFexCoxO, because the kinetic
energy gain through the hopping of spin-polarized carri
between Fe and Co ions does not seem to occur. Thu
explain the observed ferromagnetism in Zn122xFexCoxO,12

one needs to invoke another exchange mechanism betw

FIG. 3. Band structure of Zn0.9375Co0.0625O near the Fermi leve
~the upper panel for the majority and the lower panel for the min
ity spin band!. The size of circle represents the amount of Cod
component in the wave function.
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Fe and Co, such as the RKKY-type exchange interaction
diated by Zn 4s carriers or conduction carriers induced b
oxygen vacancies. In addition, one cannot rule out the
mation of separated Fe or Co metallic clusters
Zn122xFexCoxO which would exhibit the ferromagnetism
Also the possible formation of impurity phases such as sp
CoFe2O4 is worthwhile to be checked. These features rem
to be resolved more carefully in experiments.

IV. Cu-DOPED ZnO

Before discussing ~Fe, Cu! doped ZnO, we have
examined electronic structure of Cu-doped Zn
Zn0.9375Cu0.0625O. Interestingly, as shown in Fig. 5, we hav
obtained the stable FM and half-metallic ground state
Cu-doped ZnO in the LSDA. The total magnetic moment
1 mB and the local moment of Cu is 0.81mB , corresponding
to the Cu21 (d9) valence state. The Cu 3d PLDOS in Fig.
5~b! indicates that Cu has the DOS of an intermediate s
state. In contrast to Fe- or Co-doped case, the empty Cud
states are located in the gap region without the hybridiza
with the Zn 4s conduction band, and thus Cu 3d states are
strongly localized. We presume that this would be the rea
why the Cu solubility in ZnO is so low,;1% at most.

Since the Cu 3d states nearEF correspond to partially
occupied atomicliket2 states, Cu ions would have large o

-
FIG. 4. The LSDA total and TM 3d PLDOS’s of

Zn0.875Fe0.0625Co0.0625O for a Fe-Co separation of 5.6055 Å case.
6-3
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bital magnetic moment. Indeed the LSDA1U1SO calcula-
tion yields the substantial orbital magnetic moment
1.05mB with the insulating electronic structure.22 The large
orbital moment arises from occupied minority spint2 states
split by the Coulomb correlation and the spin-orb
interaction.23 The orbital moment is polarized in parallel wit
the spin moment, and so the total magnetic moment amo
to 1.85mB /Cu.

In general, an ion at the tetrahedral center with low-s
d9 state would be Jahn-Teller active. In fact, there wa
report24 that the account of the dynamical Jahn-Teller eff
is necessary to explain the observed paramagnetic susc
bility for Cu-doped ZnO. To examine the Jahn-Teller effe
in Cu-doped ZnO, we have considered the local distortion
a tetrahedron around Cu by tilting oxygen ions at the corn
The oxygen ions are tilted by;13° toward thexy plane with
retaining Cu-O separations~herexyz coordinates represen
the local principle axis!. The LSDA band calculation for this
system yields a more stable insulating ground state with
hanced spin magnetic moment of 0.99mB /Cu. That is, due to
the Jahn-Teller distortion, Cu 3d electrons become more lo
calized and the system becomes insulating. The orbital
ment in this case would be quenched due to the Jahn-T
effect.

FIG. 5. The LSDA and LSDA1U1SO (U53.0 eV) total and
Cu 3d PLDOS’s for Zn0.9375Cu0.0625O.
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V. „Fe, Cu… DOPED ZnO

As is done for~Fe,Co! doped ZnO, we have studied mag
netic properties of Zn122xFexCuxO (x50.0625) with vary-
ing the separation between Fe and Cu: 3.2499, 5.6055,
6.4998 Å. For all three cases, the FM configuration of Fe a
Cu spins is found to be more stable than the AF
configuration,25 as for the~Fe,Co! doped case. In contrast t
the ~Fe,Co! doped case, however, we have found that
configuration with the shortest Fe-Cu separation becom
much more stable with respect to other two cases
;30 mRy. This value of the total energy difference is su
stantial as compared to;3 mRy difference for the~Fe,Co!
doped case. This result indicates that Fe and Cu ions in~Fe,
Cu! doped ZnO have a tendency to form the Fe-O-Cu cl
ters. For 1% Cu-doped Zn0.95Fe0.05O bulk sample, Han
et al.13 observed rather small saturated magnetic momen
0.75mB per Fe. This value corresponds to only about 1/5
ideal Fe21 local moment 4mB . Incidentally, the value 1/5 is
matched with Cu/Fe doping ratio, suggesting a possibi
that the only Fe’s forming the Fe-O-Cu clusters would gi
rise to the FM moment, that is, other Fe ions do not prod
the long-range FM order. As shown below, the FM grou
state in~Fe,Cu! doped ZnO can be understood based on
enhanced double-exchange-like interaction through the
O-Cu clustering effect.

Figure 6 presents the LSDA DOS of

FIG. 6. The LSDA total and TM 3d PLDOS’s for
Zn0.875Fe0.0625Cu0.0625O for a Fe-Cu separation of 3.2499 Å.
6-4
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Zn0.875Fe0.0625Cu0.0625O for the shortest Fe-Cu separation
3.2499 Å. Above all, one can notice the strong hybridizat
between Fe and Cu 3d states. Further, it is clearly seen
Fig. 6~c! that some new states emerge in the Cu 3d minority
spin PLDOS betweene andt2. The new states havedxy-like
characters directing toward Fe ions.26 Cu 3d PLDOS has a
reduced exchange splitting, manifesting the DOS charac
istic of the low-spin state. This feature is different from oth
two configurations with larger Fe-Cu separation, which ha
an intermediate spin state as in Cu-doped ZnO. For all th
cases, the hybridization between Cu 3d and the conduction-
band exists, which is again distinct from Cu-doped ZnO. D
to this hybridization, the conduction carriers of mostly Zns
states become reduced. The experimental result of the
duced number of carriers in~Fe,Cu! doped ZnO with respec
to that in Fe-doped ZnO~Ref. 13! can be understood in term
of the hybridization between the Cu 3d and Zn 4s states.
Noteworthy from PLDOS’s of Fig. 6 is that there occu
charge transfer from Fe to Cu, and accordingly Fe and Cu
likely to have nominal Fe31 (d5) and Cu11 (d10) configu-
rations, respectively. As a result, the electron occupanc
Cu site increases, and so Cu has the reduced spin mag
moment of 0.51mB as compared to 0.81mB in Cu-doped
ZnO. The charge transfer from Fe to Cu is expected to
turb the Jahn-Teller distortion at Cu sites and concomita
make a system metallic. Further, it will cause the mixe
valent states for Fe (Fe21-Fe31) and Cu (Cu21-Cu11) ions,
and the consequent double-exchange-like interaction is
pected to induce the ferromagnetism in~Fe,Cu! doped ZnO.
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VI. CONCLUSION

We have investigated electronic structures of~Fe,Co! and
~Fe,Cu! doped ZnO together with those of Fe-, Co-, a
Cu-doped ZnO. We have also explored the origins of
observed ferromagnetism in Zn12x(FeCo)xO and
Zn12x(Fe12yCuy)xO. The single TM-doped systems wou
not have the stable metallic FM ground states: Fe- and
doped ZnO due to the structural instability or the large Co
lomb correlation effect, while Cu-doped ZnO due to t
Jahn-Teller effect. For Zn0.875Fe0.0625Co0.0625O, we have
found no indication of charge transfer between Fe an
suggesting that the double-exchange mechanism will
be effective for the ferromagnetism in~Fe,Co! doped ZnO.
Therefore one needs to invoke another exchange me
nism between Fe and Co, or to check the possibi
of the formation of impurity phases. In contrast, f
Zn0.875Fe0.0625Cu0.0625O, there is a tendency to form the Fe
O-Cu clusters so as to give rise to the charge transfer from
to Cu ions. The charge transfer causes the mixed-va
states of Fe and Cu, and accordingly a type the dou
exchange interaction is expected to induce the ferrom
netism in ~Fe, Cu! doped ZnO. The FM and nearly half
metallic ground state is obtained for~Fe, Cu! doped ZnO.
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