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Electron paramagnetic resonance study of Zn1ÀxCoxO:
A predicted high-temperature ferromagnetic semiconductor
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The magnetic properties of Co21 ions in epitaxial~Zn,Co!O layers with 10% Co concentration have been
studied by electron paramagnetic resonance spectroscopy. The Co-related EPR spectrum is characterized by a
200-G broad anisotropic single line withg factors close to those of the isolated Co21 ion. The temperature
dependence of the EPR signal follows a Curie-Weiss law with a critical temperature of112 K. We find no
evidence for a high-temperature ferromagnetic state. Magnetocrystalline anisotropy is observed and a canted
spin arrangement is suggested.
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Developments in spin-transport electronics depend
large part on the elaboration of ferromagnetic semicond
tors with Curie temperatures above room temperature.
diluted magnetic semiconductors~DMS’s! in which a frac-
tion of nonmagnetic elements is substituted by magn
transition-metal~TM! ions are ideal candidates. By intera
tion between the localized magnetic moments and band e
trons or holes, it is possible to control magnetic order
means of carrier concentration.1–4 The wide-band-gap zinc
oxide–based DMS’s attract currently considerable attent
On the basis of a carrier Fermi sea interacting with localiz
spins, high Curie temperatures have been predicted for Z
with Mn and hole doping.5 Recentab initio calculations pre-
dict that incorporation of V, Cr, Fe, Co, or Ni in ZnO in th
5–25% concentration range should give rise to metallic
havior and a ferromagnetic state without the need for ad
tional doping.6,7 The latter modeling, based on a partial
occupied TMd band,8 shows that the down spin 3d states of
the TM ions enter the conduction band and that ferrom
netic double exchange interaction predominates. Elec
doping should enhance this phenomenon.

Several experiments have been carried out in orde
verify these predictions and to determine the Curie temp
ture TC as a function of the nature of the TM ion, the TM
concentration, and the carrier concentration. Ferromagn
features, withTC between 280 and 350 K, have been r
ported for Co~Refs. 9 and 10! and V ~Ref. 11! -doped ZnO
films, grown ona-Al2O3 substrates. The magnetic properti
were shown to depend strongly on the carrier density~n-
type!, required to be in the range 1018– 1020 cm23.9,11 The
growth conditions (O2 pressure and substrate temperature! as
well as thermal annealing have also been found to influe
the electron concentration, the magnetization, and the C
temperature.12,13 In particular, growth temperatures abov
600 °C can produce inhomogeneous Zn0.75Co0.25O films with
ferromagnetic Co clusters and reduced electrical resistiv

Presently, there is a lack of information on the sites oc
pied by the TM ions in the ZnO host, as well as on t
magnetic state of these ions, since all experiments w
based on the macroscopic magnetization of the films. It is
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fundamental importance to determine the electronic state
the TM ions in a high concentration range in order to und
stand the interplay between carrier concentration and m
netic exchange coupling. The advantage of electron p
magnetic resonance~EPR! spectroscopy is its selectivity to
the microscopic structure of the doping atom.

Epitaxial 1000-Å-thick ~Zn,Co!O films with a nominal
concentration@Co#510% have been grown by pulsed las
deposition~PLD! on the (0001̄) O face of semi-insulating
ZnO substrates. Source materials were pressed ZnO and
targets. The composition and the crystalline quality of t
layers have been characterized by Rutherford backscatte
and x-ray diffraction.14 The EPR measurements were pe
formed with an X-band spectrometer operating in t
4–300-K temperature range. The absolute spin concentra
has been determined by comparison with a calibrated r
standard sample.

ZnO crystallizes in the wurtzite structure with aC3v point
symmetry. As with all 3d TM metals, Co is expected to
substitute the Zn atoms; in its neutral charge state~as re-
ferred to the charge of the Zn ion!, the CoZn

21 ion has an
@Ar#3d7 electron configuration. The atomic4F ground state
splits under the influence of the tetrahedral component of
crystal field into a spinS5 3

2
4A2 ground state and4T2

14T1 excited states. The trigonal component of the crys
field ~CF! and the spin-orbit interaction further splits the4A2
ground state into two Kramers doubletsE1/2, E3/2 with a
zero-field splitting equal to 2D. The EPR data can be de
scribed by the following spin Hamiltonian:15

Hs5mBB•g•S1S•A•I1D@Sz
22 1

3 S~S11!#, ~1!

wheremB is the Bohr magneton,B is the magnetic field,S
and I are the electronic and the nuclear spin operators,
spectively, andg andA are the Lande´ and hyperfine tensors
respectively. In the present case,I 5 7

2 . The EPR parameter
of the isolated substituting Co21 cation in ZnO have only
been reported briefly16 and it is of interest to recall them
here. Typical Co21 EPR spectra observed in our noninte
tionally doped substrates are shown in Fig. 1. The magn
©2004 The American Physical Society08-1
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field was applied in the (21.̄0)ZnO plane, the angleu between
B and the@001#ZnO axis being varied between 0° and 90
The spin HamiltonianHs is written as

Hs5mB~giB cosu Sz1g'B sinu Sx!

1AiSzI z1A'~SxI x1SyI y!1D@Sz
22 1

3 S~S11!#,

~2!

where the labelsz ~or i! andx ~or'! apply for the directions
@001#ZnO and @120#ZnO, respectively. ForB parallel to
@001#ZnO, theHs matrix is diagonal and leads to the energ
~excluding hyperfine terms which intervene to second ord!

E5D~mS
225/4!1gimBBmS . ~3!

As the zero field splitting is high as compared to the mic
wave energy at theX band (2D@hn), only the transition
between the lowerumS52 1

2 & and umS51 1
2 & states are ob-

served in the available magnetic field range 0–1 T. The
perfine ~HF! interaction gives rise to a characteristic oc
structure (DE5gimBB1AimI). For B parallel to@120#ZnO,
a mixing occurs betweenE1/2 and E3/2 states. Diagonaliza
tion of theHs matrix leads to the energies

E52~1 !g'mBB/26@~g'mBB!21D21~2 !g'mBBD#1/2.
~4!

One observes in this case the transition between states
rated by an energyDE5g' effmBB52g'mBB23

8D (g'mBB/
D)3;2g'mBB. Due to the small linewidth of;1 G, the
hyperfine interaction is well resolved for all angles. Nume
cal values of the derived EPR parameters are given in T
I. The EPR spectrum of the isolated Co21 ion can be ob-
served up to a temperature of 100 K and then disappears
to rapid line broadening. In the range 4–100 K, the E
signal intensity varies according to the (1/T) Curie law, as
expected for isolated paramagnetic ions.

After growth of the 1000-Å-thick Zn0.09Co0.10O layer, a
new and different Co-related spectrum is observed~Fig. 2!.
The spectrum is characterized by an;200-G large~peak-to-
peak width! single line with effectiveg values (gi eff ,g' eff)
close to but slightly different from those of the isolated Co21

in the substrate~Table I!. The shape of the Co21 line from

FIG. 1. EPR spectra of the isolated Co21 ion for different ori-
entations of the magnetic field relative to the crystalc axis.
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the layer is Lorentzian~in contrast to the single ion reso
nances, which have a Gaussian line shape!, a fingerprint for
the expected importance of exchange interaction between
Co21 ions. The spin concentration has been obtained b
numerical double integration of the experimental spectr
for B'c at T54 K. We find @Co21#58%, a value close to
the total Co concentration, which shows that PLD is a su
able growth technique to achieve high substitution ra
while preserving the structure.

One may think the shift in the resonance field position
the new Co spectrum with respect to the isolated Co21 octet
is due to a change of theg values, as a consequence of t
change of the crystal field~CF! in Zn0.9Co0.1O with respect

TABLE I. EPR parameters for the Co21 ion in ZnO; the CF
parameter isD52.75 cm21.

g factors
HF constant

A (1024 cm21)
Linewidth
DBpp ~G! Reference

gi52.243 Ai516.11 16
g'52.2791 A'53.00
gi52.2384 Ai515.90 DBi50.4 ZnO:Co
g' eff54.551 A'52.90 DB'52.6 substrate
g'52.2768 This work
gi52.2212 DBi5156 Zn0.9Co0.1O
g' eff54.5310 DB'5200 layer
g'52.2669 This work

FIG. 2. ~Color online! EPR spectra for the two principal orien
tations of the magnetic field (i ,'c). The total spectrum is a super
position of spectra from the substrate (Fe31,Co21,Ni31) and the
Co21 spectrum from the epitaxial layer.
8-2
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to ZnO via the lattice constants. Actually, the CF acts ne
gibly on the g' eff value alone@see Eqs.~3! and ~4!#. The
resonance shift is expected to be due essentially to the
magnetizing field related to magnetization induced by
high doping concentration. Assuming an assembly of i
lated magnetic moments (mSgmB) governed by Boltzmann
statistics, for a@Co21# concentrationN53.431021 cm23,
we derive from Eq.~3! a magnetizationM at 4 K equal to 50
G for Bic. We outline this value is between the values fou
neglecting the CF, that is, usingM5NgmBSBS@gmBBS/
(kT)#, whereBS is the Brillouin function andS5 1

2 or 3
2.

Also, the magnetization forB'c is found reduced to 22 G
@see Eq.~4!#. In the case of an isotropicg factor, the reso-
nance condition is usually derived by minimizing the fre
energy density,17

U52moM•Hext1
1
2 moM•N•M , ~5!

whereHext is the external field,M is the saturation magne
tization vector, andN is the demagnetizing tensor~for a thin
film, Nxx5Nyy50, Nzz51). We assume this approach is st
valid in the case of an anisotropicg factor given by g
5(gi

2 cos2 u1g' eff
2 sin2 u)1/2. The internal effective fields for

u50 and p/2 are H int(' plane)5Hext2M and
H int( in plane)5@Hext(Hext1M )#1/2, respectively. The mag
netization should shift the resonance field to a higher va
for Hic and to a lower value for H'c. For Hic, we observe
at 4 K apositive shift~123 G! lower than that expected from
a pure paramagnetic film~150 G!. This is an indication of
antiferromagnetic coupling between the Co cations.
H'c, the positive shift~17 G! necessitates making interven
ing magnetocrystalline anisotropy. For a given magnitude
B, the ground state forB'c is at lower energy than the
ground state forBic and thec axis should be the hard direc
tion for magnetization. In our conditions (B';Bi/2), the
ground state for B'c has an energy very close to the one f
Bic, and the anisotropy has an origin other than the cry
field. Phenomenological terms of the form (2K sin2 u) must
be added to Eq.~5! for deriving the true resonance conditio
Defining the anisotropy fieldHK by K5moMHK/2, we
evaluate the values at 4 K for moM and moHk equal to 10
and 24 G, respectively.

Additional and more direct information about the par
magnetic or ferromagnetic or antiferromagnetic state of
layer can be obtained from the variation of the EPR spect
intensity I with the temperature. In the case of cations wi
out exchange interaction, the intensityI is proportional to the
difference in population of the two lowest levels, whose e
ergies are given by Eq.~3! for Bic and by Eq.~4! for B'c.
The calculation gives a variationI;(C/T) except in the re-
gion T,10 K, where small deviations occur. The EPR sp
trum for B'c, which was the best resolved one, could
measured from 4 to 65 K. The results in the form~IT! versus
T are shown in Fig. 3. Instead of a paramagnetic behav
we observe a weak ferromagnetism with saturation near 4
To extract the Curie paramagnetic temperatureQp , we have
replotted the results in Fig. 4 asI 21 versusT; extrapolation
of the linear part givesQp;112 K. The EPR spectrum fo
Bic could only be measured up to 20 K. Interestingly,
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intensity decreases more rapidly withT than the spectrum for
B'c ~see the inset in Fig. 4!. As already pointed out, thoug
from the crystal field one expects thec axis to be the hard
axis for magnetization, the EPR signal should not be se
tive to it. The anisotropy probably originates from anis
tropic magnetic exchange interactions. Anisotropy has b
evoked in an analysis of magnetic susceptibility from Zn
crystals with 0.049% of Co21,18 involving a small fraction
of Co21 ferromagnetic pairs. We rather think that momen
order antiferromagnetic but nonparallel~canting!, producing
very weak ferromagnetism in accordance with the sm
value ofQp .

In the 10% concentration regime, a quantitative analy
of the EPR line shapes on the basis of clusters with differ
effective spins and orientations is not feasible. Dipolar int
action between identical spinsS5 1

2 should lead to a line-
width expressed in frequency units:Dv

FIG. 3. EPR signal intensity times temperature vs temperat
experimental points for H'c and calculation~dotted line! for as-
sembly of isolated Co21 cations, taking into account CF splitting

FIG. 4. ~Color online! Inverse of the EPR signal intensity of th
high concentration Co21 line vs temperature for H'c ~up tri-
angles!; the behavior expected from a pure paramagnetic film
given by the dotted line. The inset shows the low-temperature
for orientation Hic ~squares!.
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53.8(mo/2p)g2\N, where g5gmB /\ and N is the spin
concentration. This gives 300 G for the peak-to-peak li
width. The isotropic Heisenberg exchange interaction
tween cations of spinsS1 andS2 , of the form (J12S1•S2), is
known to induce narrowing and a Lorentzian shape. The
isotropic exchange may be expressed by terms of the f
D12•(S13S2), whereD12 is a constant vector.19

It should be noted that despite a careful search, no f
carrier-related EPR signal20 could be observed in our layers
One may thus interpret the nonobservation of the ferrom
netic state by an insufficient free-carrier concentration. T
possibility to mediate long-range ferromagnetic interactio
by mean of carriers is an open question. Clearly one sho
obtain high carrier concentration to overcome the short-ra
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