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Local structures of copper-doped ZnO films

Qing Ma,"* D. Bruce Buchholz,? and Robert P. H. Chang?

IDND-CAT, Synchrotron Research Center, Northwestern University, 9700 South Cass Avenue, Argonne, Illinois 60439, USA
2Department of Material Science and Engineering, Materials Research Center, Northwestern University,
Evanston, Illinois 60208, USA
(Received 7 July 2008; revised manuscript received 20 October 2008; published 29 December 2008)

We report the local structures of a series of copper-doped zinc oxide films using polarization-dependent
x-ray-absorption spectroscopy. The films were grown by pulsed-laser ablation under various conditions. The
results show that films where copper exists solely as clusters are not ferromagnetic. The results also show that
some of the copper-doped zinc oxide films are not ferromagnetic despite the fact that the copper substitution
for zinc in the ZnO lattice is in the Cu?* state, which provides the necessary unpaired spins for ferromagnetism.
Therefore, Cu>*/Zn>* substitution is not the only imperative condition for ferromagnetism to occur. We present
characteristics unique to the electronic and atomic structure of ferromagnetic films and argue that the increased
covalence of the Cuy,-O bond found in these films is a prerequisite for the spin alignments in a substitutionally

copper-doped zinc oxide film.
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I. INTRODUCTION

Thin films of copper-doped zinc oxide (ZnO:Cu) has been
observed to be ferromagnetic with a transition temperature
(T¢) above room temperature.'™ As a ferromagnetic semi-
conducting material, ZnO:Cu belongs to the general class of
diluted magnetic semiconductors (DMSs). Among the DMS
materials, Cd(Mn)Te was one of the earliest,® and Ga(Mn)As
is a material” upon which much foundation research has been
made. These materials, however, have a T~ below room tem-
perature. ZnO:Cu, because it has a T~ above room tempera-
ture, is a material of promise for spintronic applications.
Most DMS materials are formed by substituting magnetic
ions onto lattice sites of a host material.® Typical materials
systems include GaN doped with Mn, Cr, Ni, or Fe (Refs. 8
and 9) and ZnO doped with Mn, Co, Cr, Ni, V, or Fe.'” A
drawback to this approach is that the dopant material can
segregate to form precipitates or clusters that are actually
responsible for the ferromagnetic properties. The effect of
such ferromagnetic clusters must be examined more care-
fully before the usefulness of such materials for spintronics
applications can be determined.!' ZnO:Cu has the possibility
of being an unambiguous DMS; metallic zinc, ZnO, metallic
copper, Cu,O, and bulk CuO are not ferromagnetic. Only
one possible ambiguity to the DMS nature of ZnO:Cu exists
in that there is some indication that small CuO particles may
acquire ferromagnetic order,'? and one study of ZnO:Cu sug-
gests that the ferromagnetic contribution to the material may
originate from a planar Cu-O nanophase lying in the basal
planes of the ZnO lattice.* This, however, was not found to
be the case for our films.

The discussion as to the origin of ferromagnetism extends
beyond whether it is the result of a Cu-O nanophase or not.
The wide range of differing experimental observations has
led to a number of hypotheses. Some studies report copper in
ZnO to be in the Cu?* state,? others the Cu'* state,? and still
others a mixed +2/+1 oxidation state.! The doping of
ZnO:Cu with nitrogen has been reported both to increase the
magnetic moment per Cu atom? and to decrease the magnetic
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moment per Cu atom.” Some studies suggest that p-type ZnO
favors ferromagnetism® while other studies show that ferro-
magnetism can occur in materials that are clearly n type.”
Even the effect of copper incorporation into ZnO on the lat-
tice has reports of the ¢ axis lattice constant contracting with
increasing Cu concentration'*> and expanding with the in-
corporation of copper.!® The only point that seems to be al-
most universally agreed upon is that the magnetic moment
per Cu atom decreases as the Cu concentration increases al-
though even here there is one report that at very low Cu
concentration (0.5%) the magnetic moment per copper atom
is observed to decrease slightly from the value at 1% copper
concentration.> The purpose of this paper is to add our ex-
perimental observations to the body of knowledge that will
enable the more informed contemplation of the mechanisms
possible. We will, however, also venture our hypothesis as to
how the body of experimental evidence might fit together.

II. EXPERIMENTAL ASPECTS

A series of copper-doped ZnO films was grown by pulsed-
laser deposition (PLD) using a ZnO target and a Cu target. A
248 nm KrF excimer laser with a 25 ns duration and operated
at 2 Hz was used. The laser beam was focused to a 1
X 2 mm? spot on the target materials. A computer-controlled
shuttle was used to alternate ablation between the two tar-
gets; the number of laser pulses on each target was adjusted
to obtain the desired Cu doping levels. Less than one mono-
layer of film was deposited in a typical ZnO-Cu cycle to help
ensure a uniform distribution of Cu in the ZnO film. The
films were grown on ¢-plane sapphire substrates to a thick-
ness of ~200 to ~300 nm with a ¢ axis preferred orienta-
tion. The Cu content of the films was determined by induc-
tively couple-plasma atomic-emission spectroscopy. The Cu-
doped ZnO films do not have sufficient conductivity to
measure electrical parameters by Hall measurement. The
target-substrate (t-s) separation was fixed at 10 and 8 cm,
respectively, for two sets of the films prepared in a N,O
ambient, and at 8 cm for a set of films prepared in an O,
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ambient. A superconducting quantum interference device
(SQUID) magnetometer was used to measure the magnetic
properties of the films between 10 and 390 K. The measure-
ments indicate that only the films prepared at (t-s) 8 cm in a
N,O ambient are ferromagnetic. The 1% Cu shows a clear
indication of a Curie temperature (T) around 390 K. The
other films, with >1% Cu, had a Curie temperature above
390 K, the limit of the SQUID (see Ref. 5 for more details).

X-ray-absorption spectroscopy measurements were car-
ried out at the 5SBM-D bending magnet beamline of the
DND-CAT located at Sector 5 of the Advanced Photon
Source (APS), Argonne National Laboratory. A Si(111)
monochromator is used to select the x-ray energies. A pair of
the Rh-coated mirrors is employed before and after the
monochromator. The first mirror collimates vertically the in-
coming synchrotron radiation, and the second one focuses
the monochromatized beam vertically down to 0.2 mm at the
full width at half maximum (FWHM) at the sample 25 m
away. The incident beam size is defined by two pairs of
Huber slits. The x-ray-absorption spectra around the Cu K
edge were measured with the radiation polarization vector &
quasiparallel (/) and quasiperpendicular (L) to the sample
surface, respectively, for which a grazing incident angle of
2°-5°is used. The Zn K edge data were measured only in
the L& geometry. The Cu Ko and Zn K« emission intensities
were recorded by a 13-element Ge detector at 90° to the
x-ray beam path. The x-ray pulses were processed with a
1 us peaking time using the electronics from X-ray Instru-
ment Associate (XIA). The fluorescence intensity is cor-
rected for the detector dead time. The incident-beam inten-
sity was monitored by an Oxford-Danfysik ion chamber. A
reference metal foil of either copper or zinc was inserted in
between the second and third such ion chambers along the
beam path whose absorption spectrum is measured simulta-
neously for energy calibration. Each sample is oriented in a
way to avoid the Bragg conditions as much as possible. Self-
absorption effect is verified to be largely absent in the
le-measured spectra.

The absorption data were processed using the ATHENA
software package. The data contained only a few small well-
localized Bragg peaks, from the substrate, which were easily
removed. The FEFF simulations were performed wherever
necessary.

III. BACKGROUND

In an x-ray-absorption process, the initial-state core elec-
tron (y;) is excited into a final state (i;). For a ls core
electron, the intensity of such a transition is determined by
the cross section,'*

M(ﬁw’87k) = 5(Ef_Ei_ hw)<|<lvbf|8 : f|17[,1>|2

1
7K.

where fiw is the photon energy, ¢ is the polarization vector, 7
is the unit vector along the interaction length R, and & is the
photoelectron momentum. The first and second terms are the
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dipole and quadrupole contributions, respectively. For the K
absorption edge of copper, the dipole transition involves ls
—4p. The quadrupole transition 1s— 3d is also nonzero if
an inversion symmetry is lifted either vibrationally or struc-
turally, such as the case for the 3d° Cu®* ion. By sweeping
the x-ray energy across the absorption edge, the excited elec-
trons will probe all the selection-rule-allowed empty states in
the band structure, which gives x-ray absorption near edge
structure (XANES).

With further increase in x-ray energy, the outgoing ener-
getic electrons will be scattered by neighboring atoms. The
interference between the outgoing and backscattered elec-
trons produces sinusoidal oscillations in w(fw,e,k) which
can be parametrized for dipole transition:'

NA6)|f(k)|S?

i i

sin[2Rk +268,.(k) + @(k)]

2,2
X ¢~ 2RINK) g=207K

where x(k)=(u— o)/ 1, in which p is the atomic absorp-
tion. (k) contains the extended x-ray-absorption fine struc-
ture (EXAFS), of which the Fourier transform reveals the
local structure around the absorbing atom, called here as the
pseudo-radial distribution function (p-RDF), since it bears
similarity to the atomic radial distribution function. f; is the
backscattering amplitude, S(z) is the amplitude reduction due
to many-body effect,'® and 26, and ¢ are the phase changes
in the electron wave due to the central and neighboring atom
potentials, respectively. The term ¢ 2®A®) is the photoelec-
tron mean-free-path A(k) effect. The term ¢27% is the
Debye-Waller factor for vibrational and structural disorders
in which o is the root-mean-square fluctuation in R. By using
the reference materials, bulk CuO, Cu,0, and ZnO, and as-
suming chemical transferability, the N and S(2) terms are pre-
sumably known. N;(6)=2/3|e-#* is the projected coordina-
tion number, where 6 is the angle between the directions of
the polarization and the interaction.

A simple analytical method,!” which can be derived from
the EXAFS equation, is used to estimate the difference AR in
distance for two same atomic pairs, especially when visually
indistinguishable in the p-RDFs. Such interaction leaves a
kink in 25f+qo vs k. Its position k, is related to AR=m/2k,,.
Its existence thus indicates a AR difference. In addition, the
anharmonic interaction may exist in the interatomic poten-
tial, which may be accounted for an extra term in the EXAFS
phase, i.e., 2/3C5k>.!8 C; is the EXAFS third cumulant, and
its effect on the bond-length determination will be consid-
ered versus the reference materials. In this analysis the 20%
Hanning window function, AR=1 A, and k=2.6-10.6 A~
are used.'®

The ZnO:Cu films have a wurtzite structure with the
¢-plane perpendicular to the sample surface, as verified by
x-ray diffraction. The films show a contraction in the ¢-axis
lattice constant with increase in the copper doping concen-
tration. The wurtzite structure is favored by more ionic com-
pounds. The structure (hcp) of ZnO is composed of alternat-
ing O>~ and Zn?* planes stacked along the é-axis direction,
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FIG. 1. Cu K edge XANES spectra (left) and the first derivatives
(right) of two N,O-prepared films and of bulk CuO and Cu,O. The
films were prepared at 10 cm target-to-substrate distance: (a) Cu 1%
and (b) Cu 6%. The arrows indicate the shakedown features due to
the ligand-metal charge transfer (see the main text for details). The
zero energy is set to the Cu K edge of metal.

both ions being tedrahedrally coordinated. The oppositely
charged atomic planes result in an electric dipole moment
along the ¢-axis direction.

IV. COPPER CLUSTERS IN THE Cu-DOPED
ZnO SYSTEMS

When films are grown with 10 cm t-s in a N,O ambient,
copper oxides form clusters. Figure 1 shows the XANES
spectra and their derivatives for two films with different Cu
doping level, as well as reference bulk CuO and Cu,O spec-
tra. The sample spectra were all collected in the lle geometry.
The spectra are referenced to the Cu K edge of copper metal.
A pre-edge feature located near —2 eV exists for all the
spectra except for Cu,0, better seen by the first derivatives
in the right panel of Fig. 1. This feature is due to the quad-
rupole 1s— 3d transition which is only allowed when the
empty d states are available such as in the 3d° electronic
configuration of the Cu®* ion and the structural unit around
the absorbing atoms lacks centrosymmetry. The 3d'0 elec-
tronic configuration of the Cu'* ion prohibits such a transi-
tion. Clearly a Cu®* component exists in both samples, and
the 6% Cu doping sample may consist essentially of the CuO
entities since its spectrum is very similar to that of CuO.

The rising edge of the 1% sample coincides roughly with
that of bulk Cu,0, and it is tempting to assign it to the Cu'*
state. However, the large difference in the rest of the spec-
trum from that of bulk Cu,O may suggest otherwise. Mixing
of the spectra of CuO and Cu,O does not reproduce the
spectrum. Together with the existing 3d peak, it is very likely
that the rising edge of the Cu 1% sample is in fact the
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FIG. 2. Upper panel: Cu K edge EXAFS and p-RDFs of the (a)
Cu-1% doped film, (b) bulk CuO, and (c) Cu,O. Lower panel: the
inverse Fourier transforms of the first peaks (within the window
marked), in which the upper solid line is obtained by E equal to
that of Cu,O (dashed line) and the lower solid line is obtained by E,,
equal to that of CuO (dashed line). Simulation curves (dot-dashed
line) using the phases and amplitudes extracted from the Cu-O bond
(dashed line) in bulk CuO and Cu,O are also shown, respectively
(barely distinguishable in the case of CuO).

“shakedown” feature of the 1s—4p transition in the Cu**
ion. The shakedown feature is due to the final-state screening
(or many-body effect) of the Cu ls core hole by the ligand-
metal charge transfer (L— M) due to orbital mixing (2p-3d
mixing here).!” It is shifted downward by 3 eV when com-
pared with that of bulk CuO, which would suggest a stronger
screening effect and possibly a larger reduction in S(z) as
well.'®

Figure 2, where the EXAFS and p-RDFs of the (a) 1% Cu
film, (b) bulk CuO, and (c) Cu,O are compared, is presented
to further the assertion that the rising edge is a shakedown
feature of the Cu®* state and not of the Cu'* edge. The lower
panel in Fig. 2 compares the EXAFS oscillations of the Cu-O
bond with those in CuO (dashed line) and Cu,O (dashed
line), in which the upper solid line represents the EXAFS of
the Cu-O bond obtained for the threshold E set at that of
Cu,0, while the lower solid line obtained with E, being
equal to that of CuO. In comparison with CuO, the differ-
ences in the magnitude can be accounted for either by N
=3.3 using the S value of bulk CuO(=0.76) and by e~27%?
(62=0.0075 A?) or by a 17% reduction in S%(=0.64) for a
[CuO,4] unit and by the same o>. The excellent fit (dot-
dashed line) is seen in Fig. 2, from which R=1.92 A, being
0.035 A shorter than that in bulk CuO. However, compari-
son with Cu,0 is less satisfactory. A fit (dot-dashed line) is
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obtained with N=3.6, R=1.92 A, and ¢>=0.006 A2 The
differences in the phases might be caused by the difference
in the 26, term, which has a somewhat larger contribution to
the total phase since the photoelectron experiences twice the
potential of the central ion.!° It is thus concluded that the
copper ions in this sample are predominantly Cu®*.

The FEFF8 simulations of the Cu-O bonds in both the film
and bulk CuO with the third cumulant C3 included give
AR=0.026, for which C;=(~1.7=0.1) X 10~*. The AR value
remains essentially the same for the simulations without Cj
included. Therefore, this result confirms the one obtained
above using the experimental phase from bulk CuO.

The shorter Cu-O distance indicates a more covalent
bond, which is consistent with increased screening, resulting
in the downward shifts of the shakedown feature.!® Using the
Brown-Shannon empirical equation for the bond covalence
1,20 it is possible to appreciate the change in bonding orbital
overlapping due to the change in bond length. Here f=as¥,
where s=s4(R/Ry)™", the bond strength in valence unit; a
=0.49, M=1.57, and N=5.4 for CuO, which are all empirical
constants. The relative change in covalence may thus be cal-
culated by B=(f—four) /fourc=(R/Roui) ™ =1. For Rcyo
=1.955 A, B=0.12-0.16, a 12—16 % increase in covalence.
The Cu?* ions are likely in small clusters in the Cu 1%
sample, say [CuO,,], (m=4), consistent with the short Cu-O
bonds and the lack of the interaction beyond the first coordi-
nation. In contrast, CuO in the Cu 6% sample are likely in a
form of larger clusters. The electronic structure is nearly
identical, and the local structure (not shown) is relaxed, to
that of bulk CuO.

This portion of the work has described the electronic and
atomic structures of the copper clusters in the films. The
electronic structure of small Cu clusters may depart signifi-
cantly from that of the bulk material due to the change in the
bonding property. The prominent downward shift of the
shakedown feature is the result of increased covalence of the
Cu-O bond. Despite the differences in the details, these films
are all nonferromagnetic.

V. EFFECT OF SUBSTITUTIONAL DOPING ON
THE ZnO STRUCTURE

Figure 3 shows the Zn K edge XANES spectra measured
with Le on two samples prepared at 8 cm (t-s) and a
N,O-prepared ZnO film as well as that of powder ZnO. The
XANES of the ZnO film is typical for a ¢-axis oriented ZnO
film measured in this geometry.?! The lle XANES of the ZnO
film (not shown) is quite similar to that of powder ZnO. The
arrow indicates a characteristic peak that is similar to the one
appearing on the Cu K edge XANES of copper doped films,
as will be shown later on, when the Cu/Zn substitution oc-
curs. For the Cu-doped films in Fig. 3, changes in the
XANES are readily observable. These changes are likely the
result of Cu ions, or at least a fraction of them, occupying the
Zn sites. When the copper exists as clusters in the films, as
discussed in Sec. IV, the Zn K edge XANES remains the
same as that of the ZnO film. Thus, the clusters have a mini-
mum effect on the band structure of the ZnO host.

Figure 4 shows the p-RDFs of the samples (lower), to-
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FIG. 3. Zn K edge XANES spectra of the copper-doped films
prepared at 8 cm (t-s) and a ZnO film measured at 1 & compared
with those of a nano-ZnO powder. The arrow indicates a character-
istic peak of the ¢-axis oriented ZnO film.

gether with the FEFF8 simulations, and a few of the EXAFS
spectra as examples (upper). The dashed frame in the
EXAFS panel is used to draw attention to the enclosed os-
cillations which are characteristic of the ZnO structure.

The Zn-O bond appears to be shorter for the O,-prepared
samples, while the bond lengths for the N,O-prepared
samples are similar to that for nano-ZnO. Based on the

30

FIG. 4. Zn K edge EXAFS spectra (upper) and p-RDFs (lower)
of (a) nano-ZnO; [(b) and (c)] N,O-prepared Cu 1% and Cu 7%-
doped films; [(d) and (e)] O,-prepared Cu 3% and Cu 7%-doped
films. The dashed box encloses a feature that is characteristic of the
7ZnO structure. The FEFF8 simulations based on (a) are also shown
in lower panel (dashed lines). The k range used in the Fourier trans-
forms is 2.6-10.6 A~'.
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wurtzite structure (S2=0.9), the FEFF8 simulations without
C; included show that the Zn-O bond lengths in nano-ZnO
and N,O-prepared films are equal to 1.97 A, while it is
1.96 A for O,-prepared films. However, the results obtained
with Cj5 included show that the Zn-O bond lengths for nano-
ZnO and N,O-prepared films are equal to ~1.95 A (C;
=-3.5% 10" to —4.6 X 10™*), while it is 1.94 and 1.97 A for
O,-prepared Cu 3% and 7% films (C3=—4.9X 107 and 1.8
X 107%), respectively. Therefore, the first peak for
O,-prepared Cu 7% film has different distribution (C5>0)
from others.!® It is remarkable that these exercises have little
effect on the o values. The local structures of O,-prepared
films, for which 02=0.0044—0.0060 A2, are considerably
more disordered than those of N,O-prepared films and nano-
Zn0O, for which 62=0.0025-0.0037 A2, Like nano-ZnQ, the
N,O-prepared films have a kink near 9.8 A~! in the phases
[268.(k)+ @(k)] of the Zn-O interactions, indicating a splitting
under the first peak by AR~0.16 A (=7/2k). This is con-
sistent with the wurtzite structure which has three O atoms at
2.042 A and one O atom at 1.796 A. In fact, the negative C;
values are likely due to such a discrete bond-length distribu-
tion; the C; term is sensitive to the variation in the phase at
high k region since it varies with k>

From the simulation, N;(6)=3.4 for N,O-prepared films
and is 3.7 for O,-prepared films. For a wurtzite [ZnO,] unit
Ni(6) is 3.54 calculated along the c¢-axis and 6
=arCSin[R0_O/(V“‘3RZn_O)] (Rzn_o=2.04 A and R0_0=3.2 A)
Within the accuracy of this technique, the result strongly
indicates that there exist no detectable oxygen vacancies in
the ZnO:Cu films.

VI. ATOMIC AND ELECTRONIC STRUCTURES
OF THE Zn-SITE COPPER

From analyses of the Zn K edge absorption data, the dop-
ing effect on the local structures around the Zn atoms is
described. In contrast to the cases where cluster formation is
observed, substitution of Cu on Zn sites (which will be noted
as Cuy,) perturbs the band structure of the films prepared in
either the O, or N,O environments. In the following the
Cu K edge data will be presented separately for O, and N,O
films which are all prepared at the 8 cm (t-s) distance.

A. Cu K edge data of the O,-prepared films

Figure 5 displays the Cu K edge XANES spectra and their
first derivatives for the O,-prepared films, measured in both
le and 1e. For comparison, the data of bulk CuO are also
presented. Weak polarization dependence is seen in the spec-
tra which, however, do not deviate drastically from that of
bulk CuO, especially the position of the L— M feature. The
3d peaks locate at 1 eV below that of bulk CuO. The energy
difference AE(; ;) 34 between the 3d and L— M features is
7.5 eV. The shoulder at ~21 eV in the L& data corresponds
well to that observed on the Zn K edge spectra (Fig. 3) and is
likely resulted from the same origin. Thus, the band structure
near the doping atoms is regulated by the lattice structure.
The shoulder weakens with increasing doping level; more
CuO clusters form and obscure the Cuy, substitution effect.
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FIG. 5. Cu K edge XANES spectra and the first derivatives of
O,-prepared films measured at two sample orientations: lle (solid
line) and L& (dotted line). (a) Cu 3%; (b) Cu 7%; and (c) Cu 14%
compared to bulk CuO. The zero energy is set to the Cu K edge of
metal.

These findings are corroborated well by the changes in the
EXAFS spectra. Figure 6 shows the L& Cu K edge EXAFS
spectra (upper) and the p-RDFs (lower). The dashed frame,
again, is used to emphasize the oscillation characteristic of
the ZnO structure, similar to those presented in the same way
in Fig. 4, suggesting readily the formation of the ZnO-like

10
5
0

Kx(k)

Ix(R)| (A

FIG. 6. Cu K edge EXAFS spectra (upper) and p-RDFs (lower)
of O,-prepared films: (a) Cu 3% and (b) Cu 7%. The dashed box
encloses a feature that is characteristic of the ZnO structure (see
also Fig. 4). A FEFF8 simulation of the Cu 3% film using a wurtzite
Cuy,O cluster is shown in the lower panel (dashed line). The insert
displays the EXAFS oscillations (solid line) of the Cu-O bonds and
the simulations (dotted line) using the phases and amplitudes ex-
tracted from the Zn K edge EXAFS spectra. The k range is
2.6-10.6 AL
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structure around the Cu atom. The indicated positions for
Cu-Cu and Cu-Zn interactions are referenced according to
bulk materials. The phases of these second peaks show a
kink at ~4.3 A~! which gives a separation of 0.36 A. Inter-
estingly, this value corresponds well to the separation be-
tween the Cu-Cu and Zn-Zn interactions in CuO and ZnO,
respectively. The underlined reason for this agreement may
be the similarity between Cu and Zn. The kink is strong for
the Cu 7% film and very weak for the Cu 3% film for which
the phase is similar to that of the Zn-Zn interaction in the
ZnO host. Probably not by accident, the | & EXAFS oscilla-
tions of the Cu-O bond for the Cu 3% film can be fitted
perfectly using the phase and amplitude extracted from the
Zn K edge EXAFS for the Zn-O bond (the insert in Fig. 6
and the same S; assumed). The attempt to do the same using
the parameters from bulk CuO is not successful; the S(z) value
has to be increased by ~18% in order to have a decent
simulation. It may be implicitly suggested that not only the
Cu atoms substitute for the Zn ones in this sample but also
that the Cu-O bonds have a property similar to that of the
Zn-O bonds in the ZnO host. The Cu-O bond length such
determined is 1.95 A. The second peak belongs exclusively
to the Cu-Zn interaction. The simulations for the Cu 7% film
give less satisfactory results. This is likely caused by the
coexistence of Cu-O bonds as part of clusters and as Cuy,,.
For the Cu 14% film, the first neighbor can be described
fully by bulk CuO.

In order to extract the ¢° value that is directly comparable
to those obtained for the Zn K edge data presented in Sec. V,
a FEFF8 simulation of the L& EXAFS data for the Cu 3%-
doped film using a wurtzite Cu,,O cluster with S3=0.9 is
carried out (dotted line in Fig. 6), from which o°
=0.0068 A2, The third cumulant analysis of the Cu-O bond
gives R=1.95 A, being consistent with the result obtained
above, and 02=0.0076 A2 with C;=-3.2X 10~*. Therefore,
[Cuy,0,] is slightly more disordered than [ZnO,] in the ZnO
host (0°=0.0054-0.0060 A?).

Based on the structures described above, it is now pos-
sible to understand the L— M feature and the downward
shift of the 3d peak for these samples. In the Cu 3% film, the
Cuy,,-O distance is about equal to the Cu-O distance in bulk
CuO. Based on the Brown-Shannon equation, this may sug-
gest that the orbital overlapping in these bonds is compa-
rable, resulting in the L — M feature to be located at similar
energies. However, the transition is weaker (maybe, broader
as well), relative to bulk CuO, which may be caused, e.g., by
a Franck-Condon effect. Since a wurtzite [Cuy,O,] unit has
a bonding configuration off sp?, the increased d component
in the bonding is thus expected, resulting in the 3d peak at a
lower energy. For the Cu 14% film, the 3d peak moves to
slightly higher energy (Fig. 5) but still differs from that of
bulk CuO. This may indicate that the [CuQO,] units in the
cluster may not be as planar as the ones in bulk CuO.

Despite the complexity of the spectra, it is shown that Cu
incorporation into the ZnO lattice takes place in O,-prepared
films. The Cuy,-O bond has a property similar to that of the
Zn-0 bond in the ZnO host. Thus, the [Cu,,0O,] structure
seems to be blending well with the ZnO host. With increas-
ing doping level, more CuO clusters form.
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FIG. 7. Upper: Cu K edge EXAFS oscillations of the Cu-O
bonds in the (a) Cu 1% doped film and the simulations using the
phase and amplitude from the Cu-O bond in bulk CuO. Bottom:
p-RDFs of the Cu-K edge EXAFS spectra for (a) Cu 1% and (b) Cu
7%. A FEFF8 simulation of the Cu 1% film using a Cuy,O cluster is
also shown (dashed line). The k range is 2.6—10.6 A~

B. Cu K edge data of the N,O-prepared films

Similarly to the samples prepared in the O, environment,
the copper occupation of the Zn site in the lattice (Cuy,)
takes place in the N,O-prepared films. With increasing dop-
ing level, more CuO clusters form as well. Even at a 1%
copper doping, a clearly discernable amount of the Cu atoms
are found to form in clusters. Figure 7 shows, in the lower
panel, the p-RDFs for Cu 1% measured both at L& and lle
and for Cu 7% obtained at 1 e. When compared to the data
for O,-prepared films in Fig. 6, it is found that for the same
doping level these films tend to contain more CuO clusters.
The simulation results of the Cu-O interaction in the Cu 1%
film using the phase and amplitude extracted from bulk CuO
are shown in the inset. The inferior fit quality for the lle data
is likely due to coexistence of Cu-O and Cug,-O bonds.

Contrary to the case encountered for the O,-prepared Cu
3% film, use of the parameters from the ZnO host does not
yield satisfactory fit results for the le data of the
N,O-prepared Cu 1% film until Sé is reduced from 0.90 to
=0.76 (the effect is inversed here), an indication that the
many-body effect is prominent in this system. Also shown in
Fig. 7 is the FEFF8 simulation result (dashed line) using a
wurtzite Cuy,O cluster with S(2)=0.76, from which R=1.925
and 0?=0.0065. The FEFFS simulation of the Cuy,,-O bond
with C; included shows that R=1.925 A and o2
=0.0075 A2, respectively, with C3=-3.6 X 10~*. Therefore,
in this Cu 1% film, the Cuy,-O bond is shorter than the
counterpart in the O,-prepared films (1.95 A), which repre-
sents a 12% increase in the bonding covalence. Although the
disorder around the Cug, atom is comparable to that found in
the O,-prepared film (02=0.0068—0.0076 A?), it is consid-
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FIG. 8. Cu K edge XANES spectra and the first derivatives of
N,O-prepared films measured at two sample orientations: lle (solid
line) and L& (dotted line). (a) Cu 1%; (b) Cu 7%; and (c) Cu 10%
compared to bulk CuO. The zero energy is set to the Cu K edge of
metal.

erably larger than that around the Zn atom in its ZnO host
(6®=0.0026 A2). The shoulder corresponding to the Cu-Cu
interaction is more prominent in the lle data. This indicates
an in-plane orientation of the CuO clusters. For the Cu 7%
film, Re,0=1.95 A, not surprisingly close to that of bulk
CuO.

To illustrate the corresponding electronic structures in
these films, Fig. 8 displays the Cu K edge XANES spectra in
a way similar to that for the O,-prepared films. Unlike the
O,-prepared films, a much larger polarization dependence of
the XANES structures is seen here. Moreover, the density of
states for the Cu 1% film extends to lower energies, a situa-
tion found for small CuO clusters in which strong covalent
Cu-O bonds form, resulting in the downward shift of the L
— M feature (Fig. 1). The first derivatives show more clearly
an electronic structure strikingly different from the one for
O,-prepared films. There exists a twin L— M feature in the
lle data; one of which belongs to the CuO clusters
(AE(; 3134=7.5 V) and the other is associated with the
Cugz,-O bond in the ZnO lattice (AE(; y)3,=5 €V). The lat-
ter is a result of the shorter more covalent Cuy,,-O bond (or
10% more covalent than Cu-O in bulk CuO). The cluster L
— M feature is missing in the L& projection, indicating on
the one hand that the CuO clusters consists of planner
[CuO,4] blocks which have an in-plane orientation, and on
the other hand, the L& XANES should represent, for the
most part, the electronic structure of the Cuy, atoms.

It is also noticed that for L&, both the 3d peak and the
L — M feature locates at slightly higher energies. Such a cor-
related shift shows the intrinsic relation between these two
electronic states. The shift of the lle 3d peak with doping
level relates to the planer [CuO,] content.

Unlike in the O,-prepared films, the Cuz,-O bond lengths
in the N,O-prepared films are shorter than the Zn-O bond
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length in the host lattice (AR~0.04 A). Assuming a perfect
90° alignment of the ¢ axis to the sample surface and a
perfect tetrahedron for [ZnO,] or [Cuy,0,4], the difference in
the bond distance between Zn-O and Cuy,-O results in a 2%
contraction of the tetrahedron height (R/R,) along the ¢-axis
and a 6% contraction in the tetrahedron volume [(R/R)?].
Assuming an even distribution of the Cuy, atoms in the host
lattice, the ¢-axis lattice constant will contract by ~0.02%
for the Cu 1% doping film, on average. It is more compli-
cated to estimate the lattice changes for other samples. How-
ever, a general trend of contraction with increasing doping
level may be expected given the preferred in-plane orienta-
tion of the CuO clusters in the N,O-prepared films. There-
fore, the x-ray-absorption measurements confirm the x-ray-
diffraction data published in Ref. 5 for these samples, with
enhanced microscopic details.

VII. DISCUSSIONS

From the study of films grown at a 10 cm t-s distance, we
have demonstrated that the films containing only copper
clusters are not ferromagnetic, regardless of the cluster sizes.
From the study of films grown at an 8 cm t-s distance, we
have demonstrated that the substitution of Cu®* for Zn* is
not the only imperative condition for ferromagnetism,
wherein both the O,-prepared and the N,O-prepared films
give evidence of such substitution, but only the films grown
in N,O are ferromagnetic. A close relation between the
screening (final-state) effect due to the L — M charge transfer
and the covalence (initial state) is firmly established for all
the films.'® The coherent variation in 3d and L — M features
as well as S% with the bond property is uncovered. The fol-
lowing discussion will be focused only on the 8 cm t-s grown
films.

Unlike the O,-prepared films the N,O-prepared films are
ferromagnetic.> There are also clear differences between the
electronic and atomic structures of the O,-prepared films and
the N,O-prepared films. The most striking difference is that
in the O,-prepared films the Cuy, sites commensurate (blend)
well with the host lattice, while in the N,O-prepared films
the Cuy, sites are distinctly different from the host lattice,
both in terms of the physical dimension and chemical prop-
erty of the Cuy,-O bonds. As shown in Secs. V and VI, for an
ionic Zn-O bond in ZnO S(2)=0.90, while for the more cova-
lent Cu-O bond in CuO it is 0.76. The smaller Sj value is
resulted from the many-body (final-state) effect in the elec-
tron excitation process via the L— M charge transfer.'® In
addition to the comparable bond lengths, the fact that the
Cug,-O bond can be described by the Zn-O bond (S3=0.9) in
the host for the O,-prepared Cu 3% film may reveal an ex-
plicitly ionic aspect for this Cuy,-O bond. In the
N,O-prepared films, the screening effect is stronger and the
Cuy,,-O interaction is covalent. We will argue that the cova-
lent Cuy,-O bonds play an essential role in the establishment
of the ferromagnetic ordering in these ZnO:Cu films.

Given the electronic and atomic structures in the
O,-prepared films, the copper doping should introduce nei-
ther n-type nor p-type carriers, which renders it difficult for
any carrier-mediated processes to occur. Moreover, for an
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FIG. 9. (Color online) A cartoon depicting the effect of a cova-
lent [Cuy,0,4] structure in the wurtzite ZnO lattice.

ionic oxide, the anion is at the zero-spin state, which should
hardly participate in the magnetic coupling. The unpaired 3d
electrons are pinned to a low-energy state by the electrical
dipole field along the bonds, é; (=Q/&R?); 2é;# 0 for a tet-
rahedron. As a result, the O,-prepared films despite
Cu?*/Zn** substitution are only paramagnetic. Disorder in
the lattice found in these films may arguably be disadvanta-
geous to ferromagnetic ordering as well since it may com-
pensate (remove degeneracy of) any holes in the valence
band.

On the contrary, the ZnO host of the N,O-prepared films
showed a stronger wurtzite character. When comparing to the
host [ZnO,] structure that has a smaller Debye-Waller factor,
the disorder found around the Cuy, atom in these films ap-
pears to be excessive. The shorter covalent Cuy,-O bonds
and the smaller [Cuy,,O,] units appear to be incommensurate
with the ionic host. Figure 9 is presented to illustrate the
consequences of the covalent Cuy,-O bond in an ionic lat-
tice. Due to the covalence the bonding electrons are itinerant
within the Cugz,-O bond, which should induce an electron
deficit in the neighboring Zn-O bonds and thus introduce
holes in the valence band, a condition arguably favorable for
the carrier-mediated ferromagnetism.?”> This implies that the
Cu doping acts as an acceptor in these films (like Cu'* dop-
ing), which introduces local moments, and holes residing in
the host valence band with p character. The smaller [Cu,,0,]
units will inevitably form compressed regions.

It may be interesting to view this from a different perspec-
tive. Since the energy position of the L — M feature is related
to bonding covalence, the argument may be made that the
lower the energy position is and the better the moment-
carrying ions are screened locally. Using the relation [1
+(E?E‘M—ECUZO)/ (EE“EM—ECUZO)], an effective charge of the
Cuy, ion may be estimated to be 1.15, where E=2, 4.5, and
1.57 eV for the film, bulk CuO L — M peaks, and the absorp-
tion edge of bulk Cu,0, respectively, referenced to the metal
copper edge. In the formula, the unity is the charge of the Cu
ion in Cu,O. Therefore, this is the charge on the Cuy, ion
that is seen by the “outside world,” and the Cu substitution is
purely a doping of the acceptor states. The ordered host lat-
tice should maintain the highest possible degeneracy of the
valence hole states.

The relatively larger disorder found around Cuy, may be
due in part to a Jahn-Teller effect for a d° configuration.?®
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FIG. 10. The d-hole positions measured from the Cu K edge
XANES spectra are plotted over the magnetic moments published
in Ref. 5 as a function of the copper-doping concentration.

This is clearly inconsistent with the calculation results on the
distortion reported in Ref. 24. It may be even argued, in fact,
that this disorder is essential for covalent bonds since the
repulsion, especially in the basal plane, among the bonding
electrons will be relieved. The repulsion may be significant
when these electrons participate in spin exchange with the
unpaired 3d moment. Therefore, the disorder may very well
be intrinsic to the covalent bonds in these films. The Zn K
edge results imply little oxygen defects in the films (see Sec.
V).

Sudakar et al.* attributed the ferromagnetism to the planar
nanoscale CuO inclusions in the ZnO:Cu thin films prepared
by reactive magnetron sputtering. Our findings on the films
containing only copper oxide clusters are inconsistent with
this assertion (see Sec. IV). On the other hand, one of the
structural results presented in this paper for ferromagnetic
films is that even at the smallest doping level there is a small
fraction of copper that forms in-plane oriented planar CuO
clusters and that with increased doping level, the clusters
dominate the system. Similar to the samples reported in Ref.
4, the magnetic moment per Cu atom in our samples de-
creases as the copper doping increases. Figure 10 displays
the d-hole positions and the magnetic moments vs Cu con-
centration. A remarkable correlation is seen between these
quantities. The interpretation of these data could be used to
either negate or support the cluster argument raised in Ref. 4
if the detailed electronic and atomic structures were not
available. As is firmly established in Sec. VI, the low-energy
3d state is related to the tetrahedrally coordinated Cu atoms
on the Zn sites. Therefore, Fig. 10 elegantly demonstrates
that the planar CuO clusters do not contribute (and in fact, is
detrimental) to the observed ferromagnetism.

The results presented here provide solid experimental
support to the theoretical work by Ye et al.,** which are
confirmed very recently by Xiong et al.,> on a broad basis.
We have shown eloquently that the substitution is a Cu®* to a
Zn** site, which will provide the necessary magnetic mo-
ments. However, such substitution alone is not sufficient for
ferromagnetism, as demonstrated for the O,-prepared films.
The formation of the stronger covalent Cuy,-O bond, as pre-
dicted by Ye et al.,’* is needed to establish an appropriate
condition for ferromagnetic ordering to occur, as described in
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the N,O-prepared copper-doped films. Clearly, the Ruder-
man-Kittel-Kasuya-Yosida indirect exchange mechanism
does not apply for these highly resistive films since it re-
quires conduction electrons. The superexchange interaction
used for oxidation-induced ferromagnetic coupling does not
seem to be suitable for diluted samples described here either
since it is a rather local mechanism.2° In fact, the overall
characteristic of the electronic and atomic structures of these
films provides nearly all the necessary ingredients to under-
stand the observed ferromagnetism based on the theoretical
pictures for p-type DMS systems, such as Ga,_ Mn,As,*?
carrier-mediated coupling.

VIII. CONCLUSION

We reported the local structures of a series of ZnO:Cu
films grown by pulsed-laser ablation under various condi-
tions. The results show that a film in which copper exists
only as clusters is not ferromagnetic even for clusters as
small as [CuQ,]. There is hardly any interaction between the
clusters and the host lattice, which is essential for coupling to
occur. In fact, the clustering is shown to be detrimental in the
ferromagnetic films. It is also shown for O,-prepared films
that although the copper substitution of zinc in the ZnO lat-
tice as the Cu”* state provides necessary unpaired spins, it is
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not the only imperative factor for the ferromagnetism to oc-
cur in the ZnO:Cu films. When the formed [Cuy,0,] struc-
tures commensurate with the lattice in terms of both physical
dimension and chemical properties, the copper doping does
not introduce acceptor states, and no ferromagnetism is ob-
served. For N,O-prepared films where Cuy, occurs, the
[Cuy,04] structure is constructed with strong covalent Cu-O
bonds. As a result the copper doping acts as an acceptor,
introducing p-character holes in the valence band. The char-
acteristic of the electronic and atomic structures of these
films favors a ferromagnetic ordering mechanism via carrier-
mediated spin alignments, as outlined in Ref. 22 for
Ga;_Mn,As systems.
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