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Hidden ferromagnetic secondary phases in cobalt-doped ZnO epitaxial thin films
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The origin of ferromagnetism is investigated in epitaxial Co:ZnO thin films which become weakly ferro-
magnetic after annealing in Zn vapor. Conventional characterization techniques indicate no change after treat-
ment. However, x-ray photoelectron spectroscopy depth profiling clearly indicates the presence of Co(0) in the
Zn-treated films; x-ray absorption fine structure is utilized to identify the secondary phase as ferromagnetic
CoZn. This work demonstrates that the potential for ferromagnetic secondary phases must be thoroughly
discounted, through painstaking materials characterization, before claims of intrinsic ferromagnetism can be

made.
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Spintronics has the potential to revolutionize electronic
devices by effectively utilizing the spin degree of freedom.!
However, developing the required materials necessary for
room temperature operation presents a serious materials
physics challenge. Investigation of potential dilute magnetic
semiconductor (DMS) materials utilizing semiconducting
oxide hosts was motivated by both theoretical> and
experimental® findings of ferromagnetism at room tempera-
ture in doped oxides. Despite the enormous body of research
that followed,* ® no unambiguous demonstration of carrier-
mediated ferromagnetism has been made. Disparate and irre-
producible experimental results have led to serious doubts as
to whether the observed ferromagnetism is intrinsic to the
doped oxide system or due to extrinsic effects, such as
contamination or phase impurity.*”? As one example, the
reported magnetization values for Co:ZnO range over 2
orders of magnitude (paramagnetic to <0.05uz/Co to
>6u5/Co).>!0 Recently, we showed that structurally well-
defined Co-doped ZnO is not intrinsically ferromagnetic,
either in the semi-insulating state or when electronically
doped n type.'®

Weak ferromagnetism in Co:ZnO (0.1-0.3u3/Co) has
been induced by annealing in Zn vapor to diffuse interstitial
Zn (Zn,;) into the Co:ZnO lattice.''~'* The proposed model
for ferromagnetism in the presence of Zn; involves specific
defect/donor formation which facilitates electron-mediated
Co spin alignment.''?> Subsequent annealing in oxygen re-
moves Zn;, returning the material to the insulating, nonferro-
magnetic state.!l!> These results thus suggest that defects
specifically associated with Zn; are necessary to realize fer-
romagnetic ordering, and introduction of n-type carriers by
other means is not sufficient.

In this paper, we further explore the origin of ferromag-
netism in epitaxial Zn;:Co:ZnO thin films which have un-
dergone a similar Zn vapor treatment. Initial materials char-
acterization indicated no phase segregation or Co reduction
occurred, implying the ferromagnetism (~0.05u5/Co) is in-
trinsic to Zn;:Co:ZnO. However, a more careful analysis
correlates the observed ferromagnetism to the presence of
Co(0) in the form of trace amounts of ferromagnetic CoZn
(~1.5up/Co). These results emphasize the vigilance re-
quired in materials characterization before intrinsic ferro-
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magnetism can be definitively attributed to the substitution-
ally doped oxide phase.

Epitaxial Co,Zn;_O thin films were deposited by pulsed
laser deposition on single crystal c-plane Al,05(0001) and

r-plane Al,05(0112) substrates, at 475 °C in 1X 10~ Torr
O,, from a sintered (CoO),;(Zn0),, target, as described
previously.'® Treatment in Zn vapor was accomplished by
sealing the films in an evacuated quartz tube containing Zn
metal. The sealed ampoule was then heated in a tube furnace
from room temperature to 600 °C, held at temperature for
5 h, and then cooled to room temperature. In contrast to
previous work,'"!? the diffusion process was found to be
irreversible; reoxidation for 2 h at 500 °C in flowing O, did
not alter the magnetization or resistivity of the Zn-treated
film.

Figure 1(a) presents the magnetic hysteresis loops, taken
by vibrating sample magnetometry (VSM) at room tempera-
ture, for an a-CogZny O film deposited on r-Al,O5. The
as-deposited film is insulating (>10° {2 cm) and shows neg-
ligible ferromagnetism, as expected.'® However, after an-
nealing in Zn vapor at 600 °C for 5 h, a distinct increase in
magnetization occurs, resulting in a saturation moment of
0.05u5/Co (24X 107 emu total moment). This ferromag-
netic signal is substantially larger than the negligible mo-
ments previously observed for n-Co:Zn0,!° and is consistent
with ferromagnetism observed in other Co:ZnO treated in Zn
vapor.'>!3 Concurrently, the film resistivity after Zn treat-
ment is substantially reduced to 0.03 ) cm, presumably from
the introduction of Zn; into the lattice [a donor in ZnO (Refs.
15 and 16)].

To discount the possibility of secondary phase formation
in the treated film, both grazing-incidence x-ray diffraction
(GIXRD) and x-ray absorption near edge spectroscopy
(XANES) were utilized. A portion of a slow GIXRD scan of
the Zn-treated film is shown in the inset of Fig. 1(a); a small
quantity of polycrystalline ZnO is detected, which may occur
in this otherwise epitaxial film due to the large lattice mis-
match with the r-Al,O; substrate.!” However, no hint of sec-
ondary phase formation is observed. Likewise, the Co
K-shell XANES spectra presented in Fig. 1(b) indicate Co(II)
substitution for Zn(Il) in ZnO, with no significant changes in
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FIG. 1. (Color online) (a) Room temperature VSM of r-Al,O;
substrate before deposition (blue dotted line), as-deposited
a-7Zn;:Coy 1Zn 90 film (green dashed line), and film after treatment
in Zn vapor (red solid line). Inset: GIXRD pattern of Zn-treated
film. The asterisk (%) indicates peak indexed to polycrystalline
Zn0. Peak positions of hep Co(101) at 47.4°, fcc Co(111) at 44.2°,
and CoZn(221) at 43.0° are indicated by arrows. (b) Co K-edge
XANES of film before (green dash-dot line) and after Zn treatment
(red solid line). Reference spectra of Co metal foil (black dashed
line) and CoO powder (black dotted line) are included.

the spectral line shape after the Zn treatment. The slight in-
crease in intensity for the Zn-treated film in the “valley”
between the preedge 1s-3d feature and the absorption edge,
compared to the untreated film, may indicate a very small
fraction of Co(0) is present after the Zn treatment. However,
the variation in intensity is within the experimental uncer-
tainty of the XANES measurement, and thus cannot be de-
finitively attributed to Co(0) formation.

From the results presented in Fig. 1, it appears conclusive
that ferromagnetism 1is intrinsic to Zn;:Co:ZnO. However,
when incorporating Co as a dopant, there is always the pos-
sibility of ferromagnetic secondary phase formation which
can result in a weak spurious ferromagnetic signal. The very
weak ferromagnetism observed after the Zn treatment
(0.05u5/Co) could result if only 3% of the Co dopants
formed Co metal precipitates with a moment of 1.72uz/Co.
Secondary phase formation at this level is far below the de-
tection limit of XRD. Likewise, the detection limit for Co(0)
by XANES is estimated to be approximately 5% of the total
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FIG. 2. (Color online) XPS depth profiles of 3100 A
a-Coq 1Zn ¢O after Zn treatment. The vertical dashed lines indicate
position of Co(Il) at BE=781.1 eV and Co(0) at BE=778.3 eV. For
comparison, the Co 2p spectrum of an untreated film after one sput-
ter cycle is shown (dash-dot line) (Ref. 18). Inset: Fraction of Co
present as Co(0) as a function of depth in Zn;:Co:Zn0O, as deter-
mined by fitting the XPS Co 2p spectra (Ref. 18).

Co.!% High resolution transmission electron microscopy
(TEM) can resolve secondary phase precipitates only a few
angstroms in diameter; however, the very small volume
sampled by TEM may not be sufficient to detect highly dis-
perse precipitates. Thus, secondary phase formation involv-
ing <5% of the Co dopants would remain undetected by
these sophisticated material characterization techniques.

Surface-sensitive spectroscopic techniques can be appro-
priate to distinguish spatially segregated minority phases.
For example, if Co(0) is present and localized near the sur-
face of the Zn,;:Co:Zn0O film, it can be readily detected by
depth-resolved x-ray photoelectron spectroscopy (XPS). The
Co 2p core-level spectrum shows an ~3 eV binding energy
shift between Co(0) and Co(Il), making charge state identi-
fication straightforward. However, due to its surface sensitiv-
ity, XPS is generally not appropriate to identify Co(0) in
Co-doped oxides, since Co near the film surface is likely to
be oxidized to Co(II) upon air exposure, regardless of the Co
charge state distribution within the film. Argon ion sputter
depth profiling can be employed to investigate deeper into
the film, provided the physical sputtering does not alter the
charge state of Co.'3

Figure 2 shows selected XPS spectra from the Zn-treated
film shown above in Fig. 1. For the as-received film (after Zn
vapor treatment), the adventitious carbon contamination is
sufficient to completely suppress any signal from Co. After
one sputter cycle, which removes 4.8 nm of material, the
surface contamination is completely removed, revealing the
subsurface Co 2p region. The Co 2p5,, consists of two peaks,
assigned to Co(I) and Co(0). Peak fitting'® indicates that
approximately 60% of the Co at this depth is Co(0). Further
sputtering cycles show a sharp decrease in the fraction of
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Co(0). The slight intensity at the Co(0) binding energy in the
bulk of the film may be due to the sputtering knock-on of
Co(0) from the surface. Thus, it appears that the Zn vapor
treatment reduced a significant fraction of Co to Co(0) in the
top portion of the film, but did not affect the charge state of
the dopant in the bulk of the film. From fits of the XPS
spectra, it is estimated that 30% of the Co in the top 20 nm
of the film was reduced to Co(0). This corresponds to 2% of
the total Co, which is roughly consistent with the estimation
of Co metal formation based on magnetometry (3% of the
Co, assuming 1.72u5/Co). Thus, the observed ferromag-
netism in these Zn;: Co:ZnO films originates not from intrin-
sic magnetic ordering facilitated by Zn; but from Co(0) gen-
erated during Zn vapor treatment. Significantly, the amount
of Co(0) present is at a level below the detection limit of
most bulk characterization techniques, such as XRD and
XANES. It should be noted, however, that due to the differ-
ences in Zn vapor treatment, these results do not necessarily
imply that the same effect has occurred in previous studies of
Zn;:Co:Zn0O.'1-14

To determine the identity of the Co(0) secondary phase, a
1000 A Zn;:Co:ZnO film deposited on r-Al,05 was inves-
tigated. Although this film underwent an identical Zn vapor
treatment as those presented above (600 °C for 5 h), much
more Co(0) was generated. By fitting the XANES data (not
shown), ~25% of the total Co was found to be Co(0). This
large signal from Co(0) allows a detailed investigation into
the nature of the secondary phase via extended x-ray absorp-
tion fine structure (EXAFS).

Figure 3(a) shows the Fourier-transformed EXAFS data
taken with the linearly polarized x-ray beam oriented both
perpendicular and parallel to the film surface. For perpen-
dicular polarization, a strong contribution from Co-M bond-
ing (where M is Co or Zn) is seen, in addition to substitu-
tional Co in ZnO. However, the analogous data in parallel
polarization show an apparently reduced contribution from
Co-M bonding. Detailed analysis'® indicates that the second-
ary phase is the intermetallic Cog sZn, 5. As illustrated in Fig.
3(b), CoZn takes the B-Mn structure (space group P4,32),
with a complex 20-atom cubic unit cell in which Co prefer-
entially occupies the 8 M sites of icosahedral coordination,
while Zn and the remaining 1/6 Co occupy the 12 T sites
which form corner-sharing T, octahedra.’’?> The two
Fourier-transformed data sets shown in Fig. 3(a) were simul-
taneously fit using a theoretical model assuming oriented
CoZn(111) embedded in Co0:ZnO(001).! As seen in Fig.
3(a), the resulting fits reproduce the experimental EXAFS
data quite well, including the polarization dependence of the
secondary phase signal. Fitting reveals that 25% of the Co is
incorporated in CoZn, and the remaining 75% remains sub-
stitutional in ZnO. The fit parameters show some discrep-
ancy for Zn;:Co:ZnO versus those for CoZn powder,?
which may indicate the presence of Co metal in Zn;: Co:ZnO
as well."

CoZn is ferromagnetic, with a reported saturation moment
of 0.8—1.2up/Co (Refs. 22 and 24) and a Curie temperature
of 400—450 K.?>» To confirm, the magnetic properties of
CoZn powder were measured by VSM. The hysteresis loop
measured at room temperature is given in Fig. 3(b); the mea-
sured saturation moment of 1.54uz/Co is somewhat higher
than previously reported.
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FIG. 3. (Color online) (a) k>-weighted Fourier-transformed Co
K-shell EXAFS of 1000 A a-Zn;: Coy Zny4O with perpendicular
(red solid line, top) and parallel (blue solid line, bottom) beam
polarizations, along with fits to the data (yellow dashed lines) as-
suming oriented CoZn(111). (b) Room temperature VSM of poly-
crystalline CoZn flakes (thick solid green, left axis). Also plotted
are normalized VSM hysteresis loops of three Zn;:Co:ZnO films
(right axis). Inset: Structural diagram of CoZn with the 8-Mn struc-
ture; M (blue or dark gray) and T (light gray) sites are indicated.

While the curvature of the CoZn and the Zn;:Co:ZnO
thin film magnetization loops are similar [Fig. 3(b)], the
magnitude of the saturation moments do not correspond to
the CoZn content estimated by EXAFS. The film shown in
Fig. 3(a) only exhibits 18% of the expected ferromagnetic
moment. This suggests that a majority of the CoZn generated
in the material has not formed into ferromagnetic clusters,
which likely is a diffusion-limited process. The discrepancy
is even more striking for the same film deposited on
c-sapphire (not shown), which exhibited just 10% of the ex-
pected ferromagnetic moment. There appears to be a strong
crystalline orientation and/or microstructure dependence on
the diffusion and aggregation of reduced dopant atoms in
ZnO.

Intermetallic, ferromagnetic CoZn has not been previ-
ously explored as a potential secondary phase in Co:ZnO.
The thermodynamics of CoZn formation has not been inves-
tigated; CoZn may form during deposition or postgrowth
processing under low-oxygen or vacuum conditions, even in
the absence of Zn vapor. CoZn is a particularly insidious
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ferromagnetic secondary phase, since its low moment per Co
and low reported Curie temperature [~400-450 K (Refs. 22
and 25)] are in line with the expected properties of ferromag-
netic Co:ZnO. Thus, in the absence of careful materials char-
acterization, undetected CoZn could mimic intrinsic ferro-
magnetism in Co:ZnO.

Although the data presented above focuses on Co:ZnO
thin films annealed in Zn vapor, the importance of hidden
secondary phase discovery applies to all ferromagnetic
Co0:ZnO specimens, as well as to other doped oxide systems
with potentially ferromagnetic secondary phases. It should
be noted, however, that some reported results of ferromag-
netism in Co:ZnO, particularly in nanoparticles which were
allowed to aggregate at room temperature,’®?’ cannot be eas-
ily explained by the presence of undetected secondary
phases. Instead, defect-mediated substitutional Co(II) spin
coupling has been invoked and defended for these
materials.?%%7

We have shown that, when the ferromagnetic signal is
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weak, even sophisticated materials characterization tech-
niques may not be sensitive to the small quantity of potential
secondary phase involved. Only painstakingly careful mate-
rials characterization by several complementary but indepen-
dent techniques can eliminate the possibility of secondary
phase formation in doped oxides such as Co:ZnO.
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