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We report the results of a comprehensive study of the exchange interactions in Co-doped ZnO using inelastic
neutron scattering, electron paramagnetic resonance, and magnetic property measurements. In particular, we
observe an unprecedentedly strong spatial anisotropy of the two nearest-neighbor exchanges, J = —25.6 +
0.3 K and J® = —8.5 4 0.4 K, along with the distant-neighbor J values of ferromagnetic sign. We argue that
the superexchange mechanism alone cannot account for the obtained data and we suggest that an additional
mechanism leading to a strong ferromagnetic spin coupling is responsible for these findings. We also discuss the

origin of this ferromagnetic mechanism.
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I. INTRODUCTION

The discovery of ferromagnetism in diluted magnetic
semiconductors (DMSs) has triggered intensive studies aimed
at understanding the underlying mechanisms behind the spin-
spin interactions in these materials.'™ It is still a great chal-
lenge to develop a ferromagnetic (FM) semiconductor with a
critical temperature (7;) well above room temperature. While
various models have been proposed to explain 7. in DMSs,
most of them consider the observed ferromagnetism as a result
of competition between FM Zener exchange interaction and
antiferromagnetic (AFM) superexchange (SE).> Clearly, both
of them are of fundamental importance in establishment of
the ordered state. The SE mechanism is the focus of the work
reported here.

The situation with undoped DMSs seemed to be fairly
well understood: according to the SE model, their magnetic
properties are dominated by AFM interactions.® This general
statement is expected to be valid for both nearest-neighbor
(NN) exchange parameters and distant-neighbor (DN) ones.

Larson et al. were the first who worked out an SE model
for the NN exchange, Ji, in zinc-blende alloys.7 In wurtzite
materials, in contrast with zinc-blende ones, one needs two
NN J values, which are denoted JI* and J''. This raises
an interesting question about the spatial anisotropy of J;’s,
which can be parameterized by & = AJ,/J; (AJ, = Jlin -
JPM, gy = (JIM 4 JP/2).89 Currently available data reveal
that £ is strongly material dependent but does not exceed a few
tenths: £ ~ 0.13,0.15, 0.29, and 0.19 for CdS:Mn, CdSe:Mn,
ZnO:Mn, and CdS:Co, respectively.®! Most recently’ it was
pointed out that the experimental data on £ offer a crucial
test of the validity of the SE model, since &, in contrast to
the J values, does not depend on the choice of the electronic
structure parameters (for details, see below).

The DN exchange constants, J, (where n = 2 for second
neighbors, n = 3 for third neighbors, etc.), provide rare,
if not unique, information about the distance dependence
of hybridization processes in DMSs.!" According to the
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theoretical models, the J, are all AFM and rapidly decrease
with n (J, ~r;%, where « >~ 7+9 and r, is the distance
between DNs'?~'%). These predictions are supported by nu-
merous studies employing magnetization step experiments®
and inelastic neutron scattering (INS) measurements.'> Note,
however, that (i) the majority of available data were obtained
on Mn-doped DMSs (including wide-gap materials);'? (ii) to
the best of our knowledge, all investigations reported so far are
limited by the observation of four or five largest AFM exchange
constants; and (iii) the magnetization step method, due to
its methodological constraints, has difficulties in probing FM
exchange constants. Nevertheless, the up-to-date data available
do not reveal any deficiency of SE model in DMSs.

In this paper we present the first clear evidence of a
departure from this picture. Our observations rather support
the idea of the competing nature of the exchange interactions
in ZnO:Co, which are built up of FM and AFM contributions.
Experimentally this manifests itself in two ways: we observe an
unusually large spatial anisotropy of NN exchange constants,
£~1,J0 =-2564+03K,and J® = —8.5+ 0.4K, along
with the DN J values of FM sign. To explain these findings, we
propose a model which suggests that the SE mechanism alone
cannot account for the obtained data and that direct p-d FM
exchange interactions play a role in determining the exchange
constants of ZnO:Co.

II. EXPERIMENTAL RESULTS

We start the presentation of our experimental results by dis-
cussing the INS experiments. The experiments were performed
on powder samples of Zng 97C0g 030, in the temperature range
1.5-100 K, using cold neutron triple-axis spectrometer 4F2
at Laboratoire Léon Brillouin (Saclay). The spectrometer is
equipped with a double pyrolytic graphite monochromator,
providing wavelengths between 6 and 2 A (1.05 < k; <
3.2 A=1). The incident beam was filtered by a N,-cooled Be
filter. In addition, a 4-cm-thick pyrolytic graphite filter was

©2012 American Physical Society
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FIG. 1. (Color online) Inelastic-neutron-scattering spectrum of a
Zng,97C00,030 powder sample for Q = 1.4 A=! at T = 1.3 K; the line
is the fit by Gaussian peaks. Inset: Schematic of the low-energy part
of the Co®* pair spectrum when |J| > D.

used in the scattered beam to reduce higher order contributions.
Pyrolytic graphite (002) reflection planes were used for both
the monochromator and the analyzer, with the monochromator
being vertically focused and the analyzer flat or horizontally
focused. All measurements were done with a fixed final wave
vector.

In Fig. 1 we show the INS spectrum of a Zng 97C00 30
powder sample for Q = 1.4 A=! at T = 1.3 K. An important
point is that the positions of all observed peaks do not depend,
within the experimental error, on the momentum transfer,
which was varied in the range of 0.95 < Q < 3.0 A~!. This
provides clear evidence in favor of an isolated-cluster origin
of the observed excitations. In fact, a strong maximum at 0.68
meV (labeled CF in Fig. 1) is due to the transition in Co>*
singles between |£1/2) and |+ 3/2) states of § = 3/2'¢ and a
broad feature at about 6.7 meV (labeled T) can be tentatively
attributed to NN closed triplets of Co®*. We assume that the
remaining four peaks come from NN Co?* pairs. In order to
identify them and to extract the NN exchange parameters,
we use a simple spin Hamiltonian model describing an
isolated Co?* pair, which includes the exchange interaction
Hey, = -2J ﬁz and the single-ion anisotropy term D(Sf)2
with D = 0.342 meV.!¢ The energy levels of an AFM pair is
labeled by the total spin Sy = S) + S» (where Sy = 0,1,2,3),
provided that |J| > D. Note that, according to this model,
the first excited state | Sy = 1), which is separated by ~2|J |
from the |S7 = 0) state, is further split by ~2.4D (see the
inset in Fig. 1). Now, because in INS processes the allowed
transitions require ASy = 0, =+1," one should observe, at low
temperatures, a double-peak structure corresponding to each
particular type of NN pairs of Co?*, with approximately equal
integral intensities, because the coordination numbers for both
the in-plane and the out-of plane NN pairs are identical,
z, = 6 [hereafter, we use the classification of neighbors in
the wurtzite structure given in Ref. 10 (see their Table I),
along with the definitions of z, and J(n)]. If one takes into
account that the experiments were performed with unpolarized
neutrons and that D is positive in ZnO:Co, the transition
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FIG. 2. (Color online) EPR spectra of Zn,_,Co, O single crystals
for Bl|c. (a) For x = 0.02, v =34.9 GHz, and T = 1.5 K. Arrows
indicate the positions of Co?>" pair satellites. Inset: Energy-field
diagram of a Co* pair for D > |J|. Arrows represent the observed
intertriplet transitions; the energy-level crossing field B, is also
shown. (b) Part of the X-band spectrum for x = 0.001 taken at
4 K which presents contributions from J© and J pairs. (c) Part of
the X-band spectrum for x = 0.02 at 4 K which shows contributions
from J®, JO and J1? pairs.

St =0) = |S, = £1) must be lower in energy than the
transition | ST = 0) — |S, = 0), and the intensity of the former
transition must be twice as large as that of the latter. Based on
the above arguments, we attribute the double-peak structures
at 4.1/5.0 and at 1.4/2.0 meV to NN Co?* pairs coupled by
the two largest exchange constants, J( = —25.6 4 0.3 K and
J@ = —8.54+ 0.4 K, respectively.

To proceed with the determination of DN exchange con-
stants we use the electron paramagnetic resonance (EPR)
technique at helium temperatures, in the frequency range from
9.4 to 90 GHz and in a magnetic field up to 6 T. A few single
crystals of Zn;_,Co,O with 0.001 < x < 0.02 were used. The
EPR spectrum (hv < D) of anisolated Co?* in the ZnO lattice
is well known and well understood. When a magnetic field B
is applied parallel to the crystallographic ¢ axis, a single line
with g = 2.236 is observed, which is due to the low-lying
doublet |+1/2) of an § = 3/2 ground-state manifold.'® At
low temperatures, T < D/k, the EPR spectra of Co** pairs
show up as weak satellites to this main line, resulting from
the four lowest energy levels of a Co** pair. We describe
these levels by an effective spin § = 0 (a quasisinglet state)
and § = 1 (a quasitriplet state) using the above-described spin
Hamiltonian. The energy-field diagram in Fig. 2(a) illustrates
this for an AFM coupled pair of Co®>*. Because the transition
between |S = 0) and |S = 1) states is forbidden, it is easy
to see that, for a given J, if the EPR frequency exceeds v ~
(3|J| + 10J%/D)/ h, one can observe both allowed intertriplet
transitions, |—1) — |0) and |0) — |+1), which are equally
spaced with respect to the main EPR line.

In Fig. 2(a) a representative EPR spectrum for a
Zny.98Co0.020 single crystal, taken at v = 34.9 GHz, is shown,
on which satellite lines originating from various Co** pairs
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TABLEL Experimentally obtained exchange parameters of Co?*
pairs in ZnO:Co and their coordination numbers.

Exchange parameter (K) Coordination number

JO —25.6 £ 0.3 6
J@ —85+04 6
J® —1.070 £ 0.003 2
J@ —0.382 £ 0.002 6
J® 0.347 &+ 0.002 6
J© 0.168 + 0.002 12
JD —0.134 £ 0.002 6
J® —0.040 £ 0.001 6
JO —0.027 £ 0.001 12
|19 0.013 £+ 0.001 12

are clearly seen, as well as the main line at B = 1.11 T. The
difference in the resonance fields of two satellites belonging
to the same J™ enables one to calculate the corresponding
J™ . Their relative intensity at a given temperature provides
information about the sign of J and its coordination number
z,. For particular values of v and T the EPR spectra were
fitted using the easyspin toolbox,'® thus allowing us to obtain
the above-mentioned parameters. To illustrate this, we take
the case of two satellites labeled J® and positioned at B =
0.615 T [we call this the low-field satellite (LFS)] and at B =
1.615 T [called the high-field satellite (HFS)]. First, we try to
simulate the observed spectra using the two distinct models
for a Co?* pair: an AFM coupled pair and an FM coupled one.
Proceeding in this way, one can perfectly fit the observed line
positions in either model, but not the line intensities. In fact,
the FM model gives J® = 0.347 £ 0.002 K and predicts that
the intensity of the LFS, Iy ps, is about two times lower than
the intensity of the HFS, Iyps (the calculated ratio Iy ps/ Iyrs is
found to be 0.47), in good agreement with the experiment [see
Fig. 2(a)]. Contrary to this, the AFM model gives I; s > Iygs
with I gs/Iyrs = 4. One may, therefore, safely conclude that
the Co®* ions in J© pairs are coupled ferromagnetically. This
conclusion is then supported by an analysis of other EPR
spectra measured at various temperatures and frequencies. In
asimilar way it can be shown that J® satellites are due to AFM
coupled Co”* pairs with J® = —0.382 4+ 0.002 K, and their
coordination number, z,,(J®), is very close to that of J ® pairs.

The situation with two satellites labeled J© and J is
somewhat more complicated. A thorough examination of the
EPR spectra obtained shows that each of them consists of
two closely spaced EPR components with the intensity ratio
I1(J©)/1(J7) ~ 2 as illustrated in Fig. 2(b), where the fine
structure of the HFS is shown and analyzed. The best fit to
these two EPR components gives J = —0.134 4 0.002 K
and J©® =0.168 £0.002 K, with z,(J7) ~ z,(J®) and
Zu(J©) >~ 27,(J®). For completeness in Fig. 2(c) the EPR
spectra of three additional Co?* pairs are shown. They give
rise to three extra J"’s—J®, J© and J19—which are only
of the order of a few tens of millikelvins (see Table I). While
it is clear that, at this energy scale, mechanisms other than SE
may contribute to J™’s, for the sake of simplicity we continue
to refer to them as the exchange constants.

In addition to the pair spectra shown in Fig. 2, at frequencies
higher than 60 GHz, a much weaker spectrum was observed,
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FIG. 3. (Color online) Field dependence of magnetic ac suscep-
tibility in a Zng 9gCo0¢02 O single crystal at 7 = 50 mK.

which is characterized by an energy gap of 106.5 GHz between
the |S, = 1) and the |S, = 0) states at B = 0. We attribute
this spectrum to AFM Co?* pairs coupled by the third largest
exchange constant, J® = —1.07 4 0.003 K. Since we have
not succeeded in the determination of the coordination number
of these J© pairs in the EPR experiment, we have undertaken
ac susceptibility measurements at subkelvin temperatures.

In Fig. 3 the field dependence of magnetic ac susceptibility,
dM/dB (where M is the magnetization), measured on a
Zn9.98C00.20 single crystal at T = 50 mK is shown. Three
peaks of dM/dB, which are clearly shown at B = 0.41,
1.05, and 2.07 T, result from the energy-level crossing, at
B, of the |S, = —1) triplet state with the |S = 0) one of the
corresponding Co?* pair [see the inset in Fig. 2(a)]. No other
signal which can be associated with the magnetization step
was observed up to 6 T. By comparing the B, estimated from
the exchange constants obtained by EPR—B.(J") = 0.41 T,
B,(J®) =1.02 T, and B.(J®) = 1.91 T—with the measured
ones, we attribute these ac susceptibility peaks to the three
AFM coupled pairs J7, J®, and J®, respectively. Most
importantly, comparison of the integral intensity of the ob-
served peaks, I(J7) ~ I(J®)and I(J®) ~ 31(JP), allows
one to conclude that the coordination numbers z,(J®) >~
22(J7) and z,(J¥) ~ 3z,(J®). These findings are decisive
in identification of the DN J values. A summary of our results
is given in Table I, where the values and coordination numbers
for the 10 largest exchange constants obtained by INS and
EPR, are listed in order of their decreasing strength. Note
that the DN J values exhibit sign changes, in significant
disagreement with the existing theory.

III. DISCUSSION

We turn now to calculations of the exchange parameters in
Zn0O:Co by adapting an SE model proposed by some of us
for estimation of the J values in Mn-doped wurtzite DMSs.’
This model is based on the p-d hybridization scheme, which
is widely employed for the interpretation of photoemission
data, therefore, we use the electronic structure parameters of
Zn0:Co obtained in the photoemission experiments: U = 6 +
0.5eV,A=5+0.5eV,and (pdo) = —1.6+0.1eV."”

Using these photoemission data we get two quite different
NN J values, Jli“ ~ —25.1 K and Jl"“t ~ —14.6 K, as well
as the four largest DN exchanges, which are proved to be all
negative (AFM).?° Note that the latter result is in agreement
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with the previous calculations made in the framework of the SE
model but is in significant disagreement with our experimental
observations. The results regarding the J;’s allow us to assign
the two largest exchange integrals in ZnO:Co by associating
the observed J" and J@® with the calculated Ji" and J™,
respectively. Remaining unsolved, however, is the noticeable
discrepancy between the theoretical and the experimental
values of J.

To understand its origin, it is much more instructive to
consider the dimensionless parameter &, instead of the absolute
value of J;’s. The advantage is that &, in contrast to J,
does not depend on the choice of the electronic structure
parameters.” It depends, however, on the choice of (pdo )(R),
the distance dependence of the transfer integral. Therefore,
to reduce the difference between the experimentally observed
value, & >~ 1, and the calculated value, & = 0.52, we first tried
to replace (pdo)(R) ~ 1/R33, used in the present model,
with (pdo)(R) ~ 1/R4.11 This gives & = 0.49, which is even
farther from the measured value than the previous one.

The second possibility for resolving this discrepancy is to
introduce in the SE model an additional FM exchange coupling
between 3d electrons. The most plausible candidate for that
would be the direct p-d FM exchange K ,4, which is widely
discussed in cuprate physics.?' It was shown that a hybrid
process, in which the virtual hopping is combined with the
direct p-d exchange leads to an extra FM contribution to the d-d
exchange constant, J™M ~ K pd(tﬁ ,/A%), which can be as large
as 50% of the total AFM contribution. Rough estimates show
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that, in the case of ZnO:Co, to reproduce the experimentally
observed ratio & ~ 1, J™ may amount to 35% of J", which
seems quite reasonable.

IV. CONCLUSION

In conclusion, by combining INS, EPR, and magnetic
measurements, we have performed a comprehensive study of
the exchange parameters in Co-doped ZnO. Our important
experimental findings are the observations of an unusually
strong spatial anisotropy of the NN exchange integrals, & ~ 1,
along with the DN exchange constants of FM sign. To analyze
these data we have proposed an SE model, which is in
qualitative agreement with the experimental results as far as
NN J values are concerned, while predicting, however, amuch
lower value of & compared to the measured one, & = 0.52.
We argue that this discrepancy clearly indicates that the d-d
exchange interactions in ZnO:Co are made up of competing
AFM and FM contributions and that the SE mechanism alone
cannot account for the obtained data.

We speculate that the introduction of this additional FM
mechanism to the conventional SE model is a key point in
understanding the observed sign changes of the DN exchange
constants, even though, for the moment, we do not have a
quantitative model for DN J values. It would be interesting to
check how general our conclusion is by analyzing experimental
data from magnetic, magneto-optical, and other studies which
require the SE model for their interpretation.
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