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From ferromagnetic to antiferromagnetic interactions in n-type Zn,;_ Mn,O:
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Contradictory results concerning the formation of a ferromagnetic state in Mn doped ZnO layers have been
reported in the last years. We present the results of an electron paramagnetic resonance study on homogeneous
single phase n-type conductive Zn,_Mn,O (x<<0.07) thin films. Based on the observation of the existence of
a narrow Mn composition range, x < (.05, where a ferromagnetic interaction is dominant, whereas for larger x
nearest neighbor antiferromagnetic interactions dominate, we propose a magnetic polaron model for the fer-

romagnetic Mn-Mn interaction in n-type films.
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I. INTRODUCTION

The magnetic properties of 3d transition metal (TM)
doped ZnO thin films have been the object of intense re-
search in the last years due to the potential formation of a
ferromagnetic phase with a Curie temperature above room
temperature.' The origin of this ferromagnetism is how-
ever, not yet clear. The TM dopants substitute for the Zn
cation and may be in addition electrically active. As concerns
Mn doping, Mny, is twofold charged (2+) with a ®S ground
state and does not introduce any free carriers. In this case, ab
initio calculations within the local spin density approxima-
tion (LSDA) have shown that the superexchange interactions
between two nearest neighbor substitutional magnetic ions
are antiferromagnetic.* The same result has been obtained for
Zn0O:Co. In this latter case earlier LSDA calculations pre-
dicted ferromagnetic interactions, but it has been argued in
Ref. 4 that this result is an artifact when Coulomb correla-
tions are neglected. Therefore, we know now that any ferro-
magnetism in Zn;_ Mn, O cannot be attributed to an Mn-Mn
interaction only. Apart from intrinsic ferromagnetism>’ ad-
ditional mechanisms have been proposed in the literature to
explain the observation of room temperature ferromag-
netism: they include the formation of secondary magnetic
phases,®’ interactions with cation vacancies or other
defects,'%'* disorder,'? in brief anything which can introduce
free carriers and make the material p or n type. The two
kinds of doping, however, are not equivalent due to the dif-
ferent strengths of the interactions. In p type material the
p-d hybridization gives rise to a strong ferromagnetic Zener
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double-exchange interaction. On the other hand in n-type
material the electrons in the conduction band move essen-
tially in the Zn 4s orbital and all the manganese ions stay in
the divalent state with the consequence that there is no
double exchange interaction. As the partial density of Mn d
states near the bottom of the conduction band is negligible
and the s-d interaction is weak, ferromagnetism is not ex-
pected in n-type Zn;_,Mn,O which is the normal conduction
in nonintentionally co-doped material.

Nevertheless, ferromagnetism has been observed in vari-
ous n-type Zn,_,Mn,O layers.>~!* Other experimental studies
of Zn,;_ Mn,O reported the opposite, namely the existence of
antiferromagnetic interactions only'®2% and it became evi-
dent that the sample preparation played a crucial role. Mn
clustering and second phase inclusions might be favored by
out of equilibrium growth techniques such as pulsed laser
deposition (PLD), sputtering or solid state reaction. Equilib-
rium deposition techniques such as molecular beam epitaxy
(MBE) or metal organic chemical vapor deposition
(MOCVD) seem more suited to obtain a homogeneous dop-
ant distribution assumed in modeling. In general, the layers
are n-type conductive due to the presence of uncontrolled
dopants such as H, Zn interstitials, oxygen vacancies, or ex-
trinsic shallow donors (Al). The role of such donors in the
magnetism of the ZnO:TM films has not yet been sufficiently
considered.

The first aim of this paper is to improve the present un-
derstanding of the origin of ferromagnetism in Zn;_ Mn,O
layers. For this purpose, we have undertaken an electron
paramagnetic resonance (EPR) study of MOCVD-grown thin
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FIG. 1. Experimental X-band EPR spectra of Zn;_ Mn,O at T
=300 K; (a) x=0.006, (b) x=0.026, (c) x=0.07; the sharp line in (b)
is substrate related.

Zn;_Mn,O layers. We have extended a previous EPR
study?® on Zng ¢sMn,, ;40 to lower Mn doping concentrations
0.006<x<<0.16. Our results show that there is a drastic
change in the magnetic properties at x ~0.05 with dominant
ferromagnetic interactions at smaller x and antiferromagnetic
ones for all larger x. The use of the EPR technique offers
some interesting advantages over the generally used super-
conducting quantum interference device (SQUID) magneti-
zation measurements: it has a higher sensitivity which is re-
quired for studies of thin films of lightly doped diluted
magnetic semiconductors (DMS) and its resonant character
allows one to easily eliminate substrate contributions and
effects of second phase inclusions.

II. EXPERIMENTAL DETAILS

The study has been performed on epitaxial layers grown
by MOCVD on (0001) Al,O; substrates. The precursors
were diethyl-zinc (DEZ) and tertiary-butanol (tBu), as zinc
and  oxygen sources, respectively, and liquid
(CO);CH;CsH,Mn as the manganese precursor. Hydrogen
was used as a vector gas. The substrate temperature was
450 °C; the typical thickness of the films was 1 um. Man-
ganese atomic fraction x of investigated Zn;_ Mn,O samples
varies from x=0.006 to x=0.16. The Mn concentrations con-
trolled by the gas flow ratios were verified by x-ray emission
(EDX) measurements, and also by the measurement of the
lattice parameter which is linear in x and follows the Veg-
ard’s law.”! The absence of extrinsic phases was checked by
x-ray diffraction. No additional phase has been detected. The
ZnMnO films are highly textured with a c-axis orientation
normal to the sapphire plane. The as-prepared films were
n-type conductive with a room temperature carrier concen-
tration of 10'® cm™ probably related to hydrogen incorpora-
tion and other defects.?! The EPR measurements were per-
formed with a standard X-band spectrometer in the
temperature range 4—300 K.

III. EXPERIMENTAL RESULTS

In Fig. 1 we show the room temperature EPR spectra
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FIG. 2. (Color online) Experimental EPR spectra of

Zng 974Mng 0560 at 300 K and 20 K as well as line shape simula-
tions with a Lorenztian line shape.

observed for three different Mn concentrations x
=0.006, 0.026, 0.07 with the magnetic field oriented normal
to the layer plane. At the lowest concentration we observe
the anisotropic 30 line spectrum of isolated substitutional
Mn,, ** ions in Cjy symmetry.?? This spectrum, correspond-
ing to a paramagnetic state, has been analyzed previously?®
and will not be discussed here. At the higher Mn concentra-
tion of x=0.026 the multiline spectrum of the isolated Mn
ion is no longer observable and is replaced by a 400 G broad
single line of Lorentzian line shape. At a still higher Mn
concentration of x=0.07 we observe again a single line spec-
trum with a line width of 110 G which decreases further to
~90 G for Mn concentrations x=0.12.

The high and low temperature EPR spectra of the two
concentrations discussed here are compared in Figs. 2 and 3.
For the x=0.026 sample the line shape is Lorentzian and the
linewidth at 300 K and 20 K are 400 G and 350 G, respec-
tively. For the higher Mn concentration x=0.07 the exchange
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FIG. 3. (Color online) Experimental EPR spectra of

Zng 93Mng (70 at 300 K and 20 K as well as line shape simulations
with a Lorenztian line shape.
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FIG. 4. Variation of the inverse of the EPR intensity vs tempera-
ture for x=0.026. A typical error bar is indicated for the RT value.
The straight line is the fit by the Curie-Weiss law.

narrowing reduces the high temperature linewidth to 110 G
whereas the low temperature linewidth is now 340 G.

The magnetic properties of the layers can be analyzed
from the variation of the intensity of the EPR spectra with
temperature. The intensity /(7T) obtained by a double integra-
tion of the experimental EPR spectrum is directly propor-
tional to the magnetic susceptibility y. In the high tempera-
ture limit, it is commonly accepted that the variation of the
EPR intensity /(7) can be described by (Ref. 24):

I Clx)  Cyx
T T-06(x) T-6x

(1)

where C is the Curie constant, € the Curie-Weiss tempera-
ture, and C, and 6, the corresponding doping concentration
independent values. The sign of the Curie-Weiss temperature
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FIG. 5. Variation of the inverse of the EPR intensity vs tempera-

ture for x=0.07. A typical error bar is indicated for the RT value.
The straight line is the fit by the Curie-Weiss law.

PHYSICAL REVIEW B 74, 115203 (2006)

will directly indicate whether the magnetic interactions are
ferromagnetic (6> 0) or antiferromagnetic (#<<0). In Figs. 4
and 5 we show the results obtained for the Zn;_Mn,O layers
with x=0.026 and x=0.07. We observe a linear Curie-Weiss
behavior at high temperatures for both concentrations. The
respective Curie-Weiss temperatures are obtained from the
linear extrapolation of the high temperature part of the
curves. We obtain a positive Curie-Weiss temperature
6=+35 K for the x=0.026 film and a negative Curie-Weiss
temperature §=-70 K for the x=0.07 film. For higher Mn
concentrations, # remains negative and || increases monoto-
nously with x. Thus surprisingly, in the low doped layer the
Mn ions are ferromagnetically coupled.

The Curie-Weiss analysis for diluted magnetic semicon-
ductors is suitable because the magnetic contribution of the
Mn ions is dominated by isolated ions or ions on nearest
neighbor (NN) sites. The topology of the distribution
changes with the Mn composition. The Mn ions are distrib-
uted in clusters of increasing size, up to the percolation
threshold of x=0.16. For concentrations higher than x=0.16
the Mn ions can be treated as one cluster of infinite size
which is expected to generate deviations from a linear varia-
tion with x [Eq. (1)]. It is clear that the second equality in Eq.
(1) is valid for the low concentrations studied here. We can
deduce the effective exchange integral J; for nearest neigh-
bor pairs from the measured Curie-Weiss temperatures ac-
cording to:

L3 6

kg 28(S+1)z @

z; is the number of NN sites (equivalent or not) in the wurtz-
ite lattice, i.e., z;=12.

For the antiferromagnetic x=0.07 sample we obtain from
the Curie-Weiss temperature of —70 K an effective exchange
integral of J;/kg=-21.8 K. From magnetization step
measurements experimental values of J;/kg=-23 K,
Ji 1 /kg==15 K have been reported,” leading to an average
value of J;/kg=-21 K. Our result is thus in quantitative
agreement with these experiments.

The variation of the linewidth AB of the EPR spectrum
with temperature for the x=0.07 (and higher concentrations)
film is also characteristic of a semimagnetic semiconductor
with antiferromagnetic interactions. In this case the variation
of AB with T is often described by an empirical expression
(Refs. 24 and 26):

AB(T) = (AB)..(Tx,)"'T'(T,x) = (AB)... - (1 + 1—;) (3)

where AB., is the infinite temperature linewidth, y, the static
susceptibility, and x the Mn atomic fraction. Generally it can
be assumed that I'(7,x) is temperature independent above
the spin glass transition, so that Eq. (4) predicts a (1+6/7T)
temperature variation. For the x=0.07 sample we indeed ob-
serve qualitatively such a high temperature variation.?®?’ In
the spin glass state 7<<50 K the linewidth is nearly constant.

For the x=0.026 sample the origin of the ferromagnetic
interaction must be different. The analysis of the Curie tem-
perature within the model of Eq. (2) is not applicable as the
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Mn interactions stay AF even for more distant pairs.* The
temperature variation of the linewidth with a nearly constant
value between 4 and 300 K is equally different from the AF
case.

IV. DISCUSSION

As the EPR spectra show the absence of any charge state
other than Mn?* we know that the double exchange interac-
tion is inefficient. The origin of the ferromagnetism in our
samples is thus of a quite different nature than in the case of
Zn-Mn-O systems where the coexistence of different ioniza-
tion states of Mn has been detected.® In magnetic semicon-
ductors it is well known that an electron bound to a donor
can increase its binding energy by polarizing the localized
spins in its neighborhood to form a magnetic polaron. This
increase in binding energy turns a simple hydrogenic donor
into a magnetic polaron with a deep donor state. It carries a
macroscopic spin associated to the cloud of the localized
spins that are spin-polarized by the s-d exchange interaction:

3
E, = —NoaaZE |W(R)*S;.s (4)

with Nya the exchange integral, a*/4 is the volume of the
unit cell of the lattice, and W the wave function of the elec-
tron bound to the donor. The summation runs over all lattice
sites R; occupied by a Mn?* ion in the neighborhood of the
donor site. S and s refer to the Mn>** spin and the donor
electron spin, respectively.

The macroscopic magnetic moment associated with such
a magnetic polaron can be large even in an antiferromagnetic
environment®® provided we are dealing with a true magnetic
semiconductor with one localized spin per unit cell. In the
present case, we are dealing with a dilute semimagnetic
semiconductor with x<<(0.05. As the gain in binding energy
associated to the s-d exchange interaction is proportional to
x, it becomes negligible for x<<0.05. To make it clear, the
loss in kinetic energy in any shrinking in the electron orbital
will overcome the gain in magnetic energy so that the donor
level remains shallow. This is in essence why there are actu-
ally shallow donor states in Zn;_Mn,O which are at the
origin of the 10'® cm™ free carriers in the samples we have
studied. Moreover, since the donor level is shallow, such an
amount of donor electrons should exceed the critical concen-
tration for the insulator-metal transition, so that the electrons
on the donors are delocalized, not only at room temperature,
but also at low temperature. The only effect of the shallow
donors in this configuration is to provide free carriers in the
conduction band. In this case the s-d exchange interaction
gives rise to the indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction. Indeed, this interaction may generate a
ferromagnetic ordering between Mn?* ions, but only for
free carrier concentrations the order of 10 cm™> (Ref. 29).
In the present case, the low concentration of carriers
(n~10" cm™) is not sufficient to induce a ferromagnetic
coupling between loose Mn?* ions.

To account for the ferromagnetic interactions in our low
doped materials, we are then led to assume the existence of
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deeper donor levels, in addition to the shallow donor levels
which provide us with the conduction electrons at room tem-
perature. The importance of deep donors to generate high
temperature ferromagnetism has been reported in ZnO:Co
where the interstitial H donor is a good candidate.’® In this
case, an important dimerization of Co was assumed, each
dimer capturing a hydrogen atom. In Zn;_ Mn, O, we have
no evidence of any tendency of dimerization of Mn. On the
contrary, the magnetic properties of our films with x>0.05
scale with those of Cd,_,Mn, Te where the Mn distribution is
known to be random; the concentration of unpaired Mn?2*
ions when it has been measured corroborates equally a ran-
dom distribution.'® However, a moderately deep donor re-
lated to hydrogen already exists in many nonintentionally
doped ZnO single crystals.3! As hydrogen is the carrier gas
during film deposition, the high solubility of hydrogen in
ZnO makes very likely the presence of hydrogen related do-
nors in our Zn;_Mn,O layers; it will give rise to an ex-
change interaction of the same form as in Eq. (4). In that
case, Ny« is allowed to be different from the value it takes
with free electrons in the conduction band, namely 0.19 eV
(Ref. 32), but it should keep the same order of magnitude.
Then Eq. (4) allows us to evaluate the donor properties re-
quired to induce a ferromagnetic exchange interaction be-
tween the Mn ions. It should be noted that the NN antiferro-
magnetic interaction between Mn-Mn close pairs is so strong
that in a first approximation the ferromagnetic interaction
given by Eq. (4) will have no effect on them. This has been
accounted for by limiting the summation in Eq. (4) only to
the sites occupied by unpaired Mn?* ions. As the donor is
rather deep, the exchange and the central cell corrections are
important, so that the wave function of the electron bound to
the donor will be far from a Slater-type orbital. Since it is
basically unknown it is sufficient to mimic the localization
effects by assuming a wave function uniformly distributed
within a radius R. To estimate the order of magnitude ex-
pected for the donor-mediated ferromagnetic coupling be-
tween the isolated spins, let us then consider a donor wave
function uniformly distributed over 70 unit cells:
(a®/4)|W(R,;)|*=1.41072 inside the orbital. Then for x=0.03
and assuming a random distribution there are on average two
isolated Mn spins inside the donor orbital assuming which
will be coupled by a ferromagnetic interaction. For
Nya=0.19 eV, the exchange energy per isolated spin inside
the donor orbital (a*/4)|W(Ri)|>Ss~ 30 K, which is roughly
the value of 6 observed for the x=0.026 sample. Therefore,
such donors are able to generate the ferromagnetic interac-
tion between unpaired spins observed in our experimental
result.

Note that this ferromagnetic coupling is not able to gen-
erate ferromagnetic ordering at room temperature, and in-
deed, the material in the experiments is paramagnetic at
room temperature. On another hand, at low temperature, it
will contribute to spin polarize the loose spins in a ferromag-
netic arrangement, hence the increase in the spin polarization
evidenced by the upward curvature of the I(7)~! curve ob-
served below 30 K in Fig. 4. This effect can only be ob-
served at low Mn concentrations, because the Mn spins must
be predominantly isolated, i.e., without any NN neighbor.
This is the basic reason why the ferromagnetic interaction is
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only observed at low Mn concentrations of x<<0.05. Note
this upward curvature below 30 K does not mean that the
material undergoes a transition to a ferromagnetic ordering at
this temperature. Actually, such an ordering is not expected.
Instead, the system should undergo a spin glass freezing at
low temperature, similar to those observed in magnetic semi-
conductors with ferromagnetic interactions not negligible
with respect to the AF ones.®

CONCLUSIONS

The magnetic interactions in intrinsic Zn;_Mn,O are an-
tiferromagnetic. Our results show that ferromagnetic interac-
tions are not an intrinsic property as envisioned in earlier
works.>”’7 They are neither due to secondary magnetic
phases®? nor due to the effect of disorder effects.'> They can
be quantitatively simulated to the coexistence of shallow and
moderately deep donors that can induce an effective ferro-
magnetic coupling between unpaired Mn ions at small x. We
also note that, in our approach, the amount of these donors
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do not have to be in such a large quantity that they generate
impurity bands.'” The experimental data are fully consistent
with this analysis. Note, however, that such donors can by no
means explain a long-range ferromagnetic ordering at room
temperature reported in the literature in some heavily Mn
doped Zn;_,Mn,O samples, especially as there is experimen-
tal evidence that the Mn distribution in Zn;_Mn,O is ran-
dom. High Curie temperatures in this case require different
mechanisms, such as double exchange interactions in p-type
materials. In n-type materials, high Curie temperature would
require much larger free carrier concentrations. Even though
it should be noted that the range of the RKKY interaction is
limited to the mean free path of the free carriers, and the
large decrease in the mobility with x will make this interac-
tion actually short range. A coupling between magnetic po-
larons in n-type samples would then require a huge concen-
tration (~10%° cm™) of the moderately deep donors
envisioned in this work. In this case the material would be-
come ferromagnetic yet the Curie temperature is expected to
be low, i.e., the order of the Curie-Weiss temperature 6.
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