PHYSICAL REVIEW B 82, 014408 (2010)

Magnetic-field-enhanced forbidden modes in Co-doped ZnO thin films revealed by Raman
scattering
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We have performed Raman-scattering measurements on single-crystalline ZnO thin films with 0 and 3% Co
doping. In the 3% Co-doped sample, three additional peaks are found whose intensities grow rapidly with
applied magnetic fields up to 7 T, and which remain even at room temperature. The nature of the “forbidden”
modes is explained in terms of bound magnetic polarons (BMPs), whose electronic density around each Co%*
impurity is altered by the field. This implies that BMPs dominate the local properties of dilute magnetic
semiconductors (DMSs) at low-carrier concentrations, and further that they may play an important role in

mediating long-range magnetic order.
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DMSs exhibit a number of unique magneto-optical and
magneto-electric properties, which arise from the interaction
between the carriers and the magnetic ions. In particular, the
high-spin-injection efficiencies they permit make them key
candidate materials for future spintronics applications. Con-
siderable effort has been expended in the search for DMSs
with high Curie temperatures (7.), and in this context ZnO-
based systems have attracted much attention. While the
predicted'? room-temperature ferromagnetism has indeed
been observed in Co-doped ZnO thin films,? the question of
whether the ferromagnetic signal is intrinsic or arises only
from the magnetic impurities remains controversial.*~

Several theoretical models have been proposed to under-
stand long-range magnetic order in DMSs. The Ruderman-
Kittel-Kasuya-Yosida (RKKY) model, developed for interac-
tions between local f-electron spins mediated by itinerant s
electrons, is not appropriate in DMSs because of the weaker
localization of their d electrons.” A modified Zener model
incorporating some of the same ideas, and valid for higher
carrier concentrations, provided predictions valuable in the
search for high-T, DMSs.! First-principles calculations sug-
gest a double-exchange model where interactions are medi-
ated by itinerant electrons instead of oxygen ions,” and again
higher carrier concentrations are required. In a magnetic-
polaron theory,? carriers from intrinsic hydrogenic impuri-
ties, which arise from vacancies and interstitials whose
concentration® is of order 10'® cm™, interact with and po-
larize the magnetic ions within their effective radius to form
BMPs. Long-range ferromagnetism emerges as these mag-
netic clusters overlap, which accounts for the observation of
ferromagnetism also at low carrier concentrations. The dif-
ferent models are supported to a greater or lesser extent by
different measurements, and to date there is no consensus on
ferromagnetism in DMSs. There is, thus, a pressing need for
specially designed experiments able to obtain the informa-
tion critical for understanding the mechanism.

Raman scattering is a unique technique for the investiga-
tion of electronic and magnetic excitations, and has been
used widely for exploring lattice vibrations and impurity
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phases in DMSs. We have performed Raman-scattering mea-
surements over a range of temperatures and fields on single-
crystalline ZnO thin films selected carefully to ensure that
the features observed are truly intrinsic. We find in Co-doped
ZnO films that an applied magnetic field causes a very sig-
nificant enhancement of three forbidden phonon excitations,
which we determined to be B, and its second-order modes.
Comparison of the Raman spectra for different doping con-
centrations, temperatures, and magnetic fields leads unavoid-
ably to an explanation in term of BMPs. Our results therefore
confirm that BMPs indeed exist in low-carrier-concentration
DMSs and that they have a dominant effect on local mag-
netic properties, while in addition suggesting strongly that
their overlap may be key to the emergence of long-range
magnetic order.

ZnO:Co thin films were grown by a radio-frequency oxy-
gen plasma-assisted molecular beam epitaxy (MBE) process.
High-purity 6N Zn, 5N Co, and 5.5N O, sources were used.
A 30 nm ZnO buffer layer was deposited on an Al,O5 (0001)
substrate, followed by a 100 nm ZnO:Co epilayer with a
growth rate of 0.9 nm/min at 450 °C. The presence of
single-crystalline phases was confirmed by real-time reflec-
tion high-energy electron diffraction (RHEED) and by high-
resolution x-ray diffraction. The Co concentration was con-
trolled through the ratio of Zn and Co fluxes and verified by
in sifu x-ray photoelectron spectroscopy (XPS) and energy-
dispersive x-ray analysis (EDX). The XPS spectra indicate
that Co®* ions have been incorporated into the host lattice at
the Zn?* sites. More details concerning thin-film growth and
characterization may be found in Ref. 10.

We present first our magnetization measurements on pure
and 3% Co-doped samples, which were made with a quan-
tum design superconducting quantum interference device
(SQUID). The measurements, shown in Fig. 1, were per-
formed at room temperature. While there is no discernible
hysteresis in a ZnO film, a hysteresis loop is clearly visible
for the 3% Co-doped sample. This demonstrates that long-
range ferromagnetic order is present, and that it persists to
temperatures of 300 K.
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FIG. 1. (Color online) Magnetization as a function of field for
pure and 3% Co-doped ZnO thin films at room temperature. Inset:
magnetization over a wider field range.

The Raman measurements were performed with a triple-
grating monochromator (Jobin Yvon T64000) whose reso-
lution is 0.6 cm™' (subtractive mode). A 50X objective mi-
croscopic lens with a working distance of 10.6 mm was used
to focus the incident light on the sample and to collect the
scattered light. The detector is a back-illuminated charge-
coupled device (CCD) cooled by liquid nitrogen. The laser
beam, of wavelength 532 nm and approximate power 3 mW,
was focused into a spot of diameter ca. 5 wm on the sample
surface. The samples were mounted in a helium cryostat un-
der a vacuum of 1077 torr and the magnetic field was applied
using a superconducting magnet (Cryomagnetics) with a
room-temperature bore.

ZnO is a polar crystal and possesses a wurtzite structure
with point group Cgv, both the Zn and O atoms occupying
C,y sites. This symmetry allows A;+E;+2E, Raman-active
modes and silent B; modes. The Raman-active modes have
been assigned and studied in many previous measurements.'!
Fig. 2 shows the zero-field Raman spectra for pure and 3%
Co-doped thin films from 8 to 300 K. The peaks located at
approximately 100, 380, 437, and 582 c¢m™! in Fig. 2(a) can
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FIG. 2. (Color online) Raman spectra of pure and 3% Co-doped
ZnO thin films over a range of selected temperatures.
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FIG. 3. (Color online) (a) Raman spectra of pure (left) and 3%
Co-doped (right) ZnO thin films at three temperatures and for a
range of fields. Red arrows indicate the enhanced modes. (b) Mag-
nified spectra of 3% Co-doped ZnO, shown for the strongly field-
enhanced peaks at 278, 512, and 586 cm™! at 8 K for different
applied magnetic fields. Symbols denote experimental data and
curves denote Lorentzian fits.

be assigned, respectively, to the modes Elz"w, A(TO), E‘;gh,
and the E, mode (S in Fig. 2) of the sapphire substrate.'®
These modes also dominate the spectra of the 3% Co-doped
system [Fig. 2(b)], but weak additional peaks are discernible
at approximately 278 and 586 cm™', and a very weak peak at
512 cm™.

The primary focus of this manuscript is the magnetic field
dependence of these additional peaks. In the Raman spectra
shown in Fig. 3(a) for the two samples at 8, 100, and 300 K,
the results for pure ZnO show no obvious or systematic
change due to the magnetic field; we comment below on the
weak enhancement of the 278 and 586 cm™' modes apparent
only at intermediate (but not at high) fields. By contrast, in
the 3% Co-doped sample there is an unambiguous and dra-
matic enhancement of the three additional peaks mentioned
above. This enhancement increases with the field and in-
creases with decreasing temperature. Figure 3(b) shows the 8
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FIG. 4. (Color online) Representation of atomic vibrational mo-
tion in the silent B; modes. Left: BI°™. Right: B"e",

K spectra of the Co-doped sample in detail for the frequen-
cies corresponding to these peaks.

To understand this strong, field-induced enhancement of
the three forbidden modes, first their origin must be estab-
lished. These modes have in fact been observed in
N-substituted ZnO, where they were thought to be induced
by the N impurities,'? but were later reported also in samples
with nonisoelectronic cation substitution.!*> By combining
the available experimental evidence with first-principles cal-
culations, these features were determined!* to be the silent B,
plus its second-order modes, which usually appear simulta-
neously as a characteristic fingerprint (Fig. 4). In detail, the
peaks at 278, 512, and 586 cm™! correspond, respectively, to
the Bll"W vibration of Zn along the ¢ axis, the second-order
2B mode, and the B"¢" vibrational mode of O along the ¢
axis. A schematic representation of the B, modes is presented
in Fig. 5. The appearance of the silent modes at zero field
[Fig. 3(b)], albeit with very low intensity, suggests that their
activation is caused by the breaking of local translational
symmetry due to Co?* impurities, which lifts the constraint
of momentum conservation.'>»!% Breaking of translational
symmetry at the interface of the thin film could in principle
also allow the (weak) presence of these modes both with and
without Co-doping,?! a topic to which we return below.

For a quantitative analysis of the enhancement effect, the
solid lines in Fig. 3(b) are Lorentzian fits to the intensities of
the three forbidden modes. Taking into account the intensity
fluctuations caused by temperature changes and by laser
power drift, it is more appropriate to compare the relative
intensities: from the fit we take the relative integrated inten-
sities normalized by the substrate (582 cm™') mode in the
same spectrum. The dependence of the relative intensity on
magnetic field at different temperatures is shown in Fig. 5.
The intensities of the three “forbidden” modes show a clear
and almost linear increase with magnetic field up to 5 T,
beyond which the slope decreases toward a saturation of the
enhancement effect.

This unique and unambiguous enhancement places strict
constraints on any microscopic explanation. First, the effect
has no connection to magnetic excitations (magnons or other
spin-flip processes), which would have an energy shift linear
in the applied field, as well as much lower mode energies.
Second, the field-induced enhancement of an infrared-active
phonon mode was reported in a@-Al,O5 and interpreted as a
change of polaron cyclotron mass.'> However, because the
isovalent substitution of Co®* ions at low concentrations has
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FIG. 5. (Color online) Magnetic field dependence of relative
Raman intensities of the three enhanced peaks, normalized to the
intensities of the respective substrate (582 cm™') modes.

little effect on the electron-phonon coupling, a polaron sce-
nario cannot explain why the forbidden modes are enhanced
only in the doped sample. Third, the latter problem applies
also to a carrier-mediated mechanism for ferromagnetism,
such as RKKY or double exchange. We stress again that our
samples have only a low-carrier concentration, with no ex-
trinsic carrier doping. Finally, a similar enhancement by ex-
ternal magnetic field was reported in both doped and un-
doped GaAs/Al,Ga,_,As superlattices,>! where it was
explained as confined LO phonons and interface modes. The
present results differ fundamentally from those obtained for
superlattices, in that the systematic and quasilinear enhance-
ment effect exists only in the Co-doped ZnO sample, and
thus cannot be ascribed to an interface effect. However, the
weak intensities of the forbidden modes visible at some
fields in the undoped ZnO thin film [Fig. 3(a)] may be attrib-
uted to the interface.

Returning to Fig. 3(b), the very low intensity of the for-
bidden modes at zero field indicates that the isovalent Co**
ions only have a small effect on the host lattice. However, by
comparison with the N- and cation-substitution'® experi-
ments mentioned above, the effect of an applied magnetic
field is to cause the Co?* ions to act in a manner similar to
such impurities. This implies immediately that an applied
magnetic field must affect the electronic configuration of
Co?* ions, i.e., that it must cause a transfer of electron den-
sity within the 3d orbitals.

Such a transfer may be understood naturally in the BMP
picture. In a BMP, the s-d exchange between a local spin S
and a donor electron spin § can be represented by an effec-
tive molecular field Hy=J,,(S.)/2uompp’, where Jy, is the
s-d exchange parameter, (S,) is the average z component of
the local spin S, Mo 1s the magnetic susceptibility in vacuum,
mp is the Bohr magneton, and p=ry/r, is the ratio of the
hydrogenic orbit radius of a donor electron to the cation
radius.® Typical values of 1.5 eV for J ,, 3/2 for (S.), and 13
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for p yield an estimate for the effective molecular field of
approximately 8 T, comparable to the maximum applied
field. The applied field can be considered equivalent to an
increase in effective s-d exchange energy, and hence controls
the transfer of electronic density in a BMP. Coey et al. sug-
gest further that this electron density transfer causes an ef-
fective enlargement of r,, which is important in the explana-
tion of high-T, ferromagnetism in DMSs.®

A quantitative analysis based on this microscopic descrip-
tion follows the bond-polarizability model of Wolkenstein,!”
which has been applied extensively to calculate Raman in-
tensities. The dominant contribution to the electronic polar-
izability is taken to be from pairs of nearest-neighbor atoms,
and can be written as'®

1 1 T
aij=5(2C¥p+al)5ij+(ap—az)<§5ij—7[>, (1)

where 7 is the connecting vector of a pair. a, and «; are,
respectively, the perpendicular and longitudinal bond polar-
izabilities. Taking a spherical ionic shell and including the
effect of induced ionic dipoles, one obtains!®

1 1\! 1 1\!
a,=41e, r—g+; + r_3+; ) (2)
A (1 2)-1+(1 2)-1 3
o =4me)| | 5 — = =- ,
Ao\ pTE) BT

in which r.(r,) is the cation (anion) radius and the bond
length is r=r.+r,+x. For a Co-O bond oriented along the ¢
axis in ZnO, the derivative of the polarizability with respect
to the c-axis displacement x of Co is'®

da  Jda; 24 ) P ) -2 P ) -2 @)
—_— = = - € - — +|—=- .
Jx  or meor rz rZ

The Raman intensity is in general proportional to the
square of the induced polarizability derivative,
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I (da/ 9x)*2° Analysis of the forbidden modes requires only
the cation polarizability and the magnetic field dependence
of r.. Based on the above formulas and considering the
approximately constant ratio of r, to r. one obtains
da dxoer2. Thus [ r?, and hence o< H*?33 This result agrees
well with the behavior of the measured Raman intensity in
the regime below 5 T, as illustrated in Fig. 5. The transfer of
electronic density in an applied field is limited by the fact
that the local Coulomb energy is driven up, which results in
the saturation above 5 T.

In summary, we have performed Raman-scattering mea-
surements over a range of temperatures and magnetic fields
on high quality, single-crystalline ZnO:Co thin films. In 3%
Co-doped samples, the forbidden B; single and multi-phonon
modes show a dramatic enhancement due to the magnetic
field. This result places strict constraints on valid micro-
scopic models: the BMP framework provides both a natural
qualitative interpretation and a quantitative description of the
experimentally determined field dependence of the Raman
intensity.

These observations shed further light on the question of
ferromagnetism in DMSs, and prove that phonon enhance-
ment in a magnetic field is a very sensitive and quite unique
probe of these systems. Our Raman measurements demon-
strate not only the existence of BMPs in low-carrier-
concentration DMSs, but that they dominate the local mag-
netic properties. Given our observation of a ferromagnetic
hysteresis loop, and the persistence of the field-induced
mode enhancement, at room temperature in the Co-doped
film, the results also suggest strongly that BMPs play an
important role in establishing long-range ferromagnetic or-
der, as proposed by Coey et al.® A direct observation of BMP
overlap is thus an overriding goal for further experimental
studies.
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