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Abstract

The electronic structure of Co-doped anatase TiO, epitaxial thin films grown
at different partial oxygen pressures is investigated using soft Xx-ray emission
spectroscopy. The resonantly excited Co L,3; x-ray emission spectra of
ferromagnetic Tig.96C00.040, samples for the oxygen-deficient regime show that
the ratio of integral intensities for Co L, and L3 emission lines significantly
decreases with respect to nonmagnetic samples in the oxygen-rich regime. This
is due to L,L.3sMy 5 Coster—Kronig transitions and suggests that ferromagnetic
Ti0.06C00.040, samples have n-type charge carriers and Co—Co bonds between
substitutional and interstitial Co atoms are present while Co—O bonds are
dominant in nonmagnetic Tip9C00 040, samples in the oxygen-rich regime.
Electronic structure calculations show that the presence of free charge carriers
and Co segregation play a crucial role in strong ferromagnetism at room
temperature in Co-doped TiO;.

1. Introduction

Diluted magnetic semiconductors (DMSs) have been studied extensively because of their
potential application to spintronic devices in which carriers are provided and their charge and
spin are manipulated. Previous research has focused on two types of DMS families: II-VI
semiconductors, such as Mn-doped CdTe and ZnSe, and III-V semiconductors, for example
Mn-doped GaAs [1, 2]. The latter material has especially attracted great attention since it
becomes a ferromagnetic DMS with a Curie temperature (7¢) of 110 K [2]. However, practical
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Table 1. Synthesis parameters of Tip.96C0¢.0402 samples.

Partial Oy Thickness
Sample  Composition pressure (Torr)  (nm) Property
1 Ti0.06C00.0402_5* 1.0 x 107® 40 Ferromagnetic
2 Ti.96C00.040,_5 3.5%x107° 40 Ferromagnetic
3 Tio.06C00.040,_s 1.0 x 107* 30 Nonmagnetic

4§ varies with oxygen partial pressure.

spintronic devices require new materials with higher 7¢ in order to allow electrons and holes
of well defined and long-lived spin states to be controlled at ambient temperature. It has
been found recently that Co-doped 3d oxides such as ZnO:Co, SnO,_s;:Co, Cu,0:Co, and
TiO,:Co show ferromagnetic behaviour at room temperature (RT) [3-6]. These findings have
generated strong interest in the DMS community because they could allow us to create new
multifunctional oxides with spin-polarized carriers. Among these dilute magnetic oxides, Co-
doped anatase TiO, is considered to be the most magnetically robust DMS with regard to its
large magnetic moment (1.26 ug per Co atom), large remanent magnetization (30%), and high
Tt (at least 400 K) [7, 8].

According to references [7] and [8], the ferromagnetic ordering of Co ions in Co,Ti;_,O,
strongly depends on the presence of excess oxygen vacancies and originates from substitutional
Co’* impurities magnetically coupled with conduction electrons that are induced by oxygen
vacancies. Since the growth conditions on the other hand significantly affect the magnetic
properties of TiO,:Co [7], the possibility of Co segregation (Co clustering) cannot be excluded
in this system. The presence of such clusters was revealed by cross-sectional transmission
electron microscopy (TEM) [9, 10]. If the material is grown under less oxidizing conditions,
these clusters become more pronounced and the magnetic moment becomes similar to that
of bulk Co metal (1.75 wp/Co) [11]. More evidence for Co clustering has been found
from transport measurements. It has been shown that the resistivity of TiO,:Co follows a
log(p) ~ T~'/2 correlation over a wide temperature range. This is considered typical for
metallic clusters embedded in a dielectric matrix [12, 13].

In the present paper, we show that resonant inelastic x-ray scattering (RIXS) provides a
powerful way to probe local ordering change in magnetic dopants and to monitor the presence
of free charge carriers in DMS systems. The experimental results and relevant theoretical
calculation are discussed to verify the relation of local order change and free charge carrier
to ferromagnetism in Co-doped TiO; at RT.

2. Experimental details

High quality epitaxial films of Tip9sC00,040,_s (§ varies with partial oxygen pressure) were
grown on SrTiO3(001) single crystalline substrates using a pulsed laser deposition method as
described elsewhere [9, 11]. A sintered polycrystalline Tip96C0¢.040, target was ablated by
a KrF excimer laser with a fluence of 1.5 Jcm™2 at 2 Hz. The substrate temperature was
kept constant at 650°C and the partial oxygen pressure (Pp,) was varied from 1 x 107° to
1 x 10~* Torr. The growth rate was less than 0.2 nm min~!. The thickness of each film was
determined from oscillations in the x-ray reflectivity to be about 30—40 nm (see table 1). The
XRD pattern reveals the crystal structure of TiO, and does not exhibit features from traces
of metallic Co. According to the magnetic hysteresis measurements of the samples (using a
superconducting quantum interference device), only Ti96C0¢ 040, _s films grown under Pp,
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Figure 1. Co L, 3 XES spectra of oxygen-deficient Tip.96Co00.0402 sample 1 (a) and oxygen-rich
sample 3 (b).

below 1 x 107> Torr (samples 1 and 2 in the oxygen-deficient regime) exhibit ferromagnetism
at RT. The film grown at a pressure Po, of 1 x 10~* Torr is nonmagnetic (sample 3 in the
oxygen-rich regime) [9].

The x-ray emission spectroscopy (XES) measurements were carried out at beamline
8.0.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory. Resonant
Co L,3 (3d4s — 2p transition), Ti L, 3 (3d4s — 2p transition) and nonresonant O Ko
(2p — s transition) emission spectra were recorded at RT and only Co emission spectra reveal
noticeable changes in dependence on partial oxygen pressure Pp,. All measured spectra are
normalized to the number of photons falling on the sample monitored by a highly transparent
gold mesh.

3. Results and discussion

Co L,3 XES spectra of ferromagnetic (sample 1) and nonmagnetic Tip96C00 04O, films
(sample 3) measured at different excitation energies (Ec.) are presented in figure 1. The two
main bands located around 775 and 790 eV correspond to Co L3 (3d4s — 2p;3,, transition) and
Co L, (3d4s — 2py» transition) normal emission lines, respectively. Their energy separation
exactly corresponds to spin—orbital splitting of Co 2p and does not change with excitation
energy. We note that the integral intensity ratio of Co L, to L3 emission lines (I (L,)/I(L3))
of sample 1 excited above the L, threshold (spectra for 793.7 eV < Eie < 796.2 eV) is
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significantly smaller than that of sample 3. In the case of sample 2 (not shown), the overall
spectral behaviour is similar to that of sample 1. The differences in the Co L, 3 XES spectra
of ferromagnetic and nonmagnetic Tip96C0004O, samples reflect changes in the number of
free charge carriers for different partial oxygen pressures Po, during sample synthesis and are
discussed below.

L, and L3 x-ray emission from 3d elements corresponds to x-ray transitions from
(occupied) 3d4s valence states to 2p; , and 2p;,, core vacancies. For free atoms with fully
occupied d shell, the relative intensity ratio of L, and L3 XES lines, (L;)/I(L3), is determined
only by the statistical population of 2p, , and 2p; , levels and therefore should be equal to 1/2
if no radiationless transitions occur. In solids this ratio can deviate from the value of 1/2 due
to the electrostatic interaction between 2p core holes and electrons in the unfilled 3d shell. In
any case the integral intensity ratio 7 (L,)/I(L3) can provide information about the population
of the valence bands (with d symmetry).

Aside from the 2p—3d interaction, radiationless L,L.3; M4 5 Coster—Kronig (C—K) transitions
also influence the intensity ratio 7(L,)/I(L3) in solids. Generally, C-K transitions partially
depopulate the L, states of the system when radiationless transitions from the L, to the Lj
level occur before the emission process can take place. In this case the transition energy
can be released via emission of 3d Auger electrons. The probability for this process in free
atoms is small but it is strongly enhanced in condensed matter systems. This is due to the
fact that a screening of intra-atomic electron interactions in solids leads to a decrease in energy
difference between initial and final states of the radiationless C—K process. This effect becomes
particularly prominent in metals [14, 15].

Taking into account all these factors, we used the following expression for the 7 (L,) /1 (L3)
ratio [16]:

I(L) _ 1 — f23
I(L3)  fos3+us/p’

where f; 3 is the probability for the C—K process and 13/t is the ratio of total photoabsorption
coefficients for excitation energies at L3 and L, threshold. In the case of excitation energy
well above the L, threshold (nonresonant regime), /¢3//4, has a constant value of two for all
elements. Therefore, the ratio I(L;)/I(L3) is determined only by the parameter f, 3, which
increases for a given element (Co in our case) with the number of free d carriers available [15].
For resonant excitation, on the other hand, the parameter wu3/pu, changes (with E.) and
becomes minimal when exciting at the L, threshold [16]. This means that the ratio 7 (L,)/I (L3)
strongly increases excitation at the L, threshold (795 eV for Tig.96C00.0405_5).

To verify the influence of radiationless L,L3M4 s C—K transitions for nonresonant and
resonant excitation, we compare Co L, 3 XES spectra of the samples nonresonantly excited at
820 eV (well above L, edge) to emission spectra resonantly excited at 795 eV (L, threshold) in
figure 2. The ratio 7 (L,)/I(L3) for the nonmagnetic sample 3 (oxygen-rich regime) strongly
depends on Ey, indicating that L,1.3My4 5 C-K transitions are strongly suppressed due to a
lack of free charge carriers and thus the change in the intensity ratio 7 (L,)/I(Ls) is largely
governed by p3/2. On the other hand, the ratio 7(L;)/1(L3) is reduced for samples 1 and 2
(oxygen-deficient regime) compared to that of the oxygen-rich sample 3 for both nonresonant
and resonant excitation and also shows less correlation with excitation energy. This shows that
C-K transitions are significantly enhanced by a larger number of 3d conduction electrons in
samples 1 and 2. A similar tendency is found in the XES spectra of metallic Co and dielectric
CoO, which are displayed in figure 3. We note that the full width at half maximum (FWHM)
of Co L, 3 XES spectra of samples 1-3 is larger than that of the Co and CoO reference samples
displayed in figure 3. Due to the small concentration of Co dopants in Tip.96C00.0402, the
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Figure 2. Co L, 3 XES spectra of samples 1-3 excited nonresonantly (Eex. = 820 eV) (a) and
resonantly at the L, threshold (Eexc = 795 eV) (b). Different synthesis parameters for the three
samples are given in table 1.

spectrometer entrance slit had to be opened in order to collect a sufficient number of photons,
giving rise to a decreased spectrometer resolution for Tig 96C0¢.0403.

When comparing to the spectra of the Co and CoO reference samples, we find that the Co
L, 3 XES spectra of the nonmagnetic sample 3 are very similar to those of CoO. This similarity
is not surprising because Co dopants substituting Ti atoms in the TiO, lattice are surrounded
by oxygen (in octahedral coordination). It should be noted that x-ray transitions in the x-
ray emission process occur within the Co atom and thus the corresponding XES spectra are
determined mainly by the first coordination sphere of the excited atom. On the other hand the
Co L, 3 XES spectra of ferromagnetic samples 1 and 2 are more similar to the XES spectra of
Co metal than to those of CoO. However, as shown in table 2, the intensity ratio 7 (L,)/I (L3)
for samples 1 and 2 is slightly larger than that of Co metal. This means that both Co—Co
and Co-O bonds coexist in ferromagnetic Tip96C0¢.0402, while in the nonmagnetic samples
Co-0 bonds are much more dominant. We therefore suppose changes in the local ordering of
Ti.06C00.040; films due to a segregation of Co atoms in interstitial sites from Co—Co interaction
near the excited Co atom. Since such changes in local ordering depend on the partial oxygen
pressure Pp, and are not accompanied by formation of additional phases, only a chemically
sensitive local-probe method like XES provides an efficient analysis.

In addition to L,L.3My 5 C—K transitions, the L3sM;My s and L;M; 3My s Auger transitions
can also affect the intensity of resonantly excited Co L3 XES spectra (spectra for excitation
energies between 777.7 and 781.0 eV in figure 1). This occurs when a hole is transferred from
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Figure 3. Co L, 3 XES spectra of Co and CoO samples excited nonresonantly (Eexc = 820¢eV) (a)
and resonantly at the L, threshold (Ecxc = 795 eV) (b).

Table 2. 1(L,)/I(L3) intensity ratio of Tip96C00,040,_5 samples (samples 1-3) and reference

samples.
Nonresonant ~ Resonant

Sample  spectra spectra

1 0.306 0.388

2 0.306 0.388

3 0.513 1.163
CoO 0.439 1.408

Co 0.160 0.352

the L3 to the M; or M, 3 level accompanied by collective plasma vibrations. At the plasma
vibration energy of about 10—15 eV the optical potential reaches its maximum value and only
depends on the concentration of the conducting electrons [17]. It is important to note that this
energy coincides with the spin—orbit energy when an L, hole relaxes to the L3 level. This
relaxation energy is transferred to the electron density, giving rise to plasma vibrations.

The above considerations of resonantly excited Co L, 3 emission lines and their intensity
ratio I (L,)/I(L3) provide direct evidence that Tip9sC0¢ 040, films that show ferromagnetic
properties have not only Co—O but also significant Co—Co interaction. This supports the
existence of precipitated Co atoms leading to large numbers of free charge carriers (in the
form of conduction band electrons with d symmetry). When Tig 9sC0¢ 04O, films are grown
under high oxygen pressure, Co atoms mostly substitute for Ti atoms and thus interact strongly
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Figure 4. Calculated Co 3d DOS for Co metal (a), CoO (b), and two model configurations of
TiO,:Co with interstitial Co in the oxygen-deficient regime (c) and that in the oxygen-rich regime

(d).

with the surrounding oxygen octahedron for the oxygen-rich sample. In this case, the system is
lacking free charge carriers and does not exhibit ferromagnetic properties.

Recently, there have been several theoretical papers on the significant effects of the
structural disorder and cluster formation of 3d dopants on ferromagnetism in some DMS
compounds. These results are based on using mean-field theory [18, 19] and density functional
theory [20]. In accordance with these approaches used, electronic structure and exchange
interactions for different configurations of Co dopants within a supercell containing 64
tetragonal units (4a x 4a x 4c) of anatase TiO, were investigated using the linearized muffin-tin-
orbital method in the atomic-sphere approximation (LMTO-ASA) with the local spin-density
approximation (LSDA)® [22]. An anatase Ti;4C0,03, structure with two substitutional Co
atoms [Co(S)] was calculated first in order to simulate super-exchange interaction with oxygen
participation. The calculated density of states (DOS) of the Tij4C0,03, model structure is
displayed in figure 4 and is found to be similar to that of CoO (see figures 4(b) and (d)).

In addition, the exchange interaction parameters between Co impurities were determined
by using a similar method described in [23] which does not require a total energy calculation.

6 We have used the same abbreviation and structural parameters for clusters as in the paper of Geng and Kim [21].
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This is a very efficient method for calculating such a large system containing more than 50
atoms, without having to make small corrections to the total energy. The resulting exchange
interactions between two Co(S) atoms via oxygen result in a 7¢ value of about 140 K and thus
is not strong enough to induce ferromagnetism at RT. Taking into account the XES results, two
different types of Co configurations in TiO, are calculated: Ti;4Co303¢ with two Co(S) and
one interstitial Co atom (Co(I)) (see [21]) and Ti;,Cos50,g with four Co(S) and one Co(I) ion,
which simulates the local structure of Co atoms in oxygen-deficient TiO,:Co. The choice of
such clusters is based on previous electronic structure calculations of Co dopants and defects
in anatase TiO; [21, 24]. Figures 4(a) and (c) show that the Co 3d DOS for both clusters is
similar to the DOS of Co metal rather than the DOS of CoO, and therefore these configurations
are good models for Co clusters in the oxygen-deficient case.

According to our calculations, the super-exchange interaction between Co(S) and Co(I) (or
Jco(s)—co()) is much stronger than the one for Co(S) and Co(S) (or Jco(s)—co(s))- In the case of a
model cluster with a 2Co(S) + Co(I) configuration, Jco(s)—coqy has a value of about 280 K and
is still too weak to induce ferromagnetism (at room temperature). However, for the cluster with
4Co(S) + Co(I) configuration, Jcom—co(s) Significantly increases and free conduction electrons
begin to be present. The amount of free charge depends on the degree of oxygen deficiency and
plays an important role in increasing Jcom)—co(s)- The additional exchange interaction due
to free charge carriers in a strongly oxygen-deficient configuration enhances Jco(s)—co(y Up to
650 K, which is much higher than the value of 225 K obtained for the same kind of cluster in the
oxygen-rich configuration. From these exchange values we can calculate 7T¢ for an embedded
cluster using a standard formula for the Ising model:

NS +1
TC=Z%, 2)

i=1
where N is the total number of exchange pairs, and § is the spin on the magnetic atoms. The
resulting 7¢ value that corresponds to a Jeo(s)—com of 650 K is about 347 K, which is very
close to the experimental result.

In addition, the magnetic moments of Co(S) and Co(I) calculated for TiO,:Co with
the oxygen-deficient configuration are about 0.7 and 1.65 up, respectively. The average
magnetic moment of 1.2 up per Co atom is in good agreement with the experimental value
of 1.26 up [7, 8]. Based on these results we suggest that the presence of interstitial Co atoms
and the relevant Co cluster consisting of a sufficient number of substitutional and interstitial Co
atoms must be taken into account to induce ferromagnetism in TiO,:Co (at room temperature).
It is noted that these calculated results describe only the magnetic characteristics of Co clusters
in TiO, and not of the entire system because they provide information only on short-range
ferromagnetism. The correlation between short- and long-range ferromagnetism is still an open
problem for high 7¢ ferromagnetism of the DMS systems.

4. Conclusions

We have shown that RIXS can be used to probe the local ordering changes in Co-doped TiO,
films grown at different partial oxygen pressure. By monitoring the intensity ratio 7 (L,)/7 (L3)
of nonresonantly and resonantly excited Co L, 3 emission spectra, it is found that n-type
charge carriers are induced in oxygen-deficient TiO,:Co showing the ferromagnetic property
at RT. From our spectroscopic measurements and electronic structure calculations we find
that two things play a crucial role: (1) the presence of direct Co(S)—Co(I) interaction due to
segregation of Co dopants into interstitial sites and (2) the presence of free charge carriers, that
enhances super-exchange interaction and induces strong ferromagnetism in these materials.
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Moreover, the calculated magnetic properties of the Co configuration that consists of four
substitutional and one interstitial Co atom agree with the experimental results for ferromagnetic
Co-doped TiO;.
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