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Magnetic Cr doping of Bi,Sez: Evidence for divalent Cr from x-ray spectroscopy
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Ferromagnetically doped topological insulators with broken time-reversal symmetry are a prerequisite for
observing the quantum anomalous Hall effect. Cr-doped (Bi,Sb),(Se,Te); is the most successful materials
system so far, as it combines ferromagnetic ordering with acceptable levels of additional bulk doping. Here, we
report a study of the local electronic structure of Cr dopants in epitaxially grown Bi,Se; thin films. Contrary
to the established view that the Cr dopant is trivalent because it substitutionally replaces Bi**, we find instead
that Cr is divalent. This is evidenced by the energy positions of the Cr K and L, 3 absorption edges relative to
reference samples. The extended x-ray absorption fine structure at the K edge shows that the Cr dopants substitute
on octahedral sites with the surrounding Se ions contracted by Ad = —0.36 A, in agreement with recent band
structure calculations. Comparison of the Cr L, 3 x-ray magnetic circular dichroism at 7 = 5 K with multiplet
calculations gives a spin moment of 3.64 pp/Cryuk, Which is close to the saturation moment for Cr** d*. The
reduced Cr oxidation state in doped Bi,Se; is ascribed to the formation of a covalent bond between Cr d(e,) and
Se p orbitals, which is favored by the contraction of the Cr-Se distances.
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I. INTRODUCTION

The class of materials with tetradymite structure, including
Bi,Tes, Bi,Ses, and Sb,Tes, has been extensively studied for
thermoelectric applications [1] and more recently attracted
profound interest as three-dimensional topological insulators
(TIs) [2]. These materials, which also occur naturally as vein
minerals [3], can be grown as high purity samples in the form of
single crystals [4], epitaxial films [5], and nanostructures [6].

Magnetic TTs are the prerequisite for observing the quantum
anomalous Hall (QAH) effect [7] and other exotic magneto-
electric effects [8]. In these materials, ferromagnetic ordering
leads to the breaking of time-reversal symmetry (TRS) and
the opening of a band gap around the Dirac point [8—10]. The
QAH effect has been experimentally demonstrated in Cr-doped
(Bi1,Sb),Te; [11], and is predicted to exist in other Cr-doped
dichalcogenides such as Bi,(Se,Te); as well [12]. The choice
of Cr as dopant for dichalcogenides over the obvious transition
metals Mn [13] and Fe [14] is determined by the electronic
structure. Whereas Mn and Fe lead to a quasimetallic state
[15], Cr gives a gapped ferromagnetic ground state in, e.g.,
Bi,Ses, as it is believed to be in a trivalent state which
is isoelectronic to Bi** [7,16]. Other than (Bi;_,Cry),Ses,
with substitutional Cr on Bi sites, a possible doping scenario
might be the incorporation of Cr in the van der Waals gap,
CryBi,Ses, which gives a lower oxidation state with increased
n-type carrier concentration and increased c lattice spacing
(see Fig. 1).

The established opinion in the literature is that the Cr dopant
is trivalent because it substitutionally replaces the Bi’" in
Bi,Se; similar to related compounds [7,11,15-23]. In this
paper, we use the element-specific techniques of extended
x-ray absorption fine structure (EXAFS), x-ray absorption
spectroscopy (XAS), and x-ray magnetic circular dichroism
(XMCD) to determine the local electronic and magnetic state
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of the Cr dopants in Bi,Se;. Contrary to the prevalent belief
we find that the substitutional Cr is mainly divalent, which is
due to the covalent character of the Cr—Se bonds.

II. VALENCE STATE OF Cr IN Bi,Se;

The assignment of the oxidation state of Cr has been
based on various results, namely theoretical methods such
as band structure calculations or experimental techniques
such as transport measurements, magnetometry, and core-level
spectroscopies. Below, we will discuss the status of these
different methods and make some relevant comments.

A. Band structure calculations.

Larson and Lambrecht [17] calculated substitutionally
doped transition metals in BiyTes, Bi,Ses, and Sb,Te; using
the full-potential linearized muffin-tin orbital method in local
spin-density approximation (LSDA). These authors obtained
an oxidation state of 34 for the early first row transition-metal
series up to Fe, which in the latter part reduces closer to
2+ (Co) or 1+ (Ni). This was ascribed to the hybridization
between the transition metal 3d and Se/Te p states. These
results were confirmed and extended using first principle
calculations in the generalized gradient approximation (GGA)
by Zhang et al. [15,24], who found that Crt in Bi,Ses has
a negative formation energy for the whole range of chemical
potential, indicating the doping of Cr can occur spontaneously.

It is worth noting that density functional theory (DFT)
calculations underestimate the 3d electron correlation effects
and exchange interaction. In DFT the ground state is expressed
as a function of electron density. In its practical application,
called the local density functional approach (LDA), the kinetic,
nuclear, and Hartree potentials are taken into account with
exchange and correlation effects described by a combined
potential. The potentials are local functions of the electron
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FIG. 1. (Color online) (a) Crystal structure of Cr-doped Bi,Ses.
Quintuple layers (Se-Bi-Se-Bi-Se) are separated by a weakly bonding
van der Waals gap as indicated by arrows. Cr dopants are shown
substituting for Bi (S) and interstitially in the van der Waals gap
(I). The interstitial Cr is shown in (b) distorted octahedral and
(c) distorted tetrahedral coordination.

density and any complications are collected in the exchange-
correlation potential. Such calculations have been very suc-
cessful in obtaining the exact ground state energy and charge
density, taking into account the effective electron correlation;
however, the wave function in the LDA approximation has no
physical significance and should only be used at the Fermi
level.

B. Transport measurements.

Indirect insight into the oxidation state of the dopant can be
obtained from transport measurements via the determination
of the carrier concentration and supporting models.

Kou et al. [20] argued that given the intrinsic n-type
behavior caused by Se vacancies in undoped Bi,Se; thin films,
the suppression of electron concentration in (Bi;_,Cr,),Ses
means that the majority of the Cr dopants are incorporated
within the crystal lattice in the form of Cr’*t, and therefore
substitute on the Bi sublattice. Also in the diluted magnetic
semiconductor Sb,_,Cr,Te; transport measurements suggest
that Cr is 34 and replaces Sb [25]. Hence isoelectronic
substitution of Cr** for Bi (or Sb) gives a rather weak charge
carrier (hole) dependence on the Cr content, while Cr** means
a source of carrier doping.

We note that the above argument does not take into account
that Bi** refers merely to a formal designation for the Bi-Se
bonding in Bi,Se;, which is not necessarily purely ionic but
can also be covalent. Furthermore, Cr’* has a very different
ionic radius than Bi** (see Table I). Substitution of Cr with
its smaller radius leads to a displacement of the neighboring
Se atoms, which can enhance the covalency of the chemical
bonds [15,17]. In the case of a covalent bond, or resonant
valence bond, such as Cr3t-Se?~ < Cr2+—Sel’, the charge
is redistributed locally over the bond atoms, so it does not
become a free carrier taking part in charge transport.

C. Magnetometry.

So far, evidence from conventional magnetometry is in-
conclusive. Magnetic studies on epitaxial, Cr-doped Bi,Ses
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TABLE I. Crystal ionic radii for sixfold coordinated Cr, Bi, Sb
cations and for Se, Te anions (Ref. [29]).

Ion Crystal ionic radius (pm)
Cr?* (high spin) 94

Cr** (low spin) 87

Cr3t 75.5

Cr+t 69

Crit 63

Bi** 117

Sb3+ 90

Se?~ 184

Te?~ 207

thin films using superconducting quantum interference device
(SQUID) magnetometry [19] and polarized neutron reflectom-
etry studies [26] consistently reported a magnetic moment of
~2 ug/Cr. Such a value is much less than the Hund’s rule value
of 3 uug for the spin moment of substitutional Cr** in Bi sites. It
would agree with low-spin Cr**, which requires an octahedral
crystal field above 2.5 eV [27], which is an unlikely scenario
because the energy to overcome the exchange interaction is
very high. First-principles calculations for Cr adatoms on the
surface of Bi,Ses give moments of ~3.78 g for substitutional
Cr and ~0.71 ug for interstitial Cr [28].

D. Core-level spectroscopy.

The most direct way to determine the local electronic
structure of 3d transition metal atoms is using XAS and XMCD
as valence-, site-, and symmetry-selective probe [27,30-32],
where the sum rules can be used to extract spin and orbital
moments [33,34]. Unfortunately, the case of Cr is less clear
cut than that of Mn, Fe, Co, or Ni, because of the smaller
energy separation between the L3 and L, manifolds and also
because experimental case studies for Cr are more scarce.
The Cr L,3 XAS and XMCD of ionic Cr’*, as observed
for CrFe,04 [35] and Cr-doped Fe;04 [36,37], show a sharp
multiplet structure. Comparable XAS and XMCD structures
have been reported by Kimura et al. [38] for Cr in the bulk
of the ferromagnetic spinel-type chalcogenides, CdCr,Sey,
CuCr,S4, and CuCr,Sry, from which the authors concluded
Cr*". Yaji et al. [39] reported XMCD of ferromagnetic
chromium tellurides, CrsTeg and CrpTes, from which they
concluded Cr**. The XAS and XMCD of Zn_,Cr, Te was
ascribed to Cr*T [40]. In the diluted magnetic semiconductor,
Cr-doped Ga,Se;/Si(001), the Cr valence state was assigned
as being 3+ [18]. Hence the existing literature on XAS and
XMCD provides a rather limited guidance to solve the valence
issue of Cr-doped Bi,Ses.

E. Purpose of the study.

It is our aim to present convincing evidence that the
Cr dopants in Bi,Ses are not purely 34, but instead have
mainly 2+ character, arising from a covalent Cr-Se bond.
The rationale behind this unconventional result is based on
several considerations. Bi;Se; grows n type [41,42], however,
this is of no importance when trying to understand the
magnetic properties of doped TIs, since—contrary to, e.g.,

134402-2



MAGNETIC Cr DOPING OF Bi,Se;: EVIDENCE ...

003 --4
006 -
" sapphire 4
006
sapphire
0

Intensity (arb.u.)

10 20 30 40 50 60 70 80 90 100
20-0 (°)

FIG. 2. X-ray diffraction of the ~100-nm-thick Cr-doped Bi,Ses
film on c-plane sapphire. The dotted lines represent the positions of
the (003/) family of diffraction peaks for undoped Bi,Ses.

diluted magnetic semiconductors [43]—the magnetic state is
not determined by the carrier concentration but in fact by the
chemical bonds of the dopants [44].

For the light transition metals, the first Hund’s rule gives
a large energy stabilization for the high-spin state due to the
exchange interaction. In Bi; Te; and Sb,Tes, DFT calculations
predict the Cr dopant to be trivalent with only weak hybridiza-
tion between the Cr d and Te p states [17]. However, in Bi,Ses
the Se p state is closer to the Fermi level, enabling a stronger
hybridization with the Cr 3d state (see, e.g., Fig. 2in Ref. [17]).
In a cubic crystal field the Cr 3d states are split into #,, and
e, states. In an octahedral site, e, orbitals are directed towards
the anions, while #,, orbitals are pointing between the anions,
which gives a lower energy. The large exchange interaction
splits the crystal-field states into spin-up and spin-down bands,
which gives t23 g and t; gT e;f configurations for Cr** and Cr*™,
respectively. The occupied Se p states just below the Fermi
level hybridize with the unoccupied Cr e, states just above
the Fermi level. This reduces the amount of charge transfer
across these two atoms, and enhances the Cr>" character. The
situation will be different for Sb, Te; or Bi, Tes, where Cr tends
more towards 34, as caused by differences in crystal ionic radii
and position of the anion p band with respect to the Fermi level.

Upon substitution the Cr atom replaces Bi*™ which is
located between Se atoms. The neighboring Se atoms move
to accommodate the smaller radius of the Cr atom, resulting
in a local relaxation of the lattice parameters, while the
remaining atoms undergo a much smaller change and maintain
the original crystal structure [17,45].

III. EXPERIMENTAL TECHNIQUES

A. Sample growth and characterization

Growth and composition. Cr-doped Bi,Ses thin film sam-
ples have been grown by molecular beam epitaxy (MBE) on
c-plane sapphire. First, a 20-nm-thick Bi,Ses; buffer layer
is deposited at 250°C, before the Cr-doped film is grown
at 300 °C. Rutherford backscattering (RBS) results showed
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that the investigated film had a thickness of ~100 nm and
contained 4.6 at.% Cr, 35.4 at.% Bi, and 60.0 at.% Se (for
all values the error is 0.5 at.%) [26]. The Se concentration
of 60% confirms substitutional Cr incorporation on a Bi
site (see Fig. 1). The obtained composition agrees with the
oxidation states of Cr’*, Bi**, and Se?~, fulfilling an overall
charge neutrality. It equally agrees with the case that the
sample contains charge-neutral clusters where the electrons
are redistributed between the central Cr and its neighboring Se
atoms as Cr'tSe2™ — Cr®9+8el27%/~ Hence there is no
requirement to have Cr’.

XRD. X-ray diffraction (XRD) and rocking curves show
high structural quality without any parasitic phases as seen in
Fig. 2; for further details see Ref. [26]. The determined c-axis
lattice parameter is 28.65 A, compared to 28.66 A for undoped
films (ICSD 617072:28.636 A for Bi,Se3) [26]. Contrary to the
report by Haazen et al. [19] an expansion of the c-axis lattice
constant was not observed, also supporting the substitutional
incorporation of Cr.

Electric properties. The electric properties of the Cr-doped
film were measured at temperatures down to 5 K in a field of
4500 mT at which the ferromagnetic system is in saturation.
Measurements were done in a physical property measuring
system (PPMS) on a sample measuring 5x 5 mm? with indium
contacts using the van der Pauw geometry. The film is n
type and at 5 K the resistivity is p = 1.58 m2 cm, the
mobility 41 = 124 cm? V™! s7!, and the sheet carrier density
n = —3.16x10'"" cm™3, which is a typical value for dilute
magnetic semiconductors [46]. The two-dimensional carrier
concentration is with —3.78x10' ¢cm~2 almost an order of
magnitude higher than a similar Cr-doped (Bi, Sb;_, ), Te; thin
film of six quintuple layer thickness (2.2x10'* cm™2 at 1.9 K)
[22], which can be attributed to the much reduced bulk carrier
contribution in the ultrathin film limit. Compared to Cr-doped
bulk crystals (Cr,Big36Sb;44Tes, p = 1.45%10%®° cm™3 at
2 K); however, the measured carrier concentration is about an
order of magnitude smaller [47].

Magnetization measurements. The magnetization loop
measured by SQUID is dominated by a ferromagnetic open
loop with a coercive field of ~10 mT at3 Kand a T¢ of 12.5K
(not shown here; see Ref. [26]).

B. X-ray absorption fine structure

Instrumental. X-ray absorption near edge structure
(XANES) and EXAFS at the Cr K edge (5989 eV) were
measured at room temperature on beamline B18 at the
Diamond Light Source to characterize the electronic and
structural environment of the Cr atoms. A nine-element solid-
state Ge detector with digital signal processing for fluorescence
XAS, high energy resolution, and high count rate was used
to measure with the beam at 45° incidence with respect to
the sample plane. All spectra were acquired in quick-EXAFS
mode using the Pt-coated branch of collimating and focusing
mirrors, a Si(111) double-crystal monochromator and a pair
of harmonic rejection mirrors. The energy range for each scan
allowed us to extract information in the extended region up
to k = (12-14) A1, Polycrystalline samples of CrSe, Cr,0s3,
and CrOj3 in powder form, and a Cr foil of 5 um in thickness
were measured as references in transmission detection mode.
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EXAFS analysis. EXAFS spectra were processed and
analyzed using different tools of the IFFEFIT XAS package
[48]. This involved preliminary reduction of the EXAFS raw
data, background removal of the x-ray absorption data u(E),
conversion of w(E) to x(k), normalization and weighting
scheme, all of them performed with AUTOBK and ATHENA.
EXAFS data analysis and fitting on all references and samples
were performed in ARTEMIS, making use of models based on
crystallographic information found in the ICSD database. The
atomic clusters used to generate the scattering paths for fitting
were generated with ATOMS [49].

C. X-ray magnetic circular dichroism

Instrumental. XMCD was used to probe the local electronic
character of the electronic and magnetic ground state of the
Cr dopants [31]. This technique has previously provided an
unambiguous determination of the ground state of transition-
metal and rare-earth dopants in TIs [13,50-53]. The XAS at the
Cr L, 3 edges was simultaneously measured in total-electron
yield (TEY) and fluorescence yield (FY) detection on beamline
110 (BLADE) at the Diamond Light Source at a temperature
of 5 K using a 14 T superconducting magnet. The XMCD
is obtained as the difference between the two XAS spectra
recorded with the x-ray helicity vector and applied magnetic
field antiparallel and parallel (u~ — ut). The measurements
were performed by reversing the polarization of the incident x
rays, to avoid switching the high field of the superconducting
magnet. The samples (with the surface normal along the ¢ axis)
were measured both at normal and grazing incidence, with the
magnetic field always along the x-ray beam. The degree of
circular polarization in the energy region of interest is close to
100%. The area probed by the beam (~20x200 um?) is much
smaller than the sample size (10x 10 mm?).

D. Multiplet calculations and sum rules

Calculational. Atomic multiplet theory is used to calculate
the electric-dipole transitions 3d" — 2p>3d"*!, where the
spin-orbit and electrostatic interactions are treated on an
equal footing [54,55]. The wave functions of the initial-
and final-state configurations are calculated in intermediate
coupling using Cowan’s atomic Hartree-Fock (HF) code
with relativistic corrections [30,56]. The atomic electrostatic
interactions include the 2p-3d and 3d-3d Coulomb and
exchange interactions, which are reduced to 70% of their
atomic HF value to account for the intra-atomic screening
[54]. Hybridization effects are included by mixing 3d" with
3d"*!'L configurations, where L represents an electron on the
neighboring atoms in states of appropriate symmetry. The
Cr L3 (L) line spectra are broadened by a Lorentzian of
I' =0.3 eV (0.4 eV) for intrinsic lifetime broadening and a
Gaussian of o = 0.15 eV for instrumental broadening.

Sum rule analysis. Sum rules relate the integrated intensities
of the XAS and XMCD L, 3 spectra to the orbital and spin
magnetic moments as

4q
mp =—==(10—n), (1a)
3r

6p —4q

ms = ————=(10 = m)C — (T5), (1b)
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where p is the integrated intensity of (u~ — u™) over the
L3 edge and ¢ is that over the L, 3 edges, r is the integrated
intensity of (u~ + u™) over the L, ; edges (see Fig. 4), n is
the number of 3d electrons, and (T7) is the expectation value
of the magnetic dipole operator [33,34,57].

While the sum rule for m, is theoretically precise, the sum
rule for mg requires a correction factor C [see Eq. (1b)].
Since the integrals are taken separately over the two edges,
C takes into account the jj mixing between the 2p3,, and
2p1> manifolds. Its value can be obtained from multiplet
calculations, by comparing the spin moment extracted from
the sum rule analysis of the calculated L, 3 spectra with the
corresponding calculated ground state moment [58]. For the
ground state of Cr using a range of different parameters
for the crystal-field interaction and hybridization, we obtain
C =2.0+£0.2, where the error bar reflects the parameter
range.

IV. RESULTS AND DISCUSSION

A. X-ray absorption fine structure results

The normalized XANES at the Cr K edge of the Cr-doped
Bi,Se; thin film together with CrSe, Cr,03, CrOs, and Cr
foil are plotted in Fig. 3(a). Direct comparison of the energy
position of the absorption jump for the thin film with the
references suggests that the Cr dopants in BiySe; have an
oxidation state close to that of the CrSe standard, which means
Cr’*. Furthermore, the Cr-doped sample displays no pre-edge
peak characteristic of a tetrahedral (noncentrosymmetric) local
environment, such as that observed in the CrO; spectrum.
Hence we deduce that Cr is not tetrahedrally coordinated.
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FIG. 3. (Color online) (a) Cr K edge XANES for Cr-doped
Bi,Ses thin film and comparison with CrSe, Cr,0;, CrOs, and Cr
foil for reference. The Cr oxidation state is indicated in the square
brackets. Spectra have been shifted vertically for clarity. (b) Fourier
transform of EXAFS signal at the Cr K edge on the thin film (symbols)
together with the best fit to the first coordination shell (solid line). The
dotted box gives the Kaiser-Bessel window function. (c¢) Contribution
of the first coordination shell to the EXAFS signal (symbols) together
with its best fit (solid line).
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The structural analysis of the Cr-doped Bi,Se; thin film that
can be extracted from the x (k) EXAFS signal is studied by the
Fourier transform (FT), shown in Fig. 3(b), performed over a
k range from 3.3 to 12 Al using a k> weight, a Ak = 1.5 A1,
and a Kaiser-Bessel window function. Despite the high crystal
quality of the Cr-doped Bi,Ses thin film, possible angular
variations of the EXAFS signal due to polarization of the beam
are not significant to our analysis given the angular range these
measurements have been performed (fluorescence at 45°). In
this case, the EXAFS signal reflects an average of the in-plane
and out-of-plane scattering paths in the sample, equivalent to
measurements in polycrystalline samples.

Different models were tested to fit the EXAFS signal at
the Cr K edge of the doped TI. Fits were performed on the
R space in a range from 1.2 to 3 A using a Kaiser-Bessel
window function, so that it covered Cr in the first coordination
shell [see Fig. 3(b) and its backwards FT in Fig. 3(c)].
The parameters fitted were the interatomic distance (R), the
Debye-Waller factor (02) for each scattering path, and a
general shift in the threshold energy (A Ejp). The amplitude
reduction factor Sg was set to that obtained for the fit of the
Cr standards (Sg = 0.72). The best fits were achieved with
Cr in an octahedral environment of Se atoms. The fit with a
single Cr—Se scattering path of Cr in an octahedral symmetry
was slightly worse (higher misfit and reduced x?) and the
o? values larger (suggesting a dispersion of bond distances)
than that performed with two different Cr-Se bonds. Thus
the latter was considered the best fit, and the values of the
structural parameters obtained from it are listed in Table II.
It is worth mentioning that attempts to fit the coordination
number for these paths were consistent with the octahedral
symmetry found for the Cr atoms. In addition, other attempts
revealed no contribution of Cr—Cr scattering paths, which rules
out the presence of Cr clusters. Both XANES and EXAFS at
the Cr K edge showed no clear Cr—O oxygen environment.

The EXAFS analysis indicates that the Cr dopants occupy
octahedral sites, similar to Cr-doped Ga,Ses dilute magnetic
semiconductor [18] and the ab initio calculated Cr-doped
BiySe;(111) surface [45]. In the latter study, a favorable
configuration of substitutional Cr on the Bi sites of the Bi,Ses
lattice was found, with Cr-Se distances remarkably close to
those we obtained by EXAFS (see Table II). This result
indicates that the Cr atoms in the doped Bi,Se; system are
substitutional on the Bi sites, in which case the Se atoms need
to contract locally towards the Cr compared to the original
Bi-Se distance (Ad ~ —0.36 A). GGA calculations for the
structural relaxation predicted that the Se neighbors move

TABLE II. Structural parameters obtained from Cr K edge
EXAFS fits for the Cr-doped Bi,Se; thin film shown in Fig. 3(b).
Coordination number, N, interatomic distance, R, and Debye-Waller
factor, o2, for each path. Avalueof AEy; = 1.5 & 0.3 eV was obtained
from the fit.

Cr-Sel Cr-Se2
N 3 3
R (A) 2.53 +£0.01 2.64 £+ 0.01
% (A?) 0.003 =+ 0.001 0.003 £ 0.001
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towards the dopant by Ad = —0.305 A and —0.362 A for
Sel and Se2, respectively [15]. This contraction strengthens
the hybridization between the Cr and neighboring Se and thus
the impurity bands broaden [24]. This GGA calculation further
showed that band gap of Cr doped Bi,Se; without relaxation
is 0.28 eV, while after structural relaxation the band gap is
reduced to 0.01 eV. GGA + U calculations and inclusion of
the spin-orbit coupling give essentially the same result as
GGA [15].

B. Cr L, 3 XAS and XMCD

Depth dependence. Since XAS is a surface sensitive
technique we first consider its depth dependence. While
total-electron yield (TEY) in normal incidence probes only
the top 3-5 nm near the surface, fluorescence yield (FY)
probes the entire 100 nm film, including part of the sapphire
substrate. However, different selection rules, self-absorption,
and saturation effects mean that the FY is not linearly
proportional to the x-ray absorption, e.g., the L,/L3 peak
intensity ratio is strongly enhanced in FY [32]. Therefore,
FY should only be used in a qualitative manner, and applying
the sum rules in this case can give a large error. TEY, on the
other hand, is directly proportional to the x-ray absorption,
with negligible saturation effects for diluted samples.

Figure 4 shows the Cr L, 3 XAS spectra of doped Bi,Ses
measured in TEY and FY. The TEY was obtained in normal
incidence and the FY in grazing incidence to reduce saturation
effects. The L3 edge in the TEY spectrum reveals two distinct
peaks separated by 1.35 eV. The high-energy peak is notably
absent in the FY spectrum, which means this peak originates
from the top layers. Subtracting the FY spectrum from the
TEY spectrum gives an indication of the nature of the surface
contribution. For comparison the Cr,Os standard measured
in FY is shown in Fig. 4. The agreement with the difference
spectrum in both spectral shape and energy position (~578 eV)
confirms that the top layers contain mainly Cr**. This is further
confirmed by comparing in Fig. 4 the XMCD measured by
TEY and FY in 7 T field at 5 K. The XMCD (TEY) shows
additional shoulders at the energy position of the Cr’™ L, ;
peaks (indicated by arrows in Fig. 4). What does this mean
for the assignment of the bulk peak? As a general rule, a more
electropositive ion gives a peak at higher photon energy [27].
Thus this means that the bulk peak (at ~576 eV), which is
at lower energy than the Cr’* peak, must have more Cr’*"
character.

XAS branching ratio. The branching ratio B is defined as
the fraction of the total XAS intensity in the L3 edge, i.e.,
B = I(L3)/[1(L3)+ I(L5)]. It has been shown that for high-
spin states in octahedral crystal-field symmetry the value of
B increases with the number of 3d electrons [59]. Multiplet
calculations for octahedral crystal-field symmetry (10Dg =
1.5eV) give B = 0.593 for Cr** 34> and B = 0.672 for Cr**
3d*. The measured Cr L,3 XAS in TEY of the TI has a
branching ratio of 0.657, which indicates the presence of a
large amount of Cr**. However, the branching ratio is also
sensitive to the hybridization, so that a quantitative analysis
would not be justified.

We note that the measured branching ratio can be assumed
to be isotropic since the linear dichroism plays no significant
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FIG. 4. (Color online) Experimental Cr L,3; XAS and XMCD
spectra of Cr-doped Bi,Se; and Cr,O; reference in 7 T field
at 5 K. From top to bottom: TEY spectra for opposite circular
polarizations (u~, ") in normal incidence, XAS averaged over
the two polarizations for TEY in normal incidence and for FY in
grazing incidence. Difference between the TEY and TY spectra for
the Cr-doped Bi,Se; is compared with the Cr,O; reference measured
in FY. XMCD spectra measured in TEY and FY. The arrows indicate
additional shoulders at each edge in the XMCD (TEY) due to crt.
Spectra are vertically offset for clarity. At the bottom, the dashed
curves show the integrated intensities of the summed XAS (u™ + ™)
and the XMCD (.~ — u™) measured in TEY. Values of p, ¢, and r
appearing in the sum rules of Eq. (1) are indicated.

role in the case of 3d metals. If the symmetry is lower
than cubic, there is a charge-quadrupole moment, which
changes the total intensity of the linear dichroism but does
not affect the branching ratio. According to the sum rules only
ground-state operators containing a spin moment can change
the branching ratio, namely the 34 spin-orbit interaction for
the isotropic spectrum, the spin and magnetic-dipole operator
for the XMCD, and the anisotropic spin-orbit interaction for
the x-ray magnetic linear dichroism (XMLD), which is a small
quantity [60-62].

Sum rule results. Applying the sum rules from Eq. (1)
with a correction factor of C = 2.0 £ 0.2 to the integrated
intensities of the TEY spectra in Fig. 2(b) gives the average
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FIG. 5. (Color online) Cr L,; spectra of Cr-doped Bi,Se; in
7 T field at 5 K in TEY. (a) Comparison between calculated
(Calc) and experimental (Exp) XAS spectrum (s~ + u*). The
latter is corrected for background steps at the L; and L, edges.
(b) Separate contributions of Cryyx and Crgy,r to the calculated
XAS. (c) Comparison between calculated and experimental XMCD
spectrum (u~ — ™). (d) Separate Cryyy and Crg,¢ contributions to
the calculated XMCD.

moments per Cr as pu; = (0.04 £0.1) ug/Cr,y and pg =
(2.90 £ 0.3) up /Cryy, assuming that (7,) can be neglected.
According to the third Hund’s rule for less than half-filled
shell, 7 should be negative, which is possible within the error
bar. Since the orbital contribution is only a few percent, it does
not significantly contribute to the total magnetic moment.

Fitting by multiplet calculations. Alternatively, the mag-
netic moment can be obtained by fitting experimental spectra
with theoretical spectra. The measured spectra in Fig. 4 do not
show a multiplet structure that is as distinct as for ionic Cr**
[35,36], which suggests the d states are hybridized instead of
atomiclike.

‘We will use mixed ground states to describe the Cr bulk and
surface contributions, denoted as Crpyx and Crgy,s, which are
predominantly divalent and trivalent, respectively (see Fig. 5).
The ground state for Cryy is taken as 70% d* and 30% d° in
an octahedral crystal-field of 10Dg = 1.5 eV, which givesn =
3.7and mg = 2.89 up/Cryy atom. The ground state for Crgys
is taken as 79% d* and 21% d” in an octahedral crystal field of
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FIG. 6. (Color online) Hysteretic Cr L3 XMCD at 5 K with the
field applied normal to the sample up to £7 T measured in (a) TEY
and (b) FY. The red lines are guides for the eye.

10Dg = 2eV, which givesn = 2.78 and mg = 2.83 g /Croys
atom. The choice of these two configurations is somewhat
arbitrary, but this is not critical for the analysis. Also, in reality
the octahedral symmetry is trigonally distorted to Csz, with
three anions above and below it, which quenches the orbital
moment but hardly affects the spin moment.

As shown in Fig. 5, the experimental XAS spectrum
can be fitted with 0.54 Cryy + 0.46 Crg,r. Normalized
to the total XAS, the measured XMCD is obtained with
0.68 Crypyx + 0.32 Cryys, which corresponds to spin moments
of 3.64 up /Cryyk and 1.91 up /Crgyt. As a check, this amounts
to the average values of n = 3.27 and mg = 2.84 ug/Cryy, in
good agreement with the sum rule result (2.90 & 0.3) g /Cryy.
Thus the multiplet analysis shows that the magnetic moment of
Crpyik 1s almost saturated, and also that Crg,,s has a substantial
magnetic moment. As observed by Vobornik ef al. [63], in
magnetically doped TIs the valence states near the surface can
have very different properties than in the bulk. In our case,
however, we cannot exclude a surface contribution caused by
exposure to air.

XMCD hysteresis curve. Sweeping the applied field at the
photon energy of the Cr L3 peak gives an XMCD hysteresis
loop, which reveals the field-dependent magnetization of the
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Cr moments. Figure 6(a) shows the surface-sensitive TEY and
(b) the bulk-sensitive FY for positive helicity under normal
incidence at 5 K. The TEY hysteresis loop (a) shows that the
surface Cr moments saturate at the maximum field of 7 T.
The FY hysteresis loop (b) shows the bulk Cr moments are
saturating at ~3 T. Both hysteresis loops show a ferromagnetic
behavior, although no clear loop opening can be identified,
which can be attributed to the remaining remanent field of
10 mT inside the superconducting magnet.

V. CONCLUSIONS

We have performed x-ray absorption studies at the Cr K and
L, 3 edges of epitaxially grown Cry ¢Bizs4Segp o thin films of
high crystalline quality, which are free from secondary phases.
We found that the Cr dopants substitute for Bi and are primarily
divalent, with the key results summarized below. (i) Compared
with various relevant standard samples, the energy position of
the absorption jump for the Cr K edge in the doped Bi,Ses
thin film is close to that of CrSe, which has a valence of Cr2*.
(i1) The measured branching ratio of the Cr L, 3 XAS is close
to the calculated value for Cr?", and much different from
that of Cr**. (iii) Comparing the Cr L, 3 absorption spectra
measured in FY and TEY detection with a Cr,O3 standard
indicates that the surface peak is mainly Cr**, whereas the bulk
peak is at lower photon energy. From the general rule that the
peaks of more electropositive ions are found at higher photon
energy [27], it follows that the bulk dopants must be more 2+.
(iv) The XMCD sum rule analysis at the Cr L; 3 measured
in TEY, which contains both bulk and surface contributions,
gives g = (2.90 £ 0.3) up/Cryy. (v) Fitting the XAS and
XMCD of the bulk and surface contributions separately,
using multiplet calculations including charge transfer, gives
spin moments of 3.64 ug/Cryyk and 1.91 ug/Crgys, with an
average spin moment of 2.84 ug /Cr,, thatis in agreement with
the sum rule result. Hence the moment of Cryyx is almost fully
saturated.

The analyses of the K-edge EXAFS and L, 3 multiplet
structure indicate that the Cr dopants occupy octahedral sites,
similar to Cr-doped Ga,Ses dilute magnetic semiconductor
[18] and ab initio calculated Cr-doped Bi,Ses;(111) surfaces
[45]. In the latter study, a favorable configuration of Cr being
substitutional on Bi sites of the Bi,Ses lattice was found, with
Cr—Se distances remarkably close to those we have obtained by
EXAFS. This is also in good agreement with recent GGA(4-U )
calculations [15]. The result indicates that the Cr dopants in
the BiySes system are substitutional on the Bi sites, in which
case the Se atoms need to contract locally (Ad =~ —0.36 ;\)
toward the Cr atoms from their undisturbed Bi—Se distance.

We ascribe the Cr?>* character to the hybridization between
the Cr d(e,) and Se p bands, which are located just above
and below the Fermi level, respectively. This hybridization
gives the observed smoothening of the L, 3 multiplet structure.
The mixing between the electronic states is increased by the
rearrangement of the Se neighbors around the Cr site, as
evidenced by the EXAFS analysis. Since the electronic charge
is redistributed within the Cr—Se bonds, it does not contribute
to the concentration of free carriers.

The Cr K -edge EXAFS results rule out the presence of Cr’
and Cr—Cr bonds as expected for Cr clusters, which indicates
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that Cr is well distributed in the Bi,Se; matrix. Furthermore,
Cr—O bonds are not evident in the Cr K -edge EXAFS results,
given that this technique is less surface sensitive than the TEY-
detected Cr L, 3-edge XAS.

Our results will encourage a reevaluation of the assumptions
made for the oxidation state of transition metal dopants in
topological insulators. It will also give a stimulus to the
initiation of theoretical calculations for the covalent bonding
of the magnetic dopant with the neighboring Se or Te ions.
Gaining a deeper understanding of the magnetic behavior of

PHYSICAL REVIEW B 90, 134402 (2014)

such topological insulators will allow for increasing the Curie
temperature, thereby paving the way for low-power electronic
applications in the future.
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