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Indication of exchange interaction induced spin splitting in unoccupied electronic
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We study the high Curie temperature ferromagnet (Crg35Sbg¢s)2Tes (T = 192 K), using T-dependent x-ray
absorption spectroscopy (XAS), x-ray magnetic circular dichroism (XMCD), and angle-resolved photoemission
spectroscopy (ARPES). The T-dependent (25-220 K) XAS-XMCD evolution of Cr3d and Te 5p unoccupied
site- and orbital-projected states shows a systematic modification, which we interpret as due to spin-splitting
below T¢. The T-dependent XMCD intensity and leading-edge spin-sensitive shifts yexp(T) follow bulk
magnetization. ARPES measurements with 7v = 78 eV show a metallic state with Sb 5p band dispersions at and
near Fermi level (Er), consistent with bulk band-structure calculations for (Crg33Sby ¢7), Te;. However, surface-
sensitive ARPES with hv = 8.4 eV above and below T ¢ show linear band dispersions just below Er, suggesting
aremnant of Dirac-type dispersions. Assuming the linear dispersion survives above Ef, it implies a topologically
trivial ferromagnet as the estimated Dirac point energy lies above the largest yexy (T = 25K). The Cr3d
XAS-XMCD spectra can be simulated by charge transfer multiplet cluster model calculations with an exchange
field H., which quantitatively reproduces the experimental XMCD. At T = 25K, the required exchange field
H., of ~48 T corresponds to a Zeeman energy { =2.8meV < Tr = 192K (= 16.5meV) K Yeype ~ 140 meV.
The results indicate the role of Cr 3d exchange interactions in causing spin-sensitive shifts in Cr 3d states, and

inducing comparable spin-sensitive shifts via hybridization in Te 5p states of (Crg35Sbg ¢s).Tes.

DOLI: 10.1103/PhysRevB.109.195134

I. INTRODUCTION

Magnetic doping in a topological insulator (TT) with Dirac-
type linear topological surface state (TSS) dispersions breaks
time-reversal symmetry and can lead to ferromagnetic (FM)
ordering [1-5]. In a three-dimensional (3D) TI, the onset
of FM order leads to the formation of a T-dependent mag-
netic gap at the Dirac point (DP) [4]. The combination of
a FM insulator and a topologically nontrivial SS, which is
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necessary for realizing the quantum anomalous Hall effect
(QAHE) with dissipationless quantized edge-state transport
without an external magnetic field, also requires that the Fermi
level (Er) lies in the magnetic gap [5-8].

The observation of a genuine magnetic gap in magnetic TIs
has challenged researchers over the past 10 years. While early
angle-resolved photoemission spectroscopy (ARPES) work
showed a gap of ~50meV in TSSs of (Bigg4Feo.16)25¢€37
with a Te = 170K [9], studies on magnetic Mn-doped Bi,Se;
reported larger gaps of ~50-200 meV [10,11] which were
later shown to be unrelated to FM ordering [12]. Scanning
tunneling spectroscopy showed gaps of 20-100 meV in Cr-
doped TIs at low-T [13], but later studies showed a gap of
~75meV above Tr ~ 50K and ruled out a magnetic origin
of the gap [14].

©2024 American Physical Society


https://orcid.org/0000-0003-0403-2723
https://orcid.org/0000-0003-2460-4602
https://orcid.org/0000-0002-5639-5393
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.195134&domain=pdf&date_stamp=2024-05-10
https://doi.org/10.1103/PhysRevB.109.195134

C. W. CHUANG et al.

PHYSICAL REVIEW B 109, 195134 (2024)

Recent ARPES measurements on Bi, Te; /MnBi, Te4, a nat-
ural heterostructure material with a T ~10 K, showed a
T-dependent magnetic gap of ~90meV at 7T = 1K [I5],
while another study reported a magnetic gap of ~28 meV at
T = 7K [16]. Both studies measured the magnetic gap at the
DPs derived from occupied Bi-Te p-character TSSs. Similarly,
a DP magnetic gap with a high-T¢ of ~50 K in MnSb, Te4 was
also reported in Sb-Te p-character occupied TSSs [17]. For
Bi,Ses;, Bi,Tes, and related materials, spin-resolved ARPES
has characterized the spin-polarized Dirac cones, and shown
that DPs lie between Er and ~300 meV below Er [18]. On
the other hand, for Sb,Tes and related systems, the DP lies
30-300 meV above Er as identified by pump-probe (PP)-
ARPES [18]. PP-ARPES of Sb,Te; showed a DP at 190 meV
above Ep, which shifts to 220 meV above Ep for V-doped
Sb,Tes [18]. For Cr-doped Sb,Tes, valence-band ARPES re-
ported shifts due to hole doping [19], but PP-ARPES has not
been reported. In a recent ARPES study on epitaxial films
of (Cr,Sby_,),Tes, x = 0.0, 0.05, 0.15, and 0.35 grown on
GaAs(111) substrates, we have reported on the evolution of
band dispersions and Fermi surfaces [20]. The results showed
a systematic hole doping induced shift, and assuming the
DP survives above Ef, its energy is estimated to vary from
~30meV above Er for x = 0.0 to ~240 meV above Ep for
x =0.35.

It is important to note that single crystals of
(V/Cr,Sbi_;),Tes were studied as spintronic materials
before the discovery of the TI properties of Sb,Tes [21] and
showed T!s up to ~20K for x = 0.03-0.1. A pioneering
molecular-beam-epitaxy study [22] showed that T/s of
~100-190 K could be achieved for x = 0.15-0.3. X-ray
absorption spectroscopy (XAS) and x-ray magnetic circular
dichroism (XMCD) studies of (Crg16Sbggs)oTes with
Tc ~ 87K showed a Cr spin moment, mgpi, ~ 3up [23].
Using a cluster model analysis with d> and d*L' basis states,
where L' is a ligand hole state, the authors concluded that the
ground state can be described using a positive charge-transfer
(CT) energy A [23]. More recently, XAS and XMCD studies
on Cro,l(Bimeo,g)],gTeg with a TC ~ 20K concluded a
negative A using cluster model calculations with a larger
basis set of d"TPLP states (n = 3 and p = 0-3) [24,25]. While
T-dependent XMCD intensity up to 30 K was reported, the
T-dependent XAS and XMCD spectral changes were not
reported.

Thus, a detailed study of T-dependent XAS-XMCD spec-
tral changes has not been reported yet for any magnetically
doped TI. It is also not yet known whether the Dirac-type
linear bands and the DP expected to lie above Ep survive
in the highest 7 ~ 190K case of (Cry35Sbges)2Tes, and
whether it shows a topological magnetic gap. The answer to
this question is necessary to decide whether (Crg.35Sbg ¢5)>Tes
is a topological ferromagnet or a topologically trivial ferro-
magnet. Since it is established from earlier studies that the
Te M-edge derived XAS-XMCD in Cr-doped Sb,Te; forms a
well-separated prepeak below the leading edge of the Cr L-
edge XAS [23-25], it is possible to probe the T-dependent
spectral changes in the unoccupied Cr 3d and Te 5p states, i.e.,
in the root source of the magnetism as well as the unoccupied
Te Sp states. In particular, since dopant states are expected

to be localized and not show T'-dependence, how they actu-
ally participate and cause long-range 7'-dependent magnetic
order in any doped TI is also an open question. While it is
well-known that the magnetic gap in a TT can arise from an ex-
change coupling of the dopant spins with topological surface
states [26], the relation of T¢ and spin-splitting energy scale
with the internal exchange field (Hc) has not been reported
for any TT doped with magnetic ions.

In this work, we have carried out a T-dependent XAS-
XMCD and ARPES study of (Cr 35Sbg 65 )2 Tes epitaxial films
which exhibit a T ~ 192 K. Since excitonic effects occur
in XAS spectra, based on the formal definition of charge-
transfer multiplet calculations, the as-such calculated XAS
spectrum of final-state excitons correlates with the Cr site- and
orbital symmetry-projected spin-sensitive unoccupied elec-
tronic states, and a calculated spin shift will translate into
a shift in the XMCD multiplet states [27,28]. Bulk-sensitive
ARPES shows Sb 5p band dispersions cross Er, indicating
a metallic ground state consistent with electrical resistivity
and bulk band-structure calculations. The bulk band-structure
calculations show a small gap of ~150meV lying just above
Ep at and near the I'-point. While surface-sensitive ARPES
shows remnant Dirac-type linear bands in (Crg.35Sbg.¢s5)2Tes,
the DP cannot be confirmed by ARPES as it is estimated
to lie ~250meV above Ep. The CrL-edge and Te M-edge
XAS with an applied field shows a T -dependent XMCD and
spin-sensitive shifts in the Cr3d and Te5p leading edges
below T'¢. The T-dependent XMCD signal intensity and the
spin-sensitive shifts ye(T) follow the bulk magnetization.
However, since the largest Yexpe (I =25K) ~ 140meV is
less than the estimated DP at ~250meV above Ef, it im-
plies (Crg35Sbges).Tes is a topologically trivial FM. The
T-dependent XMCD in the Cr3d states can be simulated
by an exchange field. The results indicate that the spin-
sensitive shifts in Cr 3d originate from exchange interactions,
and they induce comparable spin-sensitive shifts in Te 5p
states.

II. METHODS

A. Sample preparation and characterization

Epitaxial films of (Crg35Sbg6s5),Tes were grown on semi-
insulating GaAs(111)B substrates by molecular beam epitaxy
(MBE), as reported earlier [29]. The sample thickness was
about 60 nm as measured by cross-sectional scanning electron
microscopy. (Crg35Sbg ¢s)2Tes crystallizes in the tetradymite
structure like the parent Sb,Tes, as shown in Fig. 1. The 6-
26 x-ray diffraction (XRD) pattern of (Crg35Sbg ¢5)2Tes was
measured using Cu Ko radiation as shown in Fig. 2(a). The
XRD pattern showed a pure single phase with (00/) peaks of
the tetradymite structure. Magnetization measurements with
an applied field of 2 mT normal to the surface (parallel to
c-axis) were carried out using a physical property measure-
ment system (PPMS, Quantum Design, USA) and the results
showed a FM onset Curie temperature 7o = 192 K, as shown
in Fig. 2(b). The single-crystal Sb,Te; reference sample was
made by a self-flux method, and its characterization was re-
ported earlier [30].
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FIG. 1. The crystal structure of (Crg33Sbg¢7).Te;, showing two
Cr substituted sites (red) in the parent Sb,Te; tetradymite struc-
ture, corresponding to x = 0.33, which was used for the LDA + U
calculations.

B. XAS-XMCD and ARPES experimental details

XAS and XMCD measurements were carried out at
Dragon Beamline (BL 11A) of the Taiwan Light Source. The
total electron yield method was used to measure XAS and
XMCD across the Te M4 5-edges (3d-5p) and Cr L, 3-edges
(2p-3d) with circularly polarized light and an applied mag-
netic field of +1T. The magnetic field was applied normal
to the sample surface (parallel to the c-axis), which is fa-
vorable for observation of the magnetic gap at a DP. If the
magnetic field is near parallel to the surface, then the DP
gets shifted in two-dimensional (2D) momentum space in the
direction perpendicular to the field and suppresses the gap
opening [26]. The x-rays were incident at an angle of 30° off
the c-axis. The total energy resolution at the Cr L-edge was
better than 0.2 eV for the XAS and XMCD spectra, as set
by the slit size. The incident photon energy has an accuracy
of £10meV at the Cr L-edge. The Te M-edge spectrum of
Sb,Te; was measured at 7 = 300 K. All spectra reported here
were carefully calibrated using the Cr L-edge XAS of Cr,03,
which was measured simultaneously upstream of the sample
measurement chamber. For XAS and XMCD measurements,
the epitaxial films as well as the parent Sb,Te; single crystal
were cleaved in situ in the main chamber in an ultrahigh vac-
uum (UHV) of better than 8 x 10~'9 mbar. For XAS-XMCD
and ARPES measurements, a Te capping layer of ~50 nm
was deposited on top of the film after sample growth, and
then it was extracted from the MBE chamber. An aluminum
post was mounted on top of the Te capping layer, the sample
was loaded into the XAS-XMCD/ARPES chamber, and then
cleaved in UHV to obtain a clean surface, following earlier
work [23,24,31]. The samples showed clean shiny surfaces
after cleaving, with spectral shapes consistent with reports for
lower Cr-doping samples [23,24]. The surface cleanliness was
checked by O K-edge measurements, and it showed negligible
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FIG. 2. (a) 0-26 x-ray diffraction pattern of (Cr35Sbges).Tes
showing a pure single phase with (00/) peaks. (b) T-dependent
magnetization of (Crg35Sbggs).Tes, showing a ferromagnetic onset
Tc = 192K.

intensity during the course of the measurements. Further, the
Cr L-edge spectra of epitaxial films are quite different from
the reference Cr,O3, which was measured simultaneously.
The samples were cooled using a liquid He flow type cryostat,
and the measurements were carried out for selected tempera-
tures downto T = 25 K.

ARPES measurements were carried out using a spec-
trometer equipped with a Scienta-Omicron DA30 analyzer at
beamline BL-28A of Photon Factory, KEK. Circularly po-
larized light with a photon energy (hv) of 78 eV was used
to measure band dispersions. It is known that hv = 78 eV
probes the bulk-origin valence-band dispersions [19], and
this was also confirmed by us [20]. ARPES measurements
were also carried out for (Crg35Sbg ¢5), Tes with an MBS-A1
electron analyzer equipped with a high-intensity Xe plasma
discharge lamp at Tohoku University [32]. The samples were
cleaved in the main chamber at an ultrahigh vacuum of 1.5 x
10~'° mbar. We used one of the Xe I lines (hv = 8.437¢eV)
to measure the surface-sensitive bands. The energy and mo-
mentum resolutions for the ARPES measurements were set to
15 meV and 0.01 A=, respectively. For hv = 8.437 eV, the
sample temperature was set to 7 = 20 and 210 K to probe
below and above ¢, respectively.

III. RESULTS AND DISCUSSION

Figures 3(a)-3(d) shows the T-dependent (25-220 K)
Cr L-edge and Te M-edge experimental XAS and XMCD
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FIG. 3. (a) The T-dependent (25-220 K) Cr L-edge and Te M-edge range XAS spectra from in-situ cleaved surfaces of (Cr35Sbg es).Tes
with an applied magnetic field of &1 T. The Te M-edge range XAS spectra from in situ cleaved Sb,Tes is also shown, and the gray vertical
dashed lines mark the Te M5 and Te M, leading edge ranges. (b) The corresponding calculated Cr L-edge XAS spectra obtained with an
applied magnetic field of =1 T and exchange field H., as listed in the figure. (c) The T-dependent (25-220 K) Cr L-edge and Te M-edge
experimental XMCD intensity. The Te Ms-edge XMCD signal is seen as a small prepeak marked by vertical gray lines (expanded in the inset),
at photon energies below the L;-edge XMCD, but the Te M4-edge XMCD overlaps the Cr L,-edge XMCD. The calculated XMCD spectrum
for T = 25 K is also shown as a black line. (d) The corresponding calculated Cr L-edge XMCD spectra for different values of exchange field
H. quantitatively reproduce the experimental XMCD intensity at the Cr L; main peak.

spectra from in situ cleaved surfaces of (Crg35Sbg.es)2Tes
with an applied magnetic field of £1 T, together with corre-
sponding calculated spectra. A polynomial background was
subtracted from the raw XAS spectra as shown in the Ap-
pendix, Fig. 9. The spectra were then plotted after normalizing
the XAS spectra without an applied field at the intensity of the
L3 edge main peak for all 7. It is known from low-energy
electron diffraction of the parent Sb,Te; [31] that cleaving
results in a Te-terminated (0001) surface. The obtained spectra
after cleaving are very consistent with earlier studies, which
reported XAS-XMCD spectra after cleaving at a low T of
10 K (for a Tr = 87 K sample) [23], and at T = 2K (for a
Tc = 20K sample) [24]. The same procedure of cleaving also
provided clear ARPES spectra, as reported by us recently [20].
The XAS spectral shape and intensities change systematically
on increasing T from 25 to 220 K, above T = 192 K. Us-
ing the known assignments from earlier work [23-25], the
Cr L-edge XAS spectrum consists of the spin-orbit split L3
features between ~573.5 and 580 eV and L, features between
~583 and 588 eV. To separate out the Te M-edge features, the
XAS of single crystal Sb,Te; was measured and is shown as
a gray curve in Fig. 3(a). The Te M5 leading edge is identified
as lying between ~572 and ~573.5eV photon energy [gray
dashed lines in Fig. 3(a)], with an onset ~1.5eV below the
Cr L3 leading-edge onset, as is well-established from earlier
studies [23-25], while the Te M4 edge is between ~582 and
~583 eV, overlapping with the Cr L,-edge states. Since the
Te Ms leading edge is ~1.5eV below the Cr L3 edge onset,
and it is known that the core-level binding energy separation
is 10 eV for Te3d and 9 eV for Cr2p states as measured
by photoemission [33], the lowest energy unoccupied states
are attributed to the Te 5p states in the XAS-XMCD spectra.
While T-dependent spectral changes are observed over the
full range, the most important and subtle changes occur at
the Te Ms and Cr L3 leading edges, and to understand them

in context, we first discuss the XMCD and ARPES spectra in
the following.

The T-dependent XMCD spectra were obtained as the
difference between the +1 and —1 T XAS spectra and are
shown in Fig. 3(c). The XMCD signal intensity shows a
systematic decrease on increasing 7 from 25 to 220 K. The
maximum negative XMCD signal is at hv ~ 575.4eV due to
the Cr L3 edge main peak. The Cr L3 main peak XMCD signal
is preceded by a small negative prepeak appearing between
hv ~ 572 and 573.5 eV due to the Te M5 edge XMCD signal.
At higher photon energies, the main XMCD signal is followed
by a positive XMCD between hv ~ 577 and 580 eV. The L,
edge XMCD shows a small dip at hv ~ 584 eV and a positive
XMCD between hv ~ 585 and 587.5 eV. It is noted that a
small XMCD signal is observed at T = 220K in the para-
magnetic phase, above Tc = 192 K, as the applied magnetic
field aligns the magnetic moments in the paramagnetic phase
[34].

To understand the Cr L-edge XAS-XMCD spectral fea-
tures of (Crp3sSbogs)rTes, we carried out charge-transfer
multiplet cluster model calculations using the QUANTY pro-
gram [35-37]. Following earlier studies [23,24], and because
first-principles calculations showed that Cr atoms prefer to
occupy Sb sites with the lowest formation energy [38,39],
we consider a CrTeg cluster in octahedral (Op) symmetry.
The Cr dopant is considered to be trivalent, and the basis
states are given by d"TPLP states (n = 3 and p = 0-3) [24].
The calculation method is described in the Appendix. The
calculated spectra shown in Fig. 3(b) were obtained for an
on-site Coulomb energy U, = 4.0eV, core-hole potential
U.q = 4.8¢V, hybridization strengths V,, = 1.35eV, V,,, =
0.5eV, crystal-field splitting 10Dg = 1.0eV, and CT energy
A = —2.0 eV. The obtained parameters including the neg-
ative A = —2.0 eV are consistent with recent studies on
Crg.1(Big.;Sbpg)19Tes [24] and Cr,Te; [40], which showed
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a negative A = —2.0 and —1.0 eV, respectively. The calcu-
lated spectra show deviations from experiment, particularly
for the main Cr L; peak, which consists of two broad peaks
merged together, while the calculations show two well sepa-
rated peaks, and our attempts to improve the calculated spectra
were not successful. This suggests limitations of the cluster
model, as earlier reports also showed very similar differences
between experimental and calculated XAS spectra [23-25],
although the shape of the calculated XMCD spectra qualita-
tively reproduces the experimental spectral features. Further,
the T'-dependent experimental XMCD intensity at the L3 edge
main peak could be quantitatively reproduced (within an ac-
curacy of £1%) only by including an appropriate exchange
field He in addition to the applied experimental magnetic
field. Thus we could calculate spectra for the T-dependent
experimental XMCD intensity as shown in Fig. 3(d).

It is noted that the negative A results in the initial state
being dominated by the CT states d*L (51.77%) and d°L>
(36.90%), with very small contribution from 3d> (8.44%)
and d°L> (2.89%) states, consistent with Tcakaev ef al. [24]
The magnetic moment was estimated from the cluster model
calculations as well as a sum-rule analysis of the spectra,
which give a spin magnetic moment of ~3.0 & 0.2up for
(Crp35Sbg ¢5)2Tes with negligible orbital magnetic moment,
consistent with reported values [22-24]. The results also show
that the weak XMCD intensity between 572 and 573.5 eV
is not due to the Cr3d states but to Te5p states [inset of
Fig. 3(c)]. An important aspect of negative A is that it leads
to a p-p type lowest energy excitation in CT materials like
NaCuO, and NdNiOj3 with U;; > |A], as the lowest unoc-
cupied states also have ligand character [41-43]. Thus, in
the present case, the lowest unoccupied states are confirmed
to be Te 5p states. Another important piece of evidence of
Te 5p character in the unoccupied states is the presence of
Dirac-type linear bands associated with band inversion in TIs
[1-3,7-9]. Hence, we measured ARPES with different photon
energies to investigate bulk- and surface-sensitive band dis-
persions. We also carried out band-structure calculations for
the composition (Crg.33Sbg.¢7)>Tes, which is close to our sam-
ple composition of (Cr35Sbg 65 )>Tes, in order to characterize
the electronic states near Er, as detailed below.

Band-structure calculations were carried out in the
local density approximation with on-site Coulomb en-
ergy (LDA+U) using the QUANTUM ESPRESSO code. For
(Cro.33Sbg 67)2Tes, two out of six Sb sites which correspond
to the lowest formation energy [38,39] were substituted by Cr
atoms, as shown in Fig. 1. LDA calculations were also carried
out for the parent compound Sb,Tes;. The lattice parameters
were fixed to the experimentally known values of a = 4.25 A,
c=30.35 A. Figure 4(a) shows the Brillouin zone of
Sb,Te; with labeled high-symmetry points. Figures 4(b) and
4(c) show the calculated band dispersions of Sb,Te; and
(Cro.33Sbg 67)2Tes along high-symmetry cuts in the Brillouin
zone obtained from band-structure calculations. In Fig. 4(b),
The Sb (green) and Te (purple) band dispersions of Sb,Te; at
and near the I" point indicate a gap with band inversion, with
the valence-band states being dominated by Sb p-states and
the conduction-band states being dominated by Te p-states.
In Fig. 4(d), we plot the projected Te Sp3;» and 5p;,, partial
DOS compared with the corresponding Te Ms and M4 edge

XAS spectra obtained from Sb,Te; single crystal. The leading
edges of the experimental Te Ms and M, edges are aligned
and normalized for intensity to the calculated PDOS, but the
relative intensities for the trailing edges of the Te Ms and M,
edges are lower in experiment compared to the calculations.
Nonetheless, the experimental spectral width and features are
consistent with the calculations and confirm the Te Sp char-
acter states. It is noted that XAS of ligand states such as O
K-edge and S L-edge have been compared with the calculated
band density of states in transition metal compounds [44,45].

The calculated Sb (green) and Te (purple) band dispersions
of (Crg33Sbg.¢7)2Tes shown in Fig. 4(c) indicate that the band
inversion, which is a necessary condition to obtain TSS [1-3],
survives after Cr doping at and near the I' point, although
with small relative changes in the Sb 5p and Te 5p bands
compared to LDA results of Sb,Te; shown in Fig. 4(b). Upon
Cr substitution, the calculations show that the valence-band
states have moved up towards Er compared to Sb,Te; and
they cross the Er, consistent with the effective hole doping
due to Cr substitution and a metallic ground state, as seen
in electrical resistivity [29]. Figure 4(e) shows the calculated
band dispersions of (Crg33Sbg ¢7),Tes for the high-symmetry
cuts in the Brillouin zone over a wide energy range. The green
and yellow bands are the projected Cr 3ds,, and 3d3/, bands,
and the symbol size reflects the relative DOS. Figure 4(f)
shows the corresponding momentum integrated total DOS
(black line) and the projected 3ds;,, and 3d3;, PDOS. The
Sb-Te p-character bands dominate at and near Er while the
main Cr3d PDOS consisting of ,, up-spin occupied states
and 7, down-spin unoccupied states are obtained between
2 and 4 eV below and above Ep, respectively. It is noted
that the weak Cr 3d PDOS feature just above Er in Fig. 4(f)
originates from states lying between the M- and K-points as
seen in Fig. 4(e). The band assignments are quite similar to
that of another van der Waals layered FM Crl; [46].

Figure 4(g) shows the ARPES intensity map of
(Cro.35Sbg 65)2Tes obtained for the I'-M cut using hv = 78 eV
to probe the bulk bands. A broad M-shaped spectral feature is
seen in the ARPES intensity map. The band-structure results
of (Crg.33Sbg.67)2Tes for I'-M (k, = 0) and A-L (k, = ) cuts
are overlaid in Fig. 4(g). The calculated bands show a good
match with the data and indicate that dominantly Sb-Te Sp
states constitute the spectral intensity at Er and within 2 eV
of Er. The occurrence of band inversion indicates that the
linear surface-state bands would be of mainly Sb 5p orbitals
below the DP and mainly of Te 5p orbitals above the DP, if
the DP exists. Further, at and near the I" point, the dominantly
Sb-Te 5p states show a gap of ~150meV just above Ef in
the bulk states, as seen in Fig. 4(g). The presence of this gap
can facilitate TSS with linear Dirac-type band dispersions to
be retained for Cr content x = 0.35. We have also confirmed
that this gap above Ef is not obtained in LDA calculations
for U = 0, as the main Cr 3d unoccupied states lie just at and
above Er for U = 0, consistent with earlier work [25,47].

Next, in Figs. 5(a) and 5(b), we show the raw ARPES
intensity maps of in situ cleaved surfaces of (Crg 35Sbg ¢s)2Tes
films measured at T = 210 and 20 K using hv = 8.4 eV from
a xenon lamp [32]. We found that hv = 8.4eV is suitable
to trace the dispersion of SS by avoiding overlap with the
k,-dispersive bulk valence bands [20]. The dashed lines trace
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FIG. 4. (a) The Brillouin zone (BZ) of Sb,Tes. (a) Calculated band dispersions of Sb,Te; along high-symmetry cuts in the BZ, obtained
from LDA band-structure calculations. The Sb (purple) and Te (green) band dispersions (BDs) at and near the I"-point indicate a gap with band
inversion in Sb,Te;. (c) Calculated Sb and Te BDs of (Crg33Sbg67),Tes obtained from LDA+U band-structure calculations, with U = 3 eV.
The Sb and Te BDs at and near the I'-point indicate that a gap just above Er with band inversion survives with Cr doping. (d) Projected
Te Spsj» and 5py ), partial DOS compared with corresponding Te Ms- and Mj-edge XAS spectra. (e) Calculated BDs of (Crg33Sbg67)2Tes
obtained from LDA+U band-structure calculations over a wide energy range. The green and yellow bands are the projected Cr 3ds;, and 3d3,»
bands, and the symbol size represents relative DOS. (f) Corresponding total DOS (black line) and projected Cr 3ds,, and 3d3,, partial DOS.
The Sb-Te p-character bands dominate at and near Er while the Cr 3d states lie at about 2—4 eV below and above Er. The weak Cr 3d states
just above Er in panel (f) mainly come from the M-K cut in the BZ, as seen in panel (e). (g) ARPES intensity map along the I'-M cut of
an in situ cleaved surface of (Cry35Sbges).Te; at T = 20 K measured with hv = 78 eV, which probes the bulk valence band. The calculated
Sb-Te p-bands along the I'-M (full lines) and A-L (dashed lines) cuts are overlaid over the experimental map. The states just above Er at and
near the I" point indicate a small bulk gap of ~150 meV which can allow TSS formation.

the maximum intensity of the weak bands. The dashed lines
were obtained from Figs. 5(c) and 5(d), which show the sec-
ond derivative of momentum distribution curves (MDCs) of
the raw maps shown in Figs. 5(a) and 5(b), indicating that
Dirac-type linear bands survive for high Cr doping content at
T = 210K in the paramagnetic phase and also at 7 = 20K in
the FM phase. An extrapolation of the band dispersion above
Er suggests that, assuming an absence of changes due to FM
ordering, the DP is expected to be at 248 £+ 26/244 + 15 meV
atT = 210K /20 K above Er. The existence of the DP cannot
be confirmed by ARPES as it lies far above Er. However,
as we will show in the following, we find spin-sensitive
shifts above Er in (Crg35Sbges)2Tes films, but the largest
shift is ~140meV at T = 25 K. This energy is less than
the estimated DP at ~250 meV above Er, and implies that
(Cro.35Sbg 65)2Tes is a topologically trivial FM. Also for topo-
logical properties like the QAHE to exist, the Er must lie
in a gap, and that is also not satisfied for (Crg35Sbg ¢5)2Tes.
This indicates that topological properties cannot survive in
(Cro.35Sbg.65)2Tes.

To check for changes in the leading edges of the Te M-
edges and Cr L-edges, in Figs. 6(a)-6(d) we plot the XAS
spectra of (Cr355bges)2Tes with an applied magnetic field
of +1 and —1T for the Te Ms leading-edge region on an
expanded scale (572-573.4 eV) with the same normalization

as in Fig. 3. The leading-edge changes indicate a clear and
systematic 7-dependent energy splitting between +1 and
—1T XAS spectra, due to the redistribution of spin-sensitive
spectral weight in XAS and XMCD spectra that occurs below
Tc, as shown in Fig. 3(a). Similarly, we plot the 7T-dependent
Cr L3 leading edge XAS spectra on an expanded scale (573.4—
574.2 eV) with applied magnetic fields of +1 and —1T in
Figs. 6(e)-6(h). The spin-sensitive shifts yex,(7') between the
+1 and —1T at each T are quantified at positions marked by
arrows in Figs. 6(a)-6(d) and Figs. 6(e)-6(h), and listed in
Table I.

The values of yexp(T) seen in Figs. 6(a)-6(d) and
Figs. 6(e)-6(h) are plotted on the right axis with the sample
magnetization and the XMCD intensity on the left axis as
a function of T in Fig. 7. The results show that ye(T) is
proportional to the magnetization and the XMCD intensity
as a function of 7. Thus, although topological properties
are not expected in this material, it still shows T -dependent
leading-edge shifts of magnetic origin below the FM ordering
temperature. At 7 = 25K, the Te Ms- and Cr L3-edge shifts
have nearly the same values of 140£10 and 1444+10 meV,
within error bars. Similarly, we have also plotted the over-
lapping Te M4—Cr L, leading edge on an expanded scale
(~583.0 to ~583.5eV) to check Yexp(T) between +1 and
—1T XAS spectra at each T, as shown in the Appendix,
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FIG. 5. ARPES intensity maps of in situ cleaved surfaces of
(Crg35Sbggs)>Tes films measured at (a) 7 = 210K and (b) T =
20 K. Panels (c) and (d) show the corresponding second derivative
maps obtained from the ARPES intensity maps. The observed band
dispersions (red dashed lines in (a) and (b)] indicate that the Dirac-
type linear dispersions survive at high Cr doping content. Assuming
an absence of changes due to FM ordering, a linear extrapolation
[red full lines in (c) and (d)] suggests that the DP is expected to be at
~250 meV above Er.

Figs. 10(a)-10(d). The overlapping Te M4—Cr L, leading
edge also shows a clear spin-sensitive shift between the +1
and —1 T XAS spectra (Table II in the Appendix). Another
confirmation of the magnetic character of the shift is seen
Figs. 10(a)-10(d): since the L3 (Ms) and L, (M,) levels have
opposite spin-orbit coupling, the spin polarization is opposite
at the two edges, i.e., the Te Ms—Cr L, leading edge shows a
clear spin-shift “reversal” compared to the Te M5 and Cr Ls
leading edges shown in Fig. 6.

The calculations shown in Fig. 3(b) with an exchange
field H.x, which quantitatively reproduces the experimental
XMCD, also show a spin-sensitive shift ycac in the Cr XAS
L3 and L, leading edges as shown in Figs. 6(1)-6(1) and Figs.
10(e)—10(h), respectively. It is found that the calculations
overestimate the shifts, and this is attributed to limitations
of a cluster model. A plot of the calculated shift energies
Yeale 1S also included in Fig. 7, and it is proportional to
the experimental shifts with yexpe ~ 0.66 X Ycqic. At the low-
est T = 25K, the required exchange field H.x of ~48.4T

1) Hex =48/4'T /1

L(f)CrLs
| 100K

[(b) Te Ms
1 100 K

(@ Crl,
175 K

Intensity (arb. units)

(h) CrLs
1[ 220 k

~(d) Te Ms
| 220 K

T —+1T
-1T |

572 5725 573

5735 574 5735 574
Photon energy (eV)

FIG. 6. Spin-sensitive shifts in dopant Cr 3d and Te 5p states of
(Cro35Sbg¢s)2Tes (Te = 192 K) with an applied magnetic field of 41
and —1T. (a)-(d) Te Ms-edge and (e)-(h) Cr L;-edge T-dependent
XAS spectra on an expanded scale. The data exhibit systematic spin-
sensitive shifts in the Te Ms and Cr L; edges of (Crg35Sbges).Tes,
with a maximum shift of 140 £ 10 meV and 144 + 10 meV at
T = 25K, respectively. (i)—(1) The corresponding calculated Cr L-
edge XAS spectra for different values of exchange field Hex show
that the calculated shifts y.,. are proportional to the experimental
shifts but are overestimated, with Yo ~ 0.66 X Yearc (see Fig. 7).

corresponds to a Zeeman energy { = 2.8meV < Tp = 192K
(=16.5meV) K Yexpt ~ 140 meV. The estimated ¢ values are
also plotted in Fig. 7 and indicate that the spin-sensitive shifts
Yexpt ~ 35 x ¢. This suggests the role of Cr 3d exchange in-
teractions in causing a relatively large spin-sensitive shift in

TABLE 1. The experimental and calculated XMCD %, the ex-
perimental Te M5 and Cr L3 spin-sensitive shift y..,(7) (error bar is
+10meV), the calculated Cr L3 spin-sensitive shift y.,.(7"), and the
exchange field H.. An applied magnetic field of &= 1 T was used for
XMCD experiments and calculations.

XMCD XMCD TeMs Crls CrLs
T expt calc Vexpl Vexpt Veale Hex
(K) % ) (meV) (meV) (meV) (T)
25 49.42 49.39 140 144 209.27 484
100 35.60 35.54 110 100 149.29 263
175 10.09 10.08 33 49 40.62 4.6
220 2.90 353 10 5 14.72 0

195134-7



C. W. CHUANG et al.

PHYSICAL REVIEW B 109, 195134 (2024)

1 i 0 [ T T T T T T T
(Cro.35Sbgg5)2Tes

0.8 f‘@ 150
0.6 \

04F — Magnetization
) e Expt. XMCD
o Calc. XMCD
Te M5 gap
0.2 A Expt. CrLggap
v Calc. Cr Lz gap (x0.66)
Zeeman energy (x55)

-1100

0.0 =0.0

(Aaw) ABisus uewasz / deb onaubely

XMCD / Magnetization (arb. units)

25 100
Temperature (K)

175
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function of T, together with the experimental and calculated spin-
sensitive shifts, ¥ (Vexpt ~ 0.66ycqc) (right axis). The Zeeman energy
(x55) corresponding to the exchange field is also plotted on the right
axis.

Cr 3d states, and it induces a comparable spin-sensitive shift
via hybridization in Te 5p states of (Crg 355bg ¢5)2Tes.

It is noted that studies on a few FM semiconductors have
reported the observation of spin-splitting in conduction-band
states, such as EuSe, EuS, EuO (with a spin-splitting of ~180—
360 meV), in (In,Fe)As (with a spin-splitting of ~30-50 meV)
using spin-polarized tunneling spectroscopy [48-51], and by
MCD in optical spectroscopy of nanocrystalline EuSe and
EuS [52]. Since the XAS-XMCD measurements were carried
out using the total electron yield method, the electron sam-
pling depth at the Cr L-edge/Te M-edge energies is ~15-20 A
[53]. Thus, the technique is considered to be less surface-
sensitive than ARPES measurements shown in Figs. 4 and 35,
as well as spin-polarized tunneling spectroscopy [48-51].

In Fig. 8, using the known occupied Cr 3d states reported
by resonant-PES [25,47] and our XAS and ARPES results,

E,_— Cr3d
Spin-shift

e 2V
a” .,
Te 5p Te 5p 8 Te 5p '
occupied  Spin-shift unoccupied

FIG. 8. Schematic of the electronic structure of the negative
charge-transfer (A < 0) system (Crg35Sbg¢s).Te; inferred from the
experiments and calculations, showing the Cr3d and Te 5p band
assignments and the spin-sensitive shift, which we interpret as due
to spin-splitting. The color gradation in Te 5p states is used to indi-
cate hybridization with Sb 5p and Cr 3d states and represents band
inversion and a negative charge-transfer energy.

we show a schematic of the electronic structure of Cr3d
and Te 5p states of (Crg.355bg.65)2Tes. Resonant-PES showed
that the Cr3* et states lie ~2eV below Ep [25,47], and
cluster model calculations indicate a negative A = —2.0eV,
Ujqs =4.0eV, and strong V., = 1.35eV (Ref. [24] and the
present work). Hence, the lowest unoccupied states have Te 5p
character, consistent with a band inversion. Accordingly, the
unoccupied Cr¥* 1, states and the Cr** e, states lie above
the Te 5p unoccupied states. Based on +1T applied field and
exchange field-dependent spectral shape changes at low-T,
the FM transition manifests as a spin-sensitive leading-edge
shift, which we interpret as due to spin-splitting between low-
est energy unoccupied Cr>*™ Iy, states and the Cr’t ey states
(Fig. 8), and it induces a spin-sensitive shift in the unoccupied
Te 5p states above Er. Our results indicate (Crg 35Sbg g5)2Tes
has nearly all the features of the very recently predicted route
to QAHE [54], namely a strongly correlated half-filled band,
an “inverted” or negative A, and band inversion. However,
since the largest yexp value of ~140meV observed at T =
25K is less than the estimated DP at ~250 meV above Ef,
and furthermore since the material is metallic and the Er does
not lie in a gap, the topological properties cannot survive in
(Cro.35Sbg.65)2Tes.

IV. CONCLUSIONS

In conclusion, our study on (Crg35Sbg.s)2Tes shows that
the T-dependent XAS-XMCD exhibit spin-sensitive shifts in
the electronic structure which follows the bulk magnetization,
XMCD intensity, and the exchange field. ARPES measure-
ments showed linear bands, but the estimated DP energy is
larger than yexpe (T = 25K), implying a topologically trivial
FM. The Cr3d XMCD spectra can be described by charge-
transfer multiplet cluster model calculations with a negative
charge-transfer energy A between Cr3d and TeS5p states.
The study establishes a direct link between unoccupied Cr 3d
dopant and Te Sp spin-sensitive states in (Crg.35Sbg.es)2Tes
with the magnetization, XMCD intensity, and exchange field.
Since the T -dependent spin-sensitive shifts yexp in the Cr 3d
states can be simulated by a relatively low exchange field, it
suggests the role of Cr 3d exchange interactions in enhancing
the spin-sensitive shifts in Cr 3d states, and induces compa-
rable spin-sensitive shifts via hybridization in Te 5p states of
(Cro.35Sbo.65)2Tes.
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APPENDIX

1. XAS data analysis

Figure 9 shows the raw CrL-edge and TeM-edge
XAS spectra obtained from in sifu cleaved surfaces of
(Crg.35Sbg ¢5)2Tes measured at (a) T =220K and (b) T =
25K with an applied magnetic field of & 1 T. It is seen that
the XAS spectra show a large background, but the background
is very similar for both 41 and —1 T spectra. To compare the
experimental XAS with calculated XAS spectra, a polynomial
background as shown in Fig. 9 was subtracted from the raw
data to obtain the XAS spectra shown in Fig. 3(a) of the main

paper.

2. Cluster model calculations

We carried out charge-transfer multiplet cluster
model calculations for the Cr2p-3d XAS based on a
CrL¢ (L = ligand) cluster using the QUANTY program
[35-37]. We used an octahedral O; symmetry cluster
with a formal valency of trivalent Cr ion and four basis
states given by d"tPLP states (n=3 and p = 0-3),
following the recent study by Tcakaev et al. [24]. As
usual, the electronic parameters of the calculation are the
charge-transfer (CT) energy A, which is defined as the energy
separation between the d" state and the d"*'L state, the
on-site Coulomb energy Uy, the core-hole potential or the
Coulomb interaction energy between Cr2p core hole and

CrpasSboes)oTes XAS 1
( 0.35 0.65)2 3 T - 220 K_
— +1T

- (a)

Intensity (arb. units)

s | L | L | s 1
572 576 580 584 588
Photon energy (eV)

(CrossSboes)2Tes XAS 1
T=25K]

+1 T A
— 4T
--- BG

Intensity (arb. units)

| L | L | I | L |
572 576 580 584 588
Photon energy (eV)

FIG. 9. The raw Cr L-edge and Te M-edge XAS spectra from in
situ cleaved surfaces of (Cr(35Sbg g5 ), Tez measured at (a) 7 = 220K
and (b) T =25 K with an applied magnetic field of &= 1 T. The
dashed curve indicates the polynomial background subtracted from
the data to obtain the spectra shown in Fig. 3 of the main paper.

- (e) Hex=48.4T//

Cr L, calc|

—+17T 1
T A -17

1F (@) Hex=4.6

Intensity (arb. units)

i CrL,calc,
+17T
1L —=1T |
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- TeM, .

Cr L, calc|
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yd -17 -1T |
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FIG. 10. The expanded scale Te M,-CrL,-edge T -dependent
XAS experimental (a)—(d) and calculated (e)—(h) spectra showing a
spin-shift reversal as the leading edges show a clear switching for an
applied magnetic field of +1 and —1 T compared to the Te Ms- and
Cr L;-edge results shown in Fig. 3.

3d electrons Uy, the hybridization energies V,, and V,, , and
the crystal-field splitting 10Dg, which is the energy splitting
between the 15, and e, states. The spin-orbit coupling is also
included in the calculations. A suitable match was obtained
for the electronic parameter values of on-site Coulomb
energy Uyy; =4.0eV, core-hole potential U, = 4.8¢eV,
hybridization  strengths Ve, = 1.35eV, Vie = 0.5eV,
crystal-field splitting 10Dg = 1.0eV, and A = —2.0 eV.
Most importantly, we also needed to consider the internal

TABLE II. The experimental Cr L,-Te M, and calculated Cr L,
spin-sensitive shifts, Yexpe and Yeac, with an error bar of 10 meV,
and the exchange field Hey.

Cr Lz/Te M4 CI'LZ
T yexpt Veale Hex
X (meV) (meV) (M
25 81.34 196.66 48.4
100 48.82 128.87 26.3
175 14.06 34.01 4.6
220 11.96 11.96 0

195134-9



C. W. CHUANG et al.

PHYSICAL REVIEW B 109, 195134 (2024)

exchange field Hx in order to obtain the XMCD intensity
variation and the spin-sensitive shifts in the leading edges as
a function of T seen in the experiments.

3. Spin-sensitive shifts in the M,-L,-edge of (Crg.355bg.¢5).Tes

The overlapping TeM, —CrL, edge is plotted in
Figs. 10(a)-10(d) on an expanded scale (~583.0 to
~583.5eV) for comparing the spin-sensitive shifts be-
tween +1 and —1T XAS spectra. The TeMy — CrL,
leading edge shows a clear spin-sensitive shift ey and

the values are listed in Table II. As seen in Figs. 10(a)—
10(d), the spin polarization is opposite at the L,-M, edge
compared to the L3 and Ms edges [Figs. 6(a)-6(h)], because
the L3 (Ms) and L, (M,) levels have opposite spin-orbit
coupling. This indicates that the Te My — Cr L, leading edge
shows a clear spin-shift “reversal” compared to the Te M5 and
Cr L3 leading edges shown in Fig. 6. This spin-sensitive shift
reversal is also confirmed in the calculated spectra, although
it is overestimated, as shown in Figs. 10(e)-10(h), and the
corresponding values are listed in Table II.
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