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Ferromagnetic topological insulators have emerged as a promising platform for quantum anomalous Hall
(QAH) effect with a dissipationless edge transport. However, the observation of QAH effect has so far been
restricted to extremely low temperatures. We investigate the microscopic origin of ferromagnetism coupled
with topological insulators in vanadium-doped (Sb, Bi),Te; employing the x-ray magnetic circular dichroism,
angle-resolved two-photon photoemission spectroscopy, combined with first-principles calculations. We found
a negative spin polarization, and thus an antiparallel magnetic moment at the Te site with respect to that of the
vanadium dopants, which plays the key role in the ferromagnetic order. We ascribe it to the hybridization between
Te p and V d majority spin states at the Fermi energy (Er), being supported by a Zener-type p-d exchange
interaction scenario. The substitution of Bi at the Sb site suppresses the bulk ferromagnetism by introducing
extra electron carriers in the majority spin channel of Te p states that compensates the antiparallel magnetic
moment on the Te site. Our findings reveal important clues to designing magnetic topological insulators with
higher Curie temperature that work under ambient conditions.

DOI: 10.1103/PhysRevB.99.144413

I. INTRODUCTION

The discovery of the quantum Hall effect introduced topo-
logical concepts into condensed matter physics [1], in which
integer values of the quantized Hall conductivity were later
determined to express certain topological invariants (Chern
numbers) [2]. The quantum Hall effect is characterized by
a dissipationless edge current that results from Landau level
splitting but requires strong external magnetic fields and
samples of extremely high-electron mobility. The quantum
anomalous Hall (QAH) effect can be regarded as a quantum
Hall effect that takes place in the absence of an external
magnetic field. It is predicted to occur in topological insu-
lators (TIs) coupled with ferromagnetism, where the surface
Dirac band exhibits an energy gap arising from broken time-
reversal symmetry and provides a fertile ground for realizing
exotic quantum phenomena, including the QAH effect that
is accompanied by dissipationless transport [3,4]. Numerous
attempts have been made to incorporate magnetism into the
TI family via surface and bulk doping [5-9], and the magnetic
proximity effect [10,11]. The realization of ferromagnetism
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combined with the topologically nontrivial states was re-
ported by several groups even with perpendicular magnetic
anisotropy, which is prerequisite in breaking the time-reversal
symmetry. However, the observation of the QAH effect has
so far been restricted to the (Sb, Bi),Te; system doped with
chromium (Cr) or vanadium (V) atoms, where the Cr and V
atoms are selectively substituted into the Sb site [12,13]. As
one of the most serious problems, the precise quantization of
the Hall resistance at zero field remains confined to low tem-
peratures (10-100 mK) [14-17]. Nevertheless, a great effort
thus has actually been made to raise its temperature [18]. An
ideal QAH effect has been achieved in V-doped (Sb, Bi),Tes,
showing a larger coercivity with an almost vanishing residual
longitudinal resistance than those of Cr-doped samples. Thus
identifying the magnetic interaction provides an important
clue to understanding the ferromagnetism formed in TIs,
which could significantly benefit the material engineering of
system exhibiting a QAH effect at higher temperature.

Due to the diluted doping concentration, the distance be-
tween the magnetic moments is too large to yield the di-
rect d-d exchange interaction. The ferromagnetic coupling
mediated by the host carriers has recently been evidenced
for Cr-doped TIs by clarifying the tiny magnetic moment
of Sb 5p electrons through x-ray magnetic circular dichro-
ism (XMCD) technique [19-21]. Despite several subsequent
works performed for V-doped (Sb, Bi),Tes;, no conclusive

©2019 American Physical Society
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physical picture has been obtained mainly due to a lack of
the experimental investigation of the Te 5p magnetic states
[20-22]. In addition, a partial substitution of Sb for Bi in
the Sb,Te; host could efficiently tune the bulk carriers [23].
Besides, the spontaneous ferromagnetism combined with the
lack of bulk charge carriers brings about the QAH effect in
TIs [3,4]. Therefore the interplay between the ferromagnetism
and the bulk/surface carrier density should be scrutinized for
V-doped samples in order to get comprehensive insight into
their microscopic origin.

In this paper, we propose the exchange interaction of
the vanadium-doped TI, V04(Sb;_Bi;)196Tes (x = 0, 0.2,
0.3), which is a promising platform as a stable QAH system
compared to the Cr-doped TIs. Using XMCD as an element-
specific technique, we probed the magnetic moments induced
at the Te and Sb sites of the host lattice in the presence of
V dopants. The observed XMCD revealed that the magnetic
moments at the Te site are aligned antiparallel to those at the
Sb site and V dopants, signifying a negative spin polarization
at the Te site, implying that the p-d exchange interaction is
responsible for its ferromagnetism. We further demonstrate
from two-photon photoemission (2PPE) measurements that
the substitution of Sb for Bi results in a reduced hole carrier
density, shifting the Fermi energy (Ef) closer to the Dirac
point. Furthermore, our ab initio calculations reveal that the
majority-spin channel of the Te 5p partial density of states
(DOS) is pushed above the Ef via the hybridization with the
V d states, which leads to the antiparallel coupled magnetic
moment at the Te site.

II. EXPERIMENTAL METHODS

The XMCD experiments were performed at the twin-
helical-undulator beamline BL23SU of SPring-8, where the
fast switching of the x-ray helicity at 1 Hz enables data
acquisition with an excellent signal-to-noise ratio [24]. The
x-ray absorption (XAS) and XMCD spectra were acquired in a
total-electron-yield mode in ultrahigh vacuum (better than 5 x
10~° Pa). The 2PPE measurements were performed at a laser-
based angle-resolved photoelectron spectroscopy station of
the Institute for Solid State Physics, the University of Tokyo,
employing the pump-probe technique with 1.48-eV pump and
5.92-eV probe laser pulses at a repetition rate of 250 kHz.
The total energy resolution of 2PPE measurements was set
to 15 meV; spectral broadening from the space charge effects
was minimized to 10 meV [25]. The bulk single crystals of
Vo0.04(Sb1_Bi,)1.96Tes were grown following the modified
Bridgman method and were carefully examined through XRD
measurements that excluded a clustering of vanadium prior to
the experiments. For all the measurements, the contamination-
free sample surfaces were obtained by cleaving in ultrahigh
vacuum.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the normalized XAS spectra mea-
sured by circularly polarized x-rays at the V L3 2p — 3d)
and Sb Mys (3d — Sp) absorption edges of V( 4Sb;.gsTes
(Tc = 19 K) with remnant magnetization perpendicular to
the surface plane at 5 K. A clear difference is observed

between the V L3 XAS spectra measured with opposite
photon helicities, and indicates the appearance of dichroic
signals of the V dopants. The resulting XMCD line shape
obtained by taking the difference of these normalized XAS
spectra is rather complicated due to a partial overlap of the
L, and L3 edges, which is similar to those reported recently
[20,22], and is well described by the V3* ion (3d?) final
state multiplets with a crystal field of 10Dg = 1 eV [26].
In contrast, the XAS spectra only show a subtle difference at
the Sb Mys edges measured with opposite photon helicities.
However, the XMCD spectrum [Fig. 1(b)] at the Sb Mys
edges presents clear dichroic signals, the intensity of which
is about ~1% of the XAS (estimated by the edge jump at
Sb Mys), with the opposite sign for the Ms and M, edges,
signifying the presence of magnetic moments at the Sb sites
even with remnant magnetization. Most importantly, a clear
XMCD intensities at the Te M45 absorption edges are observed
[Figs. 1(c) and 1(d)], certainly demonstrating a presence of the
induced magnetic moment at the Te site.

It is important to note that the XMCD spectra of Te and Sb
edges exhibit opposite signs, even though they all correspond
to the 3d — 5p transitions. This indicates that the magnetic
moments at the Te and Sb sites are coupled antiparallel.
Considering that the XMCD at the L,3 edges for the V dopant
are related to the 2p — 3d transition, the opposite signs
between the V L3 and Sb Mys XMCD spectra demonstrates
that the magnetic moment at the Sb site is aligned parallel to
that of V dopant substituted in the same atomic layer, whereas
the magnetic moment at the Te layer is aligned antiparallel
[Fig. 1(e)] [27-29].

To add further details to this complicated magnetic cou-
pling between the V dopants and the host lattice, we measured
the XMCD intensity at V L3, Sb Ms, and Te M5 edges as
a function of external magnetic field (M-H curve) applied
perpendicular to the surface plane. As shown in Fig. 1(f),
the XMCD intensities exhibit clear hysteresis loops for all
three elements with a nonzero intensity at zero magnetic field,
indicating spontaneous magnetization in both the dopant and
the host lattice. For all three elements, the widths of the
hysteresis loops are equivalent implying that the magnetic
moments are strongly coupled. The coexistence of parallel and
antiparallel coupling of the moments in V-doped (Sb, Bi),Tes
is strongly supported by the Zener-type p-d exchange inter-
action scenario, in which the hybridization between the Te
p states and the V d valence states plays an essential role
[30-32]. This interaction is also accompanied by an indirect
exchange interaction within each quintuple layers parallel to
the (0001) [Fig. 1(e)] surface mediated by the free carriers and
leads to a parallel spin coupling between the Sb 5p states and
the V 3d states [33].

By increasing the Bi concentration in
Vo.04(Sb;_Bi,);.96Tes from O to 0.2 and 0.3, T¢ experiences
an abrupt drop from 19 to 14 K and 8.5 K, respectively. From
the XMCD spectra measured for the samples with different
Bi concentrations at the V, Sb, and Te absorption edges
normalized by the XAS intensities [Figs. 2(a)-2(c)], their
rapid decreases are in good agreement with the decreasing Tc
arising from the Bi doping effect. For x = 0.2, all the XMCD
spectra are well reproduced at the absorption edge of each
element, but the XMCD signal weakens considerably for
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FIG. 1. (a) XAS and (b) XMCD spectra of V(4Sb;gsTe; measured at V L3 and Sb Mys edges at 5 K with out-of-plane remnant
magnetization. (¢) and (d), same as (a) and (b) for Te M5 edges.(e) Crystal structure of V(4Sb;gsTes crystal with magnetic moments on
each atom. (f) XMCD amplitudes at the V L;, Sb M5, and Te M5 edges plotted as a function of applied magnetic field.

x = 0.3 sample. The M-H curves for different x at V Ls,
Sb Ms, and Te M5 edges [Figs. 2(d)-2(f)] exhibit clear
magnetic hysteresis loops. For x = 0.2, it shows only a half
of the width of the hysteresis loops compared with x =0
sample at the corresponding edges. These results confirm
that the substitutional Bi atoms significantly suppress the
long-range magnetic order.

To better understand the exchange interaction being re-
sponsible for the ferromagnetic ordering in the V-doped topo-
logical insulator, the underlying mechanism for the abrupt
suppression of ferromagnetism on the Bi substitution at the
Sb site needs to be revealed. Note that the topological surface
states (T'SSs) are mostly located above the Er due to the host
p-type carriers induced by the Sb-Te antisite defects [23,34].
Therefore the conventional ARPES cannot access to the TSSs
in the unoccupied states. Besides, the existence of TSSs is
not guaranteed in the presence of magnetic impurities. The
electronic states near the Er were then investigated using the
2PPE for V(04(Sb;_.Bi;);.96Tes. For the sample without Bi
substitution, the Ef intersects the bulk valence band, and the
whole TSS is unoccupied, in which no Dirac-cone-like disper-
sions are seen[left panel of Fig. 3(a)]. The spectrum acquired

from Vj04Sb; 9¢Tes after the pump pulse arrives [right panel
of Fig. 3(a)] shows that the TSSs in the unoccupied state
region can be probed with its Dirac point located at energy
(Ep) of 173 meV (white dashed line) above the Eg (black
dashed line). After Bi substitution on the Sb site by 20%,
the Dirac point shifts downward to Ep = 65 meV as a conse-
quence of the n-type carriers induced by Te vacancy naturally
formed with Bi substitution [23,34]. A further increase in the
concentration of Bi to 30% lowers the Dirac point by 35 meV
with Er located in the bulk energy gap [Figs. 3(b) and 3(c)].
However, due to the limited energy resolution (~15meV) in
the 2PPE experiment, the opening of an energy gap at the
Dirac point could not be clearly judged. Nevertheless, al-
though increasing the Bi concentration effectively reduces the
bulk carrier concentration while maintaining the presence of
TSSs as demonstrated in Figs. 3(b) and 3(c), it is accompanied
by a sudden suppression of ferromagnetism as in the case of
Cr-doped (Sb, Bi),Te; [19], resulting in an abrupt decrease of
the Curie temperature [Fig. 3(d)]. This behavior is not accom-
modated by the proposed Van Vleck-type ferromagnetism,
which is independent of the bulk carrier density [4]. Such a
dependence of ferromagnetism on carrier density also differs
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FIG. 2. XMCD spectra of V4(Sb;_,Bi,); 9¢Tes measured at (a) V L3, (b) Sb Mys and (c) Te Mys edges, respectively, for x = 0, 0.2, and
0.3 samples at 5 K. XMCD intensities at (d) V Ls, () Sb M5, and (f) Te M5 edges as functions of applied magnetic field for corresponding

samples measured at 5 K.
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from a previous report on V-doped Sb,Tes;, where a type of
Van Vleck picture dominated by the contribution from the
core states of V is responsible for the ferromagnetism [35].

IV. THEORETICAL CALCULATION

To gain a deeper insight into the competition between
carrier tuning and ferromagnetism, investigating the impurity
states in analogy to the diluted magnetic semiconductors is
important, especially the energy of the V d states relative
to the Ep and the bulk energy gap of the host materials
[31,32]. According to Ref. [36], the surface-electron me-
diated Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism
can result in an antiparallel magnetic coupling unless the
Dirac point is located close to the Fermi level. However, no
antiferromagnetic coupling has been detected among the V
dopant. In addition, since the bulk carrier density in the stud-
ied system is rather small, the RKKY interaction can hardly
be accounted for the magnetism in V-doped (Sb, Bi),;Tes.
We then performed first-principles calculations based on the
supercell method for the V-doped Sb,Te; sample, in which
a 4 x 4 x 3 supercell including 144 Te atoms, 94 Sb atoms,
and 2 V atoms was configured to simulate the Vg 4Sbj 96 Tes
sample. To account for all symmetry-inequivalent positions
of the V dopants inside the supercell, we generated 30 dif-
ferent structures, the density of states (DOS) of which were
calculated using the Vienna ab initio simulation package
[37], with the generalized gradient approximation [38] as
exchange-correlation functional and a 2 x 2 x 2 k mesh. To
probe the magnetic polarization induced by the V dopants in
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our calculations, spin symmetry breaking was allowed for all
atoms inside the super-cell. Highly consistent with the exper-
iment, we found that the doped V induces a ferromagnetic
correlation with Sb and an antiferromagnetic correlation with
Te. The calculated DOS was averaged over all the structures
[Fig. 4(a)], showing Ef intersecting the bulk valence band.
Importantly, a sharp peak originating from the majority spin
states of V is found to be located at an energy of ~0.1eV
below Ef, which is consistent with previously reported res-
onant soft x-ray photoelectron spectroscopy results [39,40].
This band diagram is quite similar to that for the well-known
diluted magnetic semiconductor, Ga;_,Mn,As, in which the
impurity band formed by Mn 3d electrons is located at the
valence band top of the host GaAs below the Eg [41]. An
amplified view of the DOS near Er [Fig. 4(b)] reveals a
strong hybridization between the Te p and V d states in
the majority spin channel around Eg. The f,, and e, states
of the V d electrons are slightly split, and both extended
to unoccupied states. Consequently, a strong hybridization
(p-d mixing) between the Te p and V d states pushes the
majority spin component of Te p states above the Eg. This
hybridization reduces the occupancy of the Te p majority spin
states, which results in an antiparallel magnetic moment at
the Te site, as probed by our XMCD experiments. On the
other hand, the Sb p states are dominant in the conduction
band region, and a weak V d - Sb p mixing in the same plane
slightly enhances the majority spin DOS below Er [Fig. 4(a)],
resulting in a small but parallel moment with respect to the V
dopants.

Hence, the mechanism behind the magnetic interaction
in V-doped Sb,Tes follows a prescribed scheme [Figs. 4(c)
and 4(d)]. Firstly, the strong hybridization between the V d
states and Te p states pushes the majority spin component
of the Te p band to a higher energy, resulting in antiparallel
moments at the Te site. This exchange interaction mecha-
nism is dominated by the V-V interactions in the V-doped
(Sb, Bi),Tes via an anion (Te) layer between the magnetic
dopants (V) in different cation (Sb) layers. Meanwhile, the
spin splitting of the Te p states can also stabilize the V-doped
Sb,Te; system by shifting the Er to a lower energy as indi-
cated in Fig. 4(d). Secondly, a co-existing indirect exchange
mechanism via free carriers in the same cation (Sb) layers
gives rise to the parallel magnetic moment on Sb sites with
respect to the V dopants. However, this interaction is relatively
weaker, and thus plays less important role in the formation of
long range magnetic order in V-doped (Sb, Bi),Tes.

Finally, we discuss the effect of Bi substitutions at the
Sb site. Partial substitution of Sb by Bi induces extra bulk
electron carriers that can push the Ep into the bulk energy
gap, which is crucial to realize the QAH effect. However, this
process results in an abrupt decrease in the bulk magnetism
[Fig. 3(d)]. This phenomenon can be understood from the
schematic diagram [Fig. 4(d)], where the tuning of Er towards
the bulk energy gap increases the occupancy of the Te p
majority spin states while almost maintaining the occupancy
of the minority spin states through spin splitting of the Te p
states. Therefore the magnetic moments at the Te sites are
reduced accompanied by a tuning of Er and are eventually
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eliminated when Ep shifts into the bulk energy gap. As a
consequence, long-range magnetic ordering in the bulk crystal
is strongly suppressed due to the reduced magnetic moments
in the host lattice that mediated the local magnetic moment
among V impurities. Nevertheless, the strong hybridization
between Te/Sb p and V d may still play a role in the
formation of ferromagnetism, but this role needs to be further
investigated.

V. CONCLUSION

To conclude, with XMCD measurements taken from V-
doped (Sb, Bi),Tes;, we revealed that antiparallel magnetic
moments on the Te sites with respect to the Sb and V sites
are crucial for the formation of long-range magnetic ordering.
Our theoretical investigation unambiguously reveals that such
ferromagnetism in dilute magnetic TIs are ascribable to a
strong hybridization between the Te p and V d majority
spin states. This hybridization results in a shift in the Te p
majority spin states to unoccupied states, which consequently
leads to an antiparallel magnetic moment and a negative spin
polarization at the Te site. The substitution of Bi at the Sb
site undermines the long-range magnetic ordering by reducing
the magnetic moment at the Te site. Our findings provide
important clues to understand the origin of ferromagnetism in

magnetically doped TIs and pave the way for the realization
by material engineering of the QAH effect at much higher
temperatures through the tuning of the magnetic exchange
interactions.
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