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Topological insulators containing single atoms of magnetic metals are
useful for studying the effects of magnetism on the topological
properties of matter. Controlling the distribution of magnetic atoms
remains a major issue during the synthesis of these materials, as the
formation of clusters and/or unwanted precipitates competes ener-
getically with the formation of dilute phases. Here, we report the
synthesis of large Bi,Se;z single crystals with rhombohedral structure
and extremely low concentration (0.15 at%) of substitutional Cr ions
using the Bridgman method. After exfoliation, the crystals exhibit a
topological surface state with an energy-momentum dispersion dif-
ferent from that of pristine Bi,Sez, due to the presence of an apparent
energy gap at the Dirac point. The properties of this state are
discussed in comparison with previous spectroscopic measurements
of Cr-doped Bi,Ses films.

The synthesis of magnetic topological insulator (TI) materials
and their topological electronic structures and magnetic prop-
erties are currently the subject of intense research activities.
TIs in three dimensions are characterized by gapless surface
states with linear (Dirac-like) energy-momentum dispersion, if the
time-reversal symmetry is preserved. These topological surface
states (TSSs) originate from the bulk band inversion induced by
strong spin-orbit interactions. Bi,Se;, Bi,Te; and Sb,Te; are
prototypical bulk materials that exhibit TSSs and have attracted
much attention in the fields of photodetectors, field-effect tran-
sistors, energy conversion and storage, and catalysis.>® In parti-
cular, it is predicted that the interplay of magnetism and topology
can lead to remarkable phenomena, such as the quantum anom-
alous hall effect, which could have major implications in the field
of spintronics.® Theoretical and experimental advances have been
made towards a comprehensive description of the behavior of
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topological magnetic materials."'® However, the effect of diluted
magnetic dopants on the electronic structure of a TI is still not
fully understood.

TSS are exceptionally sensitive to perturbations breaking the
time-reversal symmetry, such as magnetic fields or magnetic
moments localized on the surface.'* Theory predicts that a single
magnetic impurity on the surface of a TI can induce a gap opening
in the local density of states.”> A TI with randomly distributed
magnetic impurities should be gapped everywhere, at least at the
mean-field level.'> An experimental verification of these scenarios
is challenging from a materials perspective. Random magnetic
impurities can be produced either by deposition of minute
quantities of magnetic elements on the TI surface or by embed-
ding magnetic dopants during the synthesis of the TI materials.
The first approach requires low temperatures to limit the thermal
diffusion of magnetic atoms on the surface and suppress the
aggregation of isolated atoms into clusters and/or islands. The
second approach allows to introduce diluted impurities during
the synthesis of TI single crystals or thin films, which can be
studied even at room temperature. However, also in this case,
aggregation of the magnetic dopants could occur, depending on
the solubility limit of the dopant and the growth procedures.

The solubility of magnetic of 3d transition metals in proto-
typical TIs is very low. An exemplary case is the Cr-doped
Bi,Se;."® To date, major efforts to understand the properties
of TI doped with dilute magnetic impurities have been pursued
in thin films grown by molecular beam epitaxy (MBE), such as
Bi, ,Cr,Se; thin films. Up to a Cr content of x = 0.05,
Bi,_,Cr,Se; films showed good crystalline quality.’*"® The
most energetically favorable process to achieve Cr doping is
the Bi substitution.'>'” The formation of large defect com-
plexes with Cr atom pairs at substitutional and interstitial sites
was found theoretically and experimentally to be more favor-
able for Cr contents of 0.02 < x < 0.40.">'® Studies of the
magnetic properties of Cr-doped Bi,Se; films'**>*?
ferromagnetic behavior at low temperature, with a magnetic
moment of about ~2ug per Cr ion and Curie temperature T¢
that depends on the dopant concentration.">'*>' X-ray

showed a
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absorption spectroscopy showed that Cr dopants exhibit a +2
oxidation state when they replace trivalent Bi atoms in the Bi,Se;
matrix."® This result was associated with the covalent character
of the Cr-Se bond and the observed local structural relaxation of
the Bi,Se; lattice.'® The effects of Cr doping on the TSS of Bi,Se;
films were investigated by angle-resolved photoelectron spectro-
scopy (ARPES), which pointed out a band gap opening at the
Dirac point of the TSS."**** The origin of the gap is still
controversial; some studies attribute the gap to ferromagnetic
ordering,”* while others argue that it is due to the resonance
states of impurities.>® In this context, the study of bulk Bi,Se;
crystals, in which the Cr dopants are diluted to thermodynamic
solubility and more uniformly distributed than in MBE-grown
films, could shed light on the origin of the gap opening in TSSs.

Growing from a molten phase is an alternative method to
MBE that enables the growth of macroscopically large, high-
quality TI crystals.”® In a previous study dealing with the
preparation of single crystals by the Bridgman method starting
from the nominal mixture Bi,_,Cr,Se; with 0.005 < x < 0.04
(i.e. low content of Cr in the starting mixture) the solid
solubility of Cr at 600 °C was determined to be below x =
0.02.”” Secondary phase nano-precipitates of Bi,Cr,Se, were
detected for x > 0.02. The low solubility of Cr in Bi,Se; is
advantageous as it allows to study the effects of the magnetic
impurities on the topological properties, without affecting the
intrinsic bulk properties of the TI (i.e. by introducing extrinsic
charge carrier concentration, etc.). From the point of view of the
melt synthesis using conventional laboratory equipment, however,
this is a challenge, as the preparation of stoichiometric mixtures
with amounts of Cr below its solid solubility in Bi,Se; is at the limit
of the experimental precision and reproducibility. As soon as the Cr
content exceed the solid-state solubility, the formation of precipi-
tates of secondary phases in the matrix is unavoidable. One strategy
to overcome the problem, here adopted, is to determine the
optimized processing regime,*® in order to avoid the formation of
the nano precipitates within the Bi,Se; matrix. We allow for the
growth of large crystalline secondary phases that can be easily
separated from the Bi,Se; matrix. At the end of the process,
precise control of the composition is achieved: the matrix is
saturated with the Cr magnetic dopants, while large crystalline
precipitates of the secondary phases are completely separated
from the matrix. It is important to notice that within the Cr-
saturated Bi,Se; matrix the homogeneous distribution of the
magnetic dopants is thermodynamically favored because every
departure from homogeneity causes local instability due to
local excess of the solid solubility limit.

The preparation of the material, following the strategy
described above, was done based on the available phase
diagram for the Bi,Se;-Cr,Se; join of the ternary system
Bi-Cr-Se."”

Bismuth and selenium (99.9%) were purchased from Sigma
Aldrich. Chromium (99.999%) was purchased from MaTeck
GmbH. A mixture of metals corresponding to Bi:Cr:Se =
1.85:0.15:3.00 was sealed in an evacuated quartz ampoule.
The Cr content was significantly above its solubility limit in
Bi,Se; and lied within the Bi,Cr,Sey phase field.

This journal is © The Royal Society of Chemistry 2024
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To obtain a homogeneous melt, the ampoule was heated up
to 1000 °C at 40 °C h™" and kept at this temperature for 48 h.
The temperature was then slowly lowered to 250 °C at 5 °C h™ .
During the cooling the system went through Bi,Cr,Ses phase
field where Bi,Cr,Se, crystals formed and grow. Due to the very
slow cooling rate they grew to a significant size of about 250 pm.
By further cooling the system entered into the Bi,Se; phase field
causing crystallization of large flake-like Bi,Se; crystals saturated
with Cr. Our post-growth analysis by X-ray diffraction (XRD) and
energy dispersive X-ray spectroscopy (EDX) allowed us to identify
and localize the different phases in the synthesized ingots.
Within our detection constraints, we found that the Cr ions
are dilute and homogeneously distributed in the matrix of large
single crystals of Bi,Se;. To control the material obtained from
supersaturated compositions, we also analyzed the material
obtained from a starting mixture Bi:Cr:Se = 1.95:0.05:3.00,
and we obtained similar XRD, SEM and EDX results as for the
starting composition Bi:Cr:Se = 1.85:0.15: 3.00.

The effects of Cr doping on the TSS, probed by ARPES, are
consistent with previous studies on Cr-doped Bi,Se; films,**>42°
grown by MBE, where the opening of an apparent energy gap was
observed. Therefore, the results shown here indicate a viable way
to synthesize bulk TIs doped with magnetic elements.

The XRD pattern of the powdered samples was collected
with a Rigaku Miniflex600 diffractometer. Microscopy analysis
was performed with a field-emission scanning electron micro-
scopy (SEM) (Jeol JSM-7100F) equipped with back-scattered
electron detector and operated at 15 kV. The chemical compo-
sition was determined by fitting the EDX spectra measured with
an Oxford XMax-80 spectrometer (with Aztech acquisition and
analysis software) installed on the same SEM. The photoemis-
sion experiments were carried out at Elettra synchrotron
(Trieste, Italy) on clean surfaces obtained by cleaving the
samples in situ in ultra-high vacuum with pressure lower than
1.2 x 10~ '° mbar. Low energy electron diffraction (LEED) was
used to monitor the surface crystalline structure of the samples.
The X-ray photoelectron spectroscopy (XPS) and ARPES experi-
ments were carried out at a VUV-Photoemission beamline
(Elettra, Trieste) using a Scienta R4000-WAL hemispherical
electron energy analyser mounted at 45° to the beam direction.
The XPS spectra were measured using a photon energy of
700 eV with a total energy resolution of ~200 meV and the
ARPES maps were measured at a photon energy of 45 eV with
p-polarized light and with an energy resolution of ~10 meV.
XPS and ARPES measurements were acquired on the sample
kept at room temperature. The XPS spectra were fitted with
Voigt spin-orbit doublets and Shirley-type background was
subtracted. The fitting parameters used for the Bi 5d and Se
3d core level spectra are reported in Table S1 (ESIt).

To gain an insight into the phases present in the solid ingot,
the XRD pattern (Fig. 1) was measured on a sample obtained by
pulverizing crystallites from different parts of the ingot. A
photographic description of the ingot can be found in Fig. S1
(ESIT). The XRD pattern shown in Fig. 1 provides information
on the structure of the phases present in polycrystalline ingot
with nominal composition Bi; g5Crg 155€3.

J. Mater. Chem. C, 2024, 12,13236-13241 | 13237
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Fig.1 Powder XRD pattern measured on a sample obtained by pulveriz-
ing crystallites from different parts of the ingot with nominal composition
Bi; 85Cro155es. The reference patterns of Bi,Sesz (bars) and some selected
diffraction peak of Bi,CrsSeg (hashtags) and BiSe (stars) corresponding to
PDF #00-033-021, PDF #00-050-1436, and PDF #00-042-1045, respec-
tively, are shown.

The observed XRD pattern originates mainly from a rhom-
bohedral structure close to Bi,Se; with additional diffraction
peaks of triclinic Bi,Cr,Ses and hexagonal intermetallic BiSe.

Fig. 2(a) and (b) display backscattered electron images of
different regions of the ingot. Most of the ingot consists of
flat and chemically homogeneous areas exceeding 500 pum x
500 pm, as shown in Fig. 2(a). The EDX analysis of these areas
(green spectrum in Fig. 2(c)) gives the chemical composition in
at % as 40.85% Bi, 0.15% Cr and 59% Se. We identify them with

(a)
7
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the prevalent Bi,Se;-like phase detected by XRD and, therefore,
with Bi; 993Crg.0075€5 single crystals. In some regions of the
ingot (Fig. 2(b)), two minor phases are also visible. The blue
rectangle in Fig. 2(b) encloses a phase with chemical composi-
tion 13.95% Bi, 27.6% Cr and 58.45% Se (blue EDX spectrum in
Fig. 2(c)), corresponding approximately to Bi,Cr,Sey. The other
minor phase contains about 20 at % of Cr substituting Bi (red
EXD spectrum in Fig. 2(c)) and is identified with the interme-
tallic BiCrSe; compound. Occasionally, large Bi,Cr,Seq crystals
of about 250 um x 250 um are observed (Fig. S2, ESIT), while
the mean grain size of BiCrSe; is about 10 pm X 10 pm.

Overall, these analyses demonstrate that in the predominant
Bi;.993Cry.0075€3 phase, Cr is diluted to a concentration corres-
ponding to its solid solubility limit.>” The applied heat treat-
ment resulted in complete phase separation and excludes the
presence of precipitates of the two minor phases in the Bi,Se;
matrix. Synthesis performed with a nominal Cr content close to
the solubility limit of Cr in Bi,Se; (e.g. Bi,_,Cr,Se; with 0.005 <
x < 0.04), were found to behave differently*” as the phase-
separated regions were small and difficult to isolate from Cr-
doped Bi,Se;.

Our growth method allowed us to obtain Bi; 993Crp 0075€3
samples with homogeneously distributed Cr atoms and suffi-
ciently large lateral size to analyze their surface properties by
conventional, i.e. space-averaging, LEED and photoemission
spectroscopies.

The hexagonal pattern observed by LEED on vacuum-cleaved
Bi;.093Crg 007S€3 is consistent with the rhombohedral crystal

Bi,Se,
— Biy 993Cro.0075€3
— BiCrSe,

— Bi,Cr,Se
BiMa - © °

(c)

Se La

N

Intensity (arb.units)

Intensity (afb.units)

Cr Ka

5.25 5.50
Energy(KeV)

Energy(KeV)

Fig. 2 Backscattered electron image of (a) a large region of the prevailing Bi; 993Cro.0075€3 phase (green) and of (b) the minor phases. (c) EDX spectra
measured within the rectangles of panels (a) and (b) on the Bi; 993Cro.0075€3 (green), BiCrSes (red) and Bi,CrsSeg (blue) phases. The EDX spectrum of
Bi,Ses is reported as a reference. Inset: Zoom of the EDX spectra in the energy range of the Cr Ko emission line showing the difference between

Bi1.993Cro.0075€3 and BiySes.
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(a) Se 3d and (b) Bi 5d core level spectra measured on Bij 993Crg.0075€3 and Bi,CrsSeg with photon energy, hv = 700 eV. The fitting of the curves

using the fitting parameters reported in Table S1 (ESIt). The spectra are normalized to the maximum peak intensity.

structure (Fig. S3, ESIf). Fig. S4 (ESIf) shows the core level
spectra measured on Bi; 993Crg97S€3, pure Bi,Se; and the
Bi,Cr,Sey phase. No signature of carbon or oxygen contamina-
tion was found. Importantly, the concentration of Cr in
Bi;.003Cr9.007S€3 phase is so low that Cr 2p and Cr 3p core levels
are not detected,”® while they are readily visible in a crystallite
of the Bi,Cr,Seq phase.

The Bi 5d and Se 3d core level spectra of Bi,Cr,Sey and
Bi;.003Cry 007S€3 measured by XPS are reported in Fig. 3.

The Bi 5d levels (Fig. 3(b)) show that the Bil component of
the Bi,Cr,Sey and Biy 993Cr 007S€3 phases has binding energy
(BE) 25 eV, which is comparable to the BE of pure Bi,Se;
(Fig. S5, ESIt). The Bi 5d of the Bi,Cr,Se, phase shows also the
Bi2 component at 150 meV lower BE than the Bil component,
which is not detected in the Bi; 993Crp g97S€3 phase. Bi2 cannot
correspond to metallic Bi which is expected at about 1 eV lower BE
than Bi1, according to ref. 23. Instead, it can originate from Bi
atoms of the compound having lower oxidation state than the
+3.%° The core level spectra of Se 3d (Fig. 3(a)) show the Sel
component at 53.3 €V in both Bi,; g93Crg075€; and Bi,Cr,Seg
phases, similarly to Bi,Se; (Fig. S5, ESIt). The addition of a
Se2 component with BE 53.8 eV is necessary for the fitting
of Bi,Cr,Se,. It is plausible to assume that the Se2 component
is due to Se atoms having higher oxidation state than —2.3°732
The absence of the Se2 component in the case of Bi; 993Crg 0075€3
confirms the absence of Crrich precipitates on its surface.
Formation energies calculation'” and structural characteri-
zation®® of Cr-doped Bi,Se; thin films indicate that bismuth
substitution sites are strongly preferred by chromium.

This journal is © The Royal Society of Chemistry 2024

The effect of Cr doping on the electronic structure of Bi,Se;
can be evaluated by comparing the electronic states near the
Fermi level (Er) of Bi; 993Cro.0075€3 (Fig. 4(a) and (b)) and Bi,Se;
Fig. 4(c) and (d)).

Fig. 4(a) and (c) show the two-dimensional (2D) energy-
momentum intensity maps and Fig. 4(b) and (d) the corres-
ponding energy distribution curves (EDCs). In the case of
Bi,Se;, as expected,® there are linearly dispersing states (ie.
the TSSs) crossing at k; = 0 with a Dirac point (DP) at 0.31 eV BE.
The small amount of Cr in Bi; 993Crg 0075€3 produces notable
changes near the DP. An apparent energy gap opening of
~50 meV is visible on the 2D map (Fig. 4(a)) as well as in the
EDCs (Fig. 4(b)). The electronic structure of Bi,Cr,Se, (Fig. S6,
measured on the crystallite of Fig. S2, ESIt) clearly shows a
trivial insulating behavior of the compound with visible non-
dispersive bands originating from the Cr 3d electronic states.

A gap opening in Cr-doped of Bi,_,Cr,Se; films was found, at
RT and T = 15 K, to be ~50 meV and 100 meV, for x = 0.05 and
x = 0.16, respectively, and in ref. 23, 5 meV, 35 meV and 100 meV,
at 7= 10 K, for x = 0.02, 0.1 and 0.2, respectively, in ref. 29. It is
worth noting that the Cr concentration of these films is higher
than that of the Cr-doped Bi,Se; bulk studied here, but the
effects on the TSS are similar.

The mechanism leading to a gap opening on the TSS when
Cr magnetic impurities are present on the surface and inside
Bi,Se;s, is still not completely clear. The gap observed in ref. 29
at T = 10 K is attributed to ferromagnetic ordering at a
temperature below Curie temperature, Tc = 35 K. In ref. 23
the gap is observed at both 7= 15 K and RT and attributed to

J. Mater. Chem. C, 2024, 12,13236-13241 | 13239
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Fig. 4 Electronic band structure measured near Er by means of ARPES on Biy 993Crg.0075€3 and Bi>Sez sample. 2D intensity map (a) is measured with hv =
45 eV while (c) is measured with hv = 50 eV. The EDCs of maps (a) and (c) are reported in (b) and (d) respectively. The black spectra in (b) and (d)

represents the EDC at I point. k;= 0 A™* represents the I" point.

impurity states that strongly modify the Dirac cone of the
material.>*** It is also known that Cr atoms deposited on the
surface of Bi,Se; do not induce a gap opening at cryogenic
temperatures or at RT.>>*> This is interpreted as due to the
absence of a long-range out-of-plane ferromagnetic order.
Calculations have shown that the depth of penetration of TSS
into the interior of a TI is about 10 atomic layers.”® Therefore,
magnetic impurities deposited only on the surface of a TI, could
affect only marginally the properties of the TSS, which extends
significantly in the sub-surface region.”**> In our study, Cr
impurities are also dispersed in the subsurface layers and can
modify significantly the spectral properties of the TSS with
respect to the pure Bi,Se; case, as observed by ARPES in Fig. 4.

In conclusion, we have achieved extreme dilution of Cr at the
surface and in the bulk of Bi,Se; by phase separation from the melt,
in which the Cr concentration is far above its solubility in Bi,Se;.
Using this method, we obtain large (~500 pm x 500 pm) and
chemically homogeneous Bi, g93Crggo7S€3 ctystals, which can be
easily separated from secondary phases (Bi,Cr,Se, and BiCrSes).

13240 | J Mater. Chem. C, 2024, 12, 13236-13241

ARPES measurements on the diluted Bi; 993Cr 097S€3 phase showed
that very low Cr dopant concentration can affect the integrity of the
TSS of Bi,Se; as observed in the case of Cr-doped Bi,Se; thin films
for higher Cr concentrations.>** It is difficult to determine whether
the induced gap is due to magnetism-related symmetry breaking,
the presence of a resonance state or a combination of these factors.
With our work we have demonstrated the growth by the Bridgman
method of a topological insulator in the bulk form with homo-
geneously distributed magnetic atoms. We have shown that the
surface of our crystals has the same electronic structure of Cr-doped
Bi,Se; thin films. Our synthesis procedure is an alternative method
to the current thermodynamically unstable or metal-stable phases
obtained by thin film growth methods. The results obtained will
have an impact on both the study of the fundamental properties
and the applications of TI doped with magnetic and non-magnetic
3d, 4d and 5d transition metals and rare earth metals. Indeed, our
study has shown the importance of phase equilibrium considera-
tions in the synthesis of doped bulk TI materials using conventional
methods such as the Bridgman method.

This journal is © The Royal Society of Chemistry 2024
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Starting from a supersaturated melt with dopants, through a
process of crystallization and phase separation, it is possible to
prepare the single-crystal composition with dopant at a concen-
tration exactly corresponding to the solubility limit without
introducing impure phases, allowing accurate study of the
electronic, magnetic and transport properties, thus opening
up their potential applications.
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