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The Berry phase is an important concept in solids, correlated to the band topology, axion electrodynamics,
and potential applications of topological materials. Here, we investigate the magnetotransport and Berry phase
of rare earth element Gd-doped Bi,Se; (Gd:Bi,Se;) topological insulators (TIs) at low temperatures and high
magnetic fields. Gd:Bi,Se; single crystals show Shubnikov—de Haas (SdH) oscillations with nontrivial Berry
phase, while Bi,Se; single crystals show zero Berry phase in SdH oscillations. A fitting of the temperature-
dependent magnetization curves using the Curie-Weiss law reveals that the Gd dopants in the crystals show
paramagnetism in the 3-300 K region, indicating that the origin of the Berry phase is not long-range magnetic
ordering. Moreover, Gd doping has limited influence on the quantum oscillation parameters (e.g., frequency of
oscillation, area of Fermi surface, effective electron mass, and Fermi wave vectors) but has a significant impact
on the Hall mobility, carrier density, and band topology. Our results demonstrate that Gd doping can tune the
Berry phase of TIs effectively, which may pave the way for the future realization of many predicted exotic

transport phenomena of topological origin.
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I. INTRODUCTION

The Berry phase, an important concept in many fields of
physics, was proposed by Berry [1]. It is a geometrical phase
of a parallel-transport vector acquired after undergoing a
closed trajectory in parameter space. This geometrical phase is
only determined by the properties related to closed trajectory
in a parameter space. In a crystal, Zak [2] argued that the Berry
phase can be obtained on a moving electron in the Brillouin
zone (as a parameter space). As a result, the Berry phase of
electrons of metals appears in the semiclassical quantization
condition for its energy levels (Landau levels), which thus
affects the Landau-level-related physical phenomena, e.g., the
Shubnikov—-de Haas (SdH) oscillation and the de Haas—van
Alphen oscillation [3,4]. The nonzero (nontrivial) Berry phase
correction to Landau quantization happens on electron orbits
that link to band-contact lines, which demonstrates the Bloch
band topology in solids [3]. The nontrivial Berry phase has
been reported in Dirac semimetals [5-8], Weyl semimetals
[9-11], topological nodal-line semimetals [12—18], and other
topological materials [19-22]. Since the Berry phase is related
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to the band topology, the experimental observation is different
in various materials: e.g., ~0.757r and 7 in graphite and
graphene [23,24], 7 in Rashba semiconductor BiTel [25], and
0.25-0.75m in Cd3As; [7,8].

The quantum oscillation behaviors are normally observed
in metallic materials. However, recent reports broaden this
knowledge in various insulating materials with special bulk-
band symmetries and metallic surface states, e.g., SmBg
[26,27], YbB, [28], Te [29], and (V, Sn):Bi; 1 Sbg ¢Te,S [30].
The most discussed materials family is the three-dimensional
(3D) topological insulators (TIs), which possess insulating
bulk bands and time-reversal-symmetry-protected Dirac sur-
face states, which was theoretically predicted in the BiySes
family [31] and experimentally verified [32] in the last decade.
The symmetry-protected surface state offers tremendous op-
portunities for spintronics, non-Abelian quantum computing,
and energy-efficient electronic devices. Due to the Dirac band
nature of the surface states of 3D TIs, one may obtain the
Berry phase shift on their Landau quantization-related phe-
nomena. However, in practice, the Berry phase situation for
a 3D TI can be very complicated; for example, defects shift
the bulk Fermi level into the conduction band in Bi,Ses single
crystals, resulting in non-Dirac bulk-dominant quantum oscil-
lations with zero Berry phase [33]. Even for surface-dominant
transport of 3D TIs, the deviation of the dispersion of the
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surface state from ideal linearity results in a nontrivial Berry
phase between zero and r, e.g., 0.44 in Bi,Te,Se [34,35].

Another effective way to tune the Berry phase in 3D TIs
is magnetic ion doping. Upon doping, the spin texture of
the topological surface state changes to a hedgehoglike spin
texture; e.g., in a magnetic ion-doped Bi,Se; crystal, the
surface state was gapped due to the ferromagnetic ordering,
and the spin texture was turned to hedgehog like [36]. The
Berry phase in such a magnetic ion-doped TI is defined by
the spin texture of the Fermi surface, which in this situation
can be tuned from 7 to zero via shifting the Fermi level to the
Dirac point [36,37]. The ferromagnetic state in a TI is very
useful, enabling the quantum anomalous Hall effect [38] and
paving the way to dissipationless electronic conductance in
zero magnetic field. Moreover, tuning the Berry phase to zero
in a ferromagnetic TI provides the condition for axion elec-
trodynamics [36,39]. The ferromagnetic ordering has been
reported in 3d transition-metal-doped TIs, e.g., Mn:Bi,Tes
[40,41], Cr:TIBiTe; [42], and Cr:Bi,Ses [43]. Recently, rare
earth elements have also been considered as magnetic dopants
in TI materials, which provide ferromagnetism without signif-
icantly harming the high mobility [44,45]. Previous research
shows that Gd is a good dopant in 3D TIs; for instance,
Gd:Bi,Te; shows antiferromagnetism [46], and Gd:T1BiTe,
and Gd:Bi,Ses show ferromagnetism with large Gd moments
(57 up/Gd) [47,48]. Therefore, studying the magnetotrans-
port properties of Gd-doped TIs is helpful to understand the
Berry phase. Here, we introduce a comprehensive magneto-
transport study of Gd:Bi,Se; single crystals to illustrate the
nontrivial Berry phase in Gd-doped TIs.

II. EXPERIMENTS

A Bridgeman method was employed to grow the single
crystals of BiySe; and Gd:Bi,Ses. Briefly, high-purity Gd
(99.9%), Bi (99.99%), and Se (99.99%) powders (~10 g) in
the stoichiometric ratio were mixed and sealed in a quartz tube
as starting materials. For the Gd-doped sample, the starting
nominal ratio is Gdy Bij¢Ses. The crystal growth was car-
ried out using the following procedure: (i) heating the mixed
powders to 1100 °C at 1 °C/min to completely melt them; (ii)
maintaining at this temperature for 24 h to ensure uniform
mixture of Gd, Bi, and Te atoms; and (iii) slowly cooling down
to 500°C at 2°C/h to crystallize the sample; (iv) naturally
cooling to room temperature. Since the Gd dopants possess a
high melting point, we set the melting temperature at 1100 °C
in steps (i) and (ii) to ensure full interaction among the molten
elements in the liquid state. After the growth process, single-
crystal flakes with a typical size of 5x5x0.2mm?> can be
mechanically exfoliated from the ingot. The single crystals
prefer to naturally cleave along the (001) planes, resulting
in the ¢ axis being the normal direction of the flakes, as is
commonly the case in this family of materials. The dopant
distribution of Gd:Bi,Se; flakes was confirmed using energy
dispersive x-ray spectroscopy (EDS) coupled to a scanning
electron microscope. In this paper, we employ the actual Gd,
Bi, and Se concentration obtained by EDS as the final compo-
sition, which is determined to be Gd »Bi; 9gSes.
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FIG. 1. Scanning electron microscopy (SEM) and EDS charac-
terization of a freshly cleaved Gd:Bi,Se; single-crystal surface. (a)
The secondary electron image and elemental mapping image are
plotted in superposition to illustrate the uniform distribution of all
elements. The element mapping of Bi, Se, and Gd in the same area
are shown separately on the right side. (b) The EDS of the area scan,
in which the peaks are indexed with elements.

The electronic transport properties were measured using a
physical properties measurement system (PPMS) (DynaCool-
14T, Quantum Design). Hall measurements were performed
on a freshly cleaved ab plane of crystals, using room-
temperature cured silver paste. The electric current is parallel
to the ab plane, while the direction of the magnetic field is
perpendicular to the ab plane. The angle dependence of the
magnetoresistance (MR) was measured using a horizontal ro-
tational rig mounted on the PPMS. Before rotation, the sample
alignment was designed to make sure that the magnetic field
was always perpendicular to the electric current. The mag-
netic measurements were conducted using a vibration sample
magnetometer equipped on the PPMS. During temperature-
dependent magnetization (MT) measurements, the samples
were cooled to 3 K with 500 Oe magnetic field (FC mode) and
zero magnetic field (ZFC mode), respectively, after which the
magnetization data were collected in the heating process, with
applied magnetic field of 500 Oe. Magnetic hysteresis (MH)
curves were obtained by scanning the magnetic field between
5 and —5 T at certain temperatures.

III. RESULTS AND DISCUSSION

Before we conducted electronic transport measurements,
EDS measurements were performed on the freshly cleaved
surface of the crystals to analyze the distribution of Gd
dopants. A relatively large area (500x670uum?) was se-
lected to conduct the measurements to ensure the accuracy
of the elemental ratio in the crystal, as shown in Fig. 1(a).
The elemental mapping was superimposed to the SEM
image to illustrate the elemental distribution with the surface
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TABLE 1. Elemental concentration of Gd:Bi,Se; single crystals.

Bi,Sej; crystals Bi (atom %) Se (atom %) Gd (atom %)
Sample 1 40 59.6 0.4
Sample 2 40.3 59.2 04

morphology. There were several wrinkles on the flat surface
of the crystal, as demonstrated by the SEM image, which
however were not observed in the elemental mapping image.
The wrinkles are quite common on the surfaces of a cleaved
quasi-two-dimensional (2D) crystal. The SEM backscattered
image and elemental mapping results suggest that the Gd
dopant is uniformly distributed in the Bi,Ses crystal with-
out segregation. Further, we employ EDS to estimate the
Gd-doping level in the as-grown single crystals. Figure 1(b)
shows the characteristic peaks of all elements, in which the
peak intensities related to the Bi and Se elements are much
stronger than that of the Gd element. After analyzing the peak
intensity via AZtec software, the elemental concentrations of
two different Gd:Bi,Se; samples are summarized in Table 1.
The selenium vacancies are observed in both samples, which
agrees with the literatures [33,49] and is the main reason
for the Fermi level shifting into the conduction band. The

Gd-doping levels in both samples are stable at the Gd/Bi
ratio ~0.01, which is much lower than the starting Gd/Bi
ratio. Since the samples for EDS measurements are typical
shiny single-crystal pieces exfoliated from the ingot, we de-
duce that 1 atom % is a relatively stable doping level for Gd
substitution at Bi sites in the aforementioned crystal growth
process.

We first revisit the electronic properties of BiySe; single
crystals grown with the same conditions as that for Gd:Bi,Ses
crystals. The Bi;Se; crystals possess a metallic ground state
[inset of Fig. 2(a)] due to the Se vacancies. MRs (MR =
[R(B) — R(0)]/R(0)] in the 3-300 K and 0-14 T region
are shown in Fig. 2(a). The total MR at low temperatures,
e.g., <30 K, is ~20% at 14 T, which slightly decreases to
~10% with heating. The linearlike increasing of MR with
the magnetic field at low temperatures is also reported in
other 3D TIs [30,50]. Another interesting point is that the
low-temperature MR vs B curves show obvious oscillation
behaviors at high fields, which is due to the Landau quan-
tization, namely, the SdH oscillation. The pure oscillation
patterns for 3K < 7' < 30K can be obtained by subtracting
the smooth MR backgrounds and are plotted against 1/B in
Fig. 2(c). Note that the background-subtracted oscillation pat-
terns at different temperatures show the same phase, however,
with decreasing oscillation amplitude upon heating from 3 to
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FIG. 2. A glimpse of the magnetotransport properties of a pure BiySe; single crystal. (a) and (b) Temperature and angle (7 = 3K)
dependence of the magnetoresistance (MR) vs B curves. (c) Temperature- and angle-dependent oscillation patterns whose amplitude decreases
with heating (plotted in superposition of all temperatures, as pointed by the blue arrow) and increasing rotating angle. (d) The Lifshitz-Kosevich
(LK) formula fitting of oscillation patterns at 7 = 3 K and 6 = 0°. (¢) The Landau fan diagram of the oscillation patterns at 0°. (f) and (g) Fast

Fourier transform (FFT) amplitude plot during rotating and heating.
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FIG. 3. A glimpse of the magnetotransport and magnetic properties of a Gd:Bi,Ses single crystal. (a) Magnetoresistance (MR) vs B curves
at fixed temperatures ranging from 3 to 300 K. (b) The oscillatory patterns of the MR vs 1/B curves. Inset: A fitting of the 3-K oscillatory
pattern using the Lifshitz-Kosevich (LK) formula. (¢c) The Landau fan diagram is plotted to illustrate the Berry phase, in which the dot lines
guide between the oscillation peaks and dips. (d) Temperature dependence of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic
susceptibility. Inset: A fitting of the magnetic data using the Curie-Weiss law. (e) The fast Fourier transform (FFT) spectra of oscillatory

patterns. (f) Magnetic hysteresis loops at T = 3, 30, and 300 K.

30 K. Therefore, the temperature-dependent SdH oscillation
patterns are plotted in superposition [lower panel of Fig. 2(c)].
Since the Bi,Ses crystals show metallic ground states, the SdH
oscillations can be described by the Lifshitz-Kosevich (LK)
formula, with the Berry phase being considered:

5(B\"? F
R7RpRg cos | 2 E+y—8 ,

Ap _

p(0)  2\2F
where Ry =aTm*/Bsinh(«Tm*/B), Rp=exp(—aTpm*/B),
and Rg = cos(agm™®/2). Here, m* is the ratio of effective
cyclotron mass to the free electron mass m,; g is the g factor;
Tp is the Dingle temperature; and o = (27 2kgm, )/ fie, where
kg is the Boltzmann constant, 7 is the reduced Planck con-
stant, and e is the elementary charge. The oscillation of Ap
is described by the cosine term with a phase factor y—3§, in

which § = 0 for 2D Fermi pockets, and :l:% for 3D Fermi

pockets, y = % — &g /27, where &y is the Berry phase. The
Landau quantization modulates the conductivity (oy,) in mag-
netic fields, which shows a peak with the Fermi level locating
on Landau levels. In the Bi,Ses system, the Berry phase of
SdH oscillations can also be obtained by extrapolating the
Landau level index n to the extreme field limit (1/B — 0)
in the Landau fan diagram, as shown in Fig. 2(e). Our resis-
tivity measurements show that p,, < px, for Bi;Ses crystals,
which means that o, is in phase with p,,. We assign the
maximum of the oscillations as the half-integer Landau in-
dex, the minimum of the oscillations as the integer Landau
index, respectively, and linearly fitted the data [51,52]. In
this case, the % phase shift in y has been considered in the
Landau indices assignment, which means that, with a trivial
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FIG. 4. The carrier’s properties of Bi,Se; and Gd:Bi,Se; single crystals. (a) The Lifshitz-Kosevich (LK) formula fitting to obtain the
effective mass of electrons. (b) The Dingle plots. Temperature dependence of the (c) carrier density and (d) mobility obtained from Hall

measurements.

Berry phase, the intercept is 0. The oscillation patterns can
be fitted with the LK formula, as shown in Fig. 2(d), from
which the obtained Berry phase is 0.05 & 0.02 7. As shown
in Fig. 2(e), the intercept of the straight line with the y axis
is zero, which agrees with the fitting in Fig. 2(d), meaning
that the Fermi pockets contributing to SdH oscillations in
the Bi,Ses single crystal are topologically trivial bulk bands.
Further, the angular dependence of SdH oscillation measure-
ments was conducted to analyze the morphology of the related
Fermi pocket, as shown in Fig. 2(b). After subtracting the
smooth MR backgrounds, the oscillation patterns are shown
in Fig. 2(c). The corresponding fast Fourier transform (FFT)
results are shown in Fig. 2(f). The oscillations show 2D-like
behaviors, which is probably contributed by some 2D-like
trivial bands. Therefore, we deduce that the Fermi level is
sitting on the edge of the bulk conduction band, where the
near-edge 2D electron gas (2DEG) contributes mainly to the
quantum oscillations [53-56]. The rest of the information
obtained from the Bi,Se; crystals together with the SdH of
Gd:Bi,Se;s crystals will be discussed later.

Similarly, a freshly cleaved Gd:Bi,Ses; single crystal is
employed to conduct MR measurements at various fixed tem-
peratures, with applied external magnetic fields up to 14 T,
as shown in Fig. 3(a). The quasilinear MR with the mag-
netic field is like the observation in BiySes crystals, and the
maximum MR values (e.g., MR at 14 T is ~ 8% < 50K)
decrease slightly with heating from 3 K. Another similar-
ity is the low-temperature oscillation patterns, which can be

obtained by subtracting smooth MR backgrounds, as shown
in Fig. 3(b). The SdH oscillation patterns are in phase with
each other at different temperatures; however, the oscillation
amplitudes decrease with heating, as described by the ther-
mal damping factor in the LK formula. Let us pay attention
to the Berry phase in the Gd:Bi,Se; crystal obtained from
the Landau fan diagram shown in Fig. 3(c). During linear
fitting, we employ the same assigning rule as that for the
Bi,Ses crystals since px < pyy also manifests here. The in-
tercept of the straight line with the y axis is 0.4, as shown in
the zoom-in plot at the high field limit [inset of Fig. 3(c)].
Therefore, a nonzero Berry phase of 0.87 is obtained with
1 atom % Gd doping in Bi,Ses;. To further illustrate this
point, we employ the LK formula to fit the oscillation pattern
at 3 K, as shown in the inset of Fig. 3(b). A Berry phase
of 0.78 £0.04r is obtained from the fitting, which agrees
well with that obtained from the Landau fan diagram. Fur-
ther, we conducted magnetic measurements on the Gd:Bi,Ses
crystal to search for possible magnetic ordering which may
contribute to the Berry phase. As shown in Fig. 3(d), the
ZFC and FC MT curves coincide with each other perfectly,
and there is no obvious magnetic transition. The magnetism
of trivalent lanthanide group ions originates from unpaired
electrons, which can be described by the Curie law x = C/T
and Curie-Weiss law x = C/(T +6,). Here, C is the Curie
constant, and the Weiss constant 6, typically accounts for
the magnetic ordering of the electronic moments below the
Curie or Néel temperature for uncorrelated spins. The fitting

TABLE II. The quantum oscillation and carrier parameters at 7 = 3 K: SdH frequency F, cross-sectional Fermi surface area Ar, Fermi
vector kr, effective electron mass m*, Fermi velocity vp, quantum mobility g, carrier density (ny_sx) and mobility (uy 3x) from Hall

measurements, and the Berry phase ®p.

F(M Ar(AY k@AY m'm)  ve(m/s)  pelem?/Vs)  nysk(em™)  ppy sx(em?/Vs) Dy
Bi,Ses 157 0.15 0.22 0.2 2.2x10° 310 2.8x10%Y 8400 0
Gd : Bi,Se; 151 0.14 0.21 0.16 2.8x10° 637 1.38x 10" 1500 0.87
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FIG. 5. Angular-dependent Shubnikov—de Haas (SdH) oscillations of Gd:Bi,Se; single crystals. (a) The SdH oscillation patterns obtained
from the angular dependent magnetoresistance (MR) curves from which smooth backgrounds have been subtracted. (b) Fast Fourier transform
(FFT) spectra of the oscillation patterns in (a). (c) The SdH oscillation frequencies and Berry phase are plotted as a function of the rotation
angle. Note that the blue line is the cosine fitting of the Bi,Se; SdH oscillation frequency, which indicates the frequency change of an ideal

two-dimensional (2D) Fermi surface.

of the Curie-Weiss law is shown in the inset of Fig. 3(d). The
obtained Curie constant C is ~2.5 emu K mol~! Oe™!, and 0,
is ~0.4K, which are neglectable. Here, C = (NAugff)/?akB,
where N, is the Avogadro number, kg is the Boltzmann
constant; therefore, the effective momentum wes of Gd is
~ 4.5 ug. The MH curves at 3, 30, and 300 K also show para-
magnetic behaviors, as shown in Fig. 3(f). Therefore, the Gd
dopants in the crystals show paramagnetism, indicating that
the origin of the Berry phase is not the long-range magnetic
ordering.

Further, one may learn the fermiology from the SdH
oscillations using the LK formula, e.g., the area of the
Fermi pockets, the Fermi vector, the Fermi velocity, and
the cyclotron mass of electron. According to the Onsager-
Lifshitz equation, the frequency of quantum oscillations F =
(po/2m?)AF, where Ap is the extremal cross-sectional area
of the Fermi surface perpendicular to the magnetic field,
and ¢ is the magnetic flux quantum. The quantum oscil-
lation frequencies of Bi,Se; and Gd:Bi,Se; from the FFT
results in Figs. 2(g) and 3(e) are 157 and 151 T, respectively.
Therefore, the cross-section areas Ap related to the Fermi
pockets in BiySe; and Gd:Bi,Se; are 0.15 and 0.144 A2,
respectively. Using A = mkZ, the Fermi wave vectors kg are
0.22 and 0.21 A~! for Bi,Se; and Gd:Bi,Ses, respectively.
According to the LK formula, the effective mass of carri-
ers contributing to the SdH effect can be obtained through
fitting the temperature dependence of the oscillation ampli-
tude to the thermal damping factor Ry, which is shown in
Fig. 4(a). During the fitting, we employ the normalized FFT
amplitudes at various temperatures. The effective masses ob-
tained from Ry fitting are 0.20 & 0.01m, for Bi,Se; and
0.16 & 0.01 m, for Gd:Bi,Ses, which are like the obtained
values from transport and angle-resolved photoemission
spectroscopy measurements, e.g., 0.12-0.24m, [44,57,58].
Thus, one can obtain the Fermi velocities vy = hkp/m* ~
2.2x10°m/s for Bi,Se; and 2.8x10°m/s for Gd:Bi,Ses.
From the field damping relationship, we fit the Dingle tem-

peratures via the Dingle plot, as shown in Fig. 4(b), for
both samples, which are 32 and 21 K for Bi,Se; and
Gd:Bi,Ses;, respectively. The quantum relaxation time and
quantum mobility can also be obtained by t = i/2mwkgTp (3.8
and 5.8 fs for Bi;Se; and Gd:Bi,Ses) and pug = et /m* (310
and 637cm?/Vs for Bi,Se; and Gd:Bi,Ses), respectively.
The parameters of the carrier calculated from the quantum
oscillations are summarized in Table II together with den-
sity and mobility of the carrier. Hall measurements are also
conducted on Bi;Se; and Gd:Bi,Se; single crystals from 3
to 300 K, from which the properties of the carrier are calcu-
lated and plotted in Figs. 4(c) and 4(d). Further, we conduct
angular-dependent SdH measurements on a Gd:Bi,Se; single
crystal at 3 K, as shown in Fig. 5(a). The quantum oscilla-
tion patterns are clear in the low-angle area, which is like
those for BiySes [Fig. 2(c)]. The oscillation frequencies can
be obtained via FFT spectra, as shown in Fig. 5(b). Inter-
estingly, the frequency seems not to be shifting obviously
during the rotation of the crystal, which is different from
the 2D-like behavior in Bi,Ses;. Therefore, we plot the FFT
frequencies of BiySe; and Gd:BiySe; against the rotation
angle in Fig. 5(c). Note that, for a 2D Fermi surface, the
angular-dependent SdH frequency F(0) increases in an in-
verse cosine rule: F(6) = F(0)/cos(0), which is shown as a
fitting line in Fig. 5(c). As expected, the Bi,Se; follows the 2D
rotation rule during rotation. However, the SdH frequencies
of Gd:Bi,Se; are roughly constant during rotation, which
indicates that the related Fermi pocket is not contributed by
2DEG. Further, we employ the Landau fan diagram to analyze
the Berry phase shifting at different rotation angles, which
are also shown in Fig. 5(c). The Berry phase for Bi,Se; is
always zero since its oscillations are contributed by 2DEG.
However, for Gd:Bi,Se;, the Berry phase keeps changing
during rotation, regardless of the nearly constant frequency.
Therefore, Gd doping has a limited influence on the morphol-
ogy of the Fermi surface but contributes to the band topology
significantly.

054202-6



MAGNETOTRANSPORT AND BERRY PHASE TUNING IN ...

PHYSICAL REVIEW MATERIALS 6, 054202 (2022)

IV. CONCLUSIONS

We employed a modified Bridgeman method to grow
Gd-doped Bi,Ses single-crystal TIs. The Gd dopant dis-
tributes uniformly in the crystals, in which the doping level is
~1 atom % in Bi sites, as verified by EDS. The magnetic mea-
surements show that no long-range magnetic ordering forms
in Gd:Bi,Se; crystals >3 K, ruling out the possible magnetic
ordering-induced Berry phase. Magnetotransport measure-
ments on Gd:Bi,Se; single crystals show that Gd doping
has minor effects on SdH oscillation frequency, Fermi sur-
face area, Fermi wave vectors, and effective electron mass of
Bi,Se; crystals. However, Gd doping reduces the Hall mobil-
ity and carrier density and modifies the Berry phase and band
topology of Bi,Ses, namely, the major contribution of the
Fermi pocket changes from the 2D-like electron gas state with

trivial topology and zero Berry phase to the topological sur-
face state with nontrivial topology and 0.8mw Berry phase.
The engineering of the Berry phase by Gd doping may
provide more possibilities for the application of TIs in elec-
tronic/spintronic devices.
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