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Pressure-induced quantum phase transitions in a YbBg single crystal
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We report the observation of two pressure-induced quantum phase transitions in a YbBg¢ single crystal, i.e.,
from a topologically trivial semiconductor to an intermediate semimetal and then from the semimetal to a possible
topologically nontrivial high-pressure gapped phase through in sifu high-pressure transport and synchrotron x-ray
diffraction measurements. Our high-pressure absorption results reveal that the mixed-valence state in pressurized
YbB¢ above 15 GPa plays an important role in the formation of the high-pressure state with a reopened gap.
These high-pressure results may be helpful for shedding light on the intriguing relation between the topology

and the 4f electrons in the rare-earth hexaborides.
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In recent years, topological insulators (TIs) attracted inten-
sive interests due to their nontrivial properties of coexisting
insulating bulk and topologically protected conducting sur-
faces [1-5]. Such exotic electronic states have been observed
in the compounds of Bi,Se;, Bi,Tes, and HgTe [6-10]. A
new advance in the field is the possible existence of such a
topological state in the rare-earth hexaborides SmBg and YbBg
[11-17]. Because of containing f electrons, these hexaborides
may exhibit a variety of exotic electronic correlation effects.
In particular, they may host the novel topological electronic
states that are different from the usual TIs without f electrons
[11,15,18,19]. These hexaborides are thus expected to bridge
the physics between the correlated electron material and the
topological insulator. As a candidate material for the new class
of TIs, ambient-pressure SmBg undergoes a transition from a
poor metal at room temperature to a Kondo insulator (KI)
with residual conductance at low temperatures [14,20,21].
Theoretical calculations point out that the low-temperature
residual conductance in SmBg is originated from the nontrivial
conducting surface state due to the hybridization between
d orbitals and f orbitals of Sm ions [22]. Soon after, these
predictions have been identified by many experimental mea-
surements [12,13,17,20,21,23-36]. These results support that
SmBg is a topological KI (TKI). For YbBg, it crystallizes in
the same structure as that of SmBg but presents very different
electronic structures due to the fact that Yb has a fully filled 4f
shell whereas Sm has a nearly half-filled 4f shell. Some results
from angle-resolved photoemission spectroscopy (ARPES)
measurements on the ambient-pressure YbB¢ propose that it
is a topological insulator [16,37,38], whereas, other ARPES
measurements argue that the YbBg is not a TI [39,40]. To shed
light on the nature of the electronic state in ambient-pressure
YbBg and explore its potentially new quantum phenomena,
we performed high-pressure resistance, Hall coefficient, x-ray
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diffraction (XRD), and x-ray absorption spectroscopic (XAS)
measurements on this hexaboride.

High quality single crystals of YbBg were grown by the Al
flux method as described in Ref. [21]. Pressure was generated
by a diamond-anvil cell with two opposing anvils sitting on
the Be-Cu supporting plates. Diamond anvils with 400- and
300-um flats and nonmagnetic rhenium gaskets with 200-
and 100-um diameter holes, respectively, were employed for
different runs of the high-pressure studies. The four-probe
method was applied on the (001) facet of single-crystal YbBg
for all high-pressure transport measurements. To keep the sam-
ple in a quasihydrostatic pressure environment, NaCl powder
was employed as the pressure medium for the high-pressure
resistance, magnetoresistance, and Hall effect measurements.
High-pressure XRD and XAS experiments were performed at
beamline 4W2 at the Beijing Synchrotron Radiation Facility
and at beamline 14W1 at the Shanghai Synchrotron Radiation
Facility, respectively. Diamonds with low birefringence were
selected for the experiments. A monochromatic x-ray beam
with a wavelength of 0.6199 A was adopted for all XRD
measurements. To maintain the sample in a hydrostatic
pressure environment, silicon oil was used as the pressure
medium in the high-pressure XRD and XAS measurements.
Pressure was determined by the ruby fluorescence method
[41].

Figure 1 shows the results of high-pressure resistance mea-
surements for a single-crystalline sample of YbBg. Although
the sample exhibits metallic behavior in the temperature range
of 50-300 K at 0.9 GPa, at lower temperatures an insulating
behavior sets in as manifested by a small upturn below 50 K
[Fig. 1(a)]. This upturn is observed in three independent run
measurements on samples obtained from different batches,
consistent with its ambient-pressure behavior (Fig. S1 of the
Supplemental Material [42]). Upon increasing pressure, the
upturn is suppressed dramatically [Fig. 1(a)] and eventually
goes away at ~10 GPa [Fig. 1(b)]. Subsequently, metallic re-
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FIG. 1. (Color online) (a) Resistance-temperature (R-T) curves
measured in the pressure range of 0.9-8.8 GPa, showing a remarkable
pressure-induced resistance decrease over the entire temperature
range. The inset displays normalized R-T curves in the low-
temperature range, showing the upturns of the resistance measured
at different pressures. (b) Selective R-T curves in the pressure
range of 10.5-17.6 GPa, displaying a dramatic change in resistance.
(c) The R-T curves measured in the pressure range of 19.8-26.4 GPa,
exhibiting a significant pressure-induced enhancement of nonmetallic
behavior. The inset shows the resistance plateaus (7*) in lower
temperatures at different pressures. (d) 7* as a function of pressure.
(e) The pressure dependence of the resistance obtained at different
fixed temperatures, illustrating two critical pressures (P¢; and Pc,).
(f) Hall coefficient (Ry) as a function of pressure for single-crystal
YbBg at 4 K.

the closure of the semiconducting gap in the bulk and the
conversion from its semiconducting state into a metallic state.
Upon further increasing pressure, interestingly, a resistance
upturn presents at 15.2 GPa and becomes pronounced at
higher pressures [Figs. 1(b) and 1(c)]. At 19.8 GPa, an
apparent resistance plateau is observed at low temperatures
[the inset of Fig. 1(c)], similar to what has been seen in
SmBg [21]. The onset temperature (7*) of the plateau shifts
to higher temperatures upon increasing pressure [the insets
of Figs. 1(c) and 1(d)]. Since the lowest temperature of our
instrument is 4 K, we cannot detect the T* (it should be
below 4 K) for the sample subjected to pressures ranging
from 15 to 19 GPa. Extrapolation of the obtained 7* down
to lower pressures gives a critical pressure point at ~15 GPa
[Fig. 1(d)] where the gap is coincidently closed. To determine
the critical pressures for these two phase transitions, we plot the
pressure dependence of the resistance at different temperatures
[Fig. 1(e)]. It is seen that the resistance at all temperatures
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remains nearly unchanged between 10 and 15 GPa but shows
very different trends below 10 GPa and above 15 GPa, giving
rise to the two critical pressures: Pc; (~10GPa), which
separates the semiconducting state and the metallic state, and
Pcy (~15GPa), which separates the metallic state and the
high-pressure-induced state with a resistance upturn.

To further characterize these pressure-induced changes in
YbBg, we performed high-pressure Hall effect measurements.
The Hall coefficient Ry measured at4 K is plotted as a function
of pressure in Fig. 1(f). The Ry displays a negative value over
the entire pressure range, indicating that electron carriers are
dominant in YbBs. We find that below ~4 GPa the absolute
value of Ry decreases rapidly with increasing pressure. This
remarkable decrease corresponds to the dramatic reduction
in the resistance [Fig. 1(e)]. However, for pressures ranging
from 10 to 15 GPa, the Ry barely changes, which may be
attributed to the balance between electron and hole carrier
populations, demonstrating that the intermediate phase is in a
semimetallic state [43]. Significantly, an enhancing trend of
Ry upon increasing pressure is observed above 15 GPa. This
increase in Ry is consistent with the observed upturn behavior
of the resistance [Figs. 1(b) and 1(c)].

To clarify whether the physical origin of the gap closing
and reopening observed in the pressurized YbBg is related
to a structural phase transition, we conducted high-pressure
x-ray diffraction experiments for YbBg at beamline 4W2 at the
Beijing Synchrotron Radiation Facility. We find that increasing
pressure consistently pushes all Bragg peaks to a larger 26
angle, but no new peaks appear up to 31.2 GPa [Fig. 2(a)].
The lattice parameter exhibits linear pressure dependence,
and the plot of pressure-dependent volume shows no obvious
discontinuity [Figs. 2(b) and 2(c)]. Earlier studies by Sidorov
et al. [43] also found an exponential decrease in resistivity
within ~5 GPa and no structural phase transition detected by
XRD measurements up to 8 GPa, in good agreement with
our low-pressure results. These results rule out the possibility
of a pressure-induced structural phase transition in YbB¢ and
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FIG. 2. (Color online) (a) X-ray diffraction patterns of YbBg
collected at different pressures, showing that no structure phase
transition occurs over the entire pressure range investigated. (b) and
(c) Pressure dependences of the lattice parameter and volume of
YbBg, respectively.
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FIG. 3. (Color online) (a) Phase diagram of the pressure depen-
dence of the activation energy gap (g,, left axis) and temperature
(right axis) as well as the summary of dR/dT as a function
of temperature and pressure. The orange solid dots represent the
activation gap. The acronyms TT-S and TNT-HP phase stand for
the topologically trivial semiconducting state and topologically
nontrivial high-pressure gapped phase, respectively. SM represents
the semimetallic state. The value of ¢, in the TT-S regime is scaled
by 0.5 to fit the pressure dependence of d R /dT . (b)—(d) Temperature
dependence of resistance measured at zero field and 7 T at fixed
pressure. The insets illustrate the details for the measurements. The
acronyms in the inset of (b), /, V, and H stand for current, voltage,
and magnetic field, respectively.

indicate that the closing and reopening of the activation energy
gap are of electronic origin.

The low-pressure range transport behavior of YbBg pro-
vides an important understanding of its ambient pressure
electronic structure, a key issue for its topological nature. The
combined results of the pressure-induced decline in resistivity
approaching 10 GPa, the suppression of activation energy, and
a constant Hall coefficient in the pressure range of 10-15 GPa
provide the consistent evidence that the intermediate metallic
state is a p-d overlapped semimetallic state and thus this
semimetallic state should be evolved from a p-d gapped
semiconducting state. This evolution has been theoretically
explained, and the ambient-pressure state has been identified
by ARPES measurements very recently [40].

Figure 3(a) plots dR/dT curves measured in the tem-
perature range of 4-300 K for all pressurized samples. The
activation energy (g,) as a function of pressure is estimated
using the equation R(T) = 1/[R;" + Ry'exp~®/%*sT] where
the first component is the resistance from the surface contri-
bution and the second one is the resistance from the bulk
contribution. We find a good fit to the experimental data in the
two gapped regimes (Fig. S2 of the Supplemental Material).
The solid dots in Fig. 3(a) are the extracted activation energy
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(&) of the sample subjected to different pressures. It is seen
that, at the base temperature, the phase diagram contains
three distinct regimes. In the left regime, ¢, is reduced with
increasing pressure and approaches zero at P¢; (~10GPa),
demonstrating that the host sample undergoes a transition from
a TT-S state with a positive dR/dT in the high-temperature
range and a negative d R/dT in the low-temperature range to a
SM state (the middle regime). On further increasing pressure
above Pc,, the sample moves into a novel high-pressure state
with a reopened gap (the right regime).

Intriguingly, the behavior of the low-temperature resistance
plateau in pressurized YbBg above P¢ is very similar to that
of ambient-pressure SmBg¢ [Fig. 1(c)]. It is hence natural to
ask whether this high-pressure gapped state is topologically
nontrivial. To know the answer, we applied a magnetic field of
7 T on the sample at given pressures and find an enhancement
of its resistance in the whole temperature range for the
pressures ranging from 16.3 to 23.9 GPa [Figs. 3(b)-3(d)].
The similar positive magnetoresistance behaviors have been
found in the TKI SmBg under the magnetic field below ~4.5 T,
which is taken as a signature of the surface state protected by
a time-reversal symmetry [21].

Another striking feature of SmBg is its mixed-valence state.
For the valence state of YbBg, we note that previous ARPES
measurements and x-ray photoelectron experiments at ambient
pressure have established that the divalent Yb component
is dominant in the bulk YbBg [44]. To know the pressure-
dependent valence state of Yb ions and especially clarify
whether the high-pressure gapped phase is in a mixed-valence
state, we performed high-pressure x-ray absorption measure-
ments at beamline 14W1 at Shanghai Synchrotron Radiation
Facilities. Representative Li-edge XAS of YbBg collected at
different pressures are presented in Fig. 4(a). In the pressure
range investigated, the Yb*>* peak is clearly seen at 8939.8
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FIG. 4. (Color online) (a) XAS of Yb through the Ly;-edge at
different pressures. The dashed vertical lines indicate characteristic
energy positions of the Ly-edge peak for Yb** and Yb3*, respec-
tively. (b) XAS of Yb measured at ambient pressure and 28.2 GPa
after the background deduction. The light gray area and dark gray area
represent the Yb?* component and Yb** component, respectively.
(c) Pressure dependence of the mean valence determined from XAS
data.

241118-3



YAZHOU ZHOU et al.

eV, but no visible Yb3* peak is observed at higher energies.
Instead, a dip is found at 8946.3 eV where the Yb** peak
usually appears. Significantly, we find that the intensity of the
Yb?* peak decreases upon increasing pressure, whereas the dip
is gradually filled up. A careful analysis on the extended x-ray
absorption spectra for the sample indicates that the pressure-
induced reduction of the dip should be attributed to the growth
of the Yb** component (Fig. S3 of the Supplemental Material).
As shown in Fig. 4(b), the absorption spectra collected at
ambient pressure and 28.2 GPa clearly demonstrate how the
pressure-induced enhancement of the Yb** spectral weight
compensates the observed ambient-pressure dip. Taking the
mean valence of Yb at ambient pressure as v = 2, the pressure
dependence of v [Fig. 4(c)] can be deduced from the relative
intensities of the Yb?>* and Yb?* components. We find that v
remains nearly unchanged below 10 GPa, whereas it increases
remarkably at pressures greater than 15 GPa where YbBg
enters the high-pressure gapped state. These results reveal
the sensitive nature of the bulk valence in YbB¢ for which
Sidorov et al. [43] hypothesized the possible mixed-valence
state at high pressure with the recommendation of Lyj-edge
XAS measurements—now performed here 24 yr later. Our
high-pressure x-ray absorption measurements confirmed the
bulk divalency in YbBg at (or near) ambient pressure and
significantly discovered the onset of mixed valency at high
pressure.

The achieved results, including pressure-induced gap clos-
ing and reopening, resistance plateau, positive magnetron-
resistance effect, and the mixed-valence state, inspire us to
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propose that this high-pressure gapped state in YbBg may be
topologically nontrivial. Therefore, we denote the pressure-
induced gapped state as a TNT-HP phase in the phase diagram
[Fig. 3(a)]. The theoretical studies of Ref. [40] on the electronic
structure of pressurized YbBg propose that the pressurized
YbBg above 15 GPa may be a partially gapped semimetal.
This interesting high-pressure gapped phase with topologically
nontrivial features deserves further investigation.

In conclusion, we find two pressure-induced quantum phase
transitions in YbBg from the ambient-pressure p-d gapped
semiconducting state to the intermediate semimetallic state
and then from the semimetallic state to a possible topologically
nontrivial gapped state through in situ high-pressure transport
and synchrotron x-ray diffraction measurements. Our results
demonstrate that the pressure-induced semimetallic state is
a pathway connecting the ambient-pressure semiconducting
state and the high-pressure gapped state. Significantly, our
high-pressure absorption results reveal that the mixed-valence
state in pressurized YbBg above 15 GPa plays an important
role in the development of the high-pressure gapped state.
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