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It remains controversial whether compressed YbB6 material is a topological insulator or a Kondo
topological insulator. We performed high pressure transport, X-ray diffraction, X-ray absorption
spectroscopy and Raman scattering measurements on YbB6 samples in search for its topological
Kondo phase. Both high pressure powder XRD and Raman measurements show no trace of struc-
tural phase transitions in YbB6 up to 50 GPa. The nonmagnetic Yb2+ gradually change to magnetic
Yb3+ above 18 GPa concomitantly with the increase of resistivity. However, the transition to the
insulating state occurs only around 30 GPa, accompanied by the increase in the shear stress, and
anomalies in the pressure dependence of the Raman T2g mode and in B atomic position. The resis-
tivity at high pressures can be described by a model taking into account coexisting insulating and
metallic channels, with the activation energy for the insulating channel about 30 meV. We argue
that YbB6 may become a topological Kondo insulator at high pressures above 35 GPa.

PACS numbers: 74.62.Fj, 74.25.F-, 71.27.+a

Topological insulators(TIs) represent the newly dis-
covered phase of matter with insulating bulk state
having topologically protected metallic surface state
due to the time-reversal symmetry and strong spin-
orbital interaction1–10. Recently, one of the new
TIs, named Topological Kondo insulator(TKI) was pro-
posed by combining the strong electron correlations
with the topological characteristics. Theoretical cal-
culations predicted mixed valence material SmB6 as
the first example of TKI11, produced by hybridiza-
tion of the 5d conduction electrons with the local 4f
electrons at low temperatures. Indeed, topological
surface state has been confirmed in this material by
many experiments such as transport12–14, angle resolved
photoemission(ARPES)15–17, quantum oscillations18,
and point-contact spectroscopy measurements19.

After successful theoretical prediction of TKI for
SmB6, a mixed valence YbB6 (being a structural ana-
log of SmB6), was also predicted to be a TKI, but
with a three times larger band gap20. However, unlike
SmB6, the Yb ion in YbB6 is nearly divalent, and very
small portion of Yb3+ was detected in the sample21,22.
These experimental findings are in strong disagreement
with the mixed valence state predicted by the theoretical
work20. The insignificant portion of the higher valence
state in YbB6 may explain controversies in the angle-
resolved photoelectron spectroscopy(ARPES) measure-
ments which did not reach consensus yet on the topologi-
cal insulator properties in this material23–26. Experimen-
tally, no surface conduction channel has been observed
in this material12. YbB6 was suggested to have only a
topologically trivial p-d semiconducting band gap, and

hence it is a conventional insulator under ambient pres-
sure conditions27. Thus, in order to realize the Kondo
insulating state with the topological insulator properties
in this material, we need to change the valence of Yb ions.
High pressure is a clean method to change the electronic
properties and also an effective way to tune the valence
without introducing any impurities. Since the ionic ra-
dius of Yb3+ is smaller than Yb2+, the application of
high pressure will usually tune the nomagnetic Yb2+ to
magnetic Yb3+. Thus, by applying external pressure, we
can tune the nearly divalent YbB6 system to a mixed va-
lence state, and we may anticipate to observe the Kondo
insulating state or topological Kondo insulating state in
YbB6 under pressure. Previously, the high pressure work
on YbB6 below 30 GPa indeed found the portion of Yb3+

starting to increase at high pressure and the insulating
state was found to emerge above 15 GPa28. However, the
topological property of the insulating phase along with
the valence of Yb are still uncertain, especially at higher
pressures.

Here, we performed high pressure transport, X-ray
diffraction(XRD), X-ray absorption spectroscopy (XAS)
and Raman scattering measurements on YbB6. The de-
tailed description of experimental methods is provided
in Supplementary Materials. Contrary to previous stud-
ies, we do not find evidence for two quantum transitions
around 10 GPa and 15 GPa, reported in28 from transport
measurements in non-hydrostatic conditions. Moreover,
we observe a pressure-induced transition to the insulating
state only around 30 GPa at room temperature (around
27 GPa at low temperature). At room temperature, this
transition is accompanied by the increase in the shear
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FIG. 1: (color online). (a) Raman-active phonon modes vs.
1/V in YbB6. The slope of the A1g mode does not show
any anomalies up to 50 Gpa. However, the T1g mode devi-
ates from the linear behavior above 25 GPa. The Eg mode
shows linear behavior below 20 GPa. (b) The pressure de-
pendence of B atomic position which was calculated from the
lattice parameter and Yb-B distance deduced from XANES
measurements. The B atomic position decreases when pres-
sure is increased to 25 GPa, and stays nearly constant above
25 GPa.

stress, and by anomalies in the pressure dependence of
the Raman T2g mode and in B atomic position, which
follow from the changes in the electronic structure. We
find a region with metallic conductivity at low temper-
atures only above 35 GPa, which was not found in pre-
vious work performed in a limited pressure range (∼ 26
GPa)28. We argue that such novel insulating behavior is
related to the topological Kondo insulating state, due to
the valence crossover of Yb ions. This finding warrants
further investigations to confirm the TKI phase at high
pressures.
The divalent and trivalent metal hexaborides (MB6)

crystallize in the cubic CsCl structure (space group
Pm3m) with one molecule per unit cell30. Ionic dis-
placements of three Raman-active phonon modes (T2g,
Eg and A1g) in the cubic symmetry31. Both the high
pressure polycrystalline XRD and Raman spectroscopy
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FIG. 2: (color online). (a) The pressure dependence of the
valence of Yb as deduced from the XANES measurements.
The valence of Yb is nearly 2+ at low pressure. It starts
increasing above 18 GPa. The red circles and blue trian-
gles represents the values taken from the previous theoretical
calculation and experimental work, respectively.27,28 (b) The
results of XANES fits under the pressure of 1.4 GPa. Only
Yb2+ component is used to fit the data. (c) A typical fitting
result in the mixed-valence state. Both Yb2+ and Yb3+ are
included to fit the data.

measurements confirm the absence of structural transi-
tions below 50 GPa. However, we do observe anomalies
in the linewidths of the x-ray diffraction lines (101) and
(111) around 30 GPa, while no anomalies are found in
the linewidth of (100) reflection31. This points to a pos-
sible shear stress increase around that pressure, due to
the softening of the shear modes. Such softening would
affect mostly the distances between (101) or (111) lattice
planes (corresponding to the deformations along the face
or the body diagonal, respectively). Another possibility
is lowering of the symmetry due to a shear distortion,
which may be too small to be resolved in our x-ray mea-
surements. However, such scenario is not supported by
our Raman data. We can plot the Raman shift of A1g,
Eg and T2g modes as a function of the reciprocal volume
of the unit cell as shown in Fig. 1(a). No anomaly was
observed in the A1g mode, however, the T2g mode (which
has vibration eigenvectors typical for a shear mode) starts
to deviate from the linear behavior above 25 GPa, and
broadens around 30 GPa. This behavior is suggestive of
a stress-induced broadening, rather than of a mode split-
ting, which would be observed in a case of a structural
distortion. The Eg mode does not show any anomalies
below 20 GPa as shown in the inset of Fig. 1(a), and we
can not obtain reliable mode frequencies above 20 GPa
due to the overlap of this mode with the Raman response
of the diamond anvil.



3

FIG. 3: (color online). The temperature dependence of the
resistivity under various pressures. (a)The resistivity is grad-
ually suppressed below 18 GPa and starts to increase above
18 GPa due to the contribution of magnetic scattering. (b)
The resistivity continuously increases with increasing pressure
and starts to exhibit insulating behavior above 27 to 30 GPa
from low to room temperature. However, the resistivity at low
temperature shows metallic behavior above 35 GPa, which is
completely different when compared to the other trivial insu-
lators. (c) Phase diagram of the YbB6 under pressure. The
red and blue area represent the metallic and insulating be-
havior, respectively. The colored bars represent anomalies in
Raman T2g mode (beige), B atomic position (green) and in x-
ray diffraction linewidth (red) at room temperature (the bars
are are shifted vertically for better visibility).

In order to clarify the valence of Yb ions and their
effect on the T2g mode anomaly under pressure, we per-
formed XAS measurements on YbB6 under pressure. The
XAS can be divided into two regions: x-ray absorption
near-edge spectroscopy (XANES) and extended x-ray ab-
sorption fine-structure spectroscopy (EXAFS). XANES
is strongly sensitive to formal oxidation state and co-
ordination chemistry of the absorbing atom, while the
EXAFS is used to determine the distances, coordination
number, and species of the neighbors of the absorbing
atom. Clear oscillations were detected in the region of
EXAFS part31. Thus, we can deduce the distance be-
tween the neighbors and the absorbing atom. Through
analysis of the EXAFS by using the Demeter software32

we obtained the pressure dependence of Yb-B distances
as shown in the inset of Fig. 1(b). Thus, the B position
can be calculated from the lattice parameter and Yb-B
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FIG. 4: (color online).(a) The fitting results for the resistivity
above 35 GPa, the two channel model is used in the fits.
The black lines are the fitting curves. The metallic surface
channel ρs (b) and insulating bulk channel ρb (c) as deduced
from the fitting results at various pressures. (d) The pressure
dependence of the parameters ∆ and n determined from the
fits.

distance. The B position first decreases with increasing
pressure, and then stays nearly constant above 26 GPa as
shown in Fig. 1(b). This pressure is consistent with the
pressure where T2g mode has an anomaly - Fig. 1. These
results indicate that the Yb-B bond is more compressible
than the B-B bond below 26 GPa, and at higher pressures
B-B and Yb-B bonds have comparable compressibility.
The sharp peak around 8944 eV and the anomaly

around 8950 eV of the XANES part represent the Yb2+

component and Yb3+ component31, respectively. Our
data clearly shows that the Yb3+ component gradually
increases and Yb2+ component decreases with pressure
increase. We assumed the Voigt functions for fitting both
the Yb2+ and Yb3+ components. The arctangent back-
grounds were used for the fitting. The typical fitting
results are shown in Fig. 2(b) and (c). The Yb valence
can be calculated by 2 + I3+/(I2+ + I3+), where I2+
and I3+ are intensities of the Yb2+ and Yb3+ compo-
nents, respectively. The pressure dependence of Yb va-
lence is shown in Fig. 2(a). The Yb valence is nearly
2+ at low pressure, but it starts to increases above 18
GPa. The value of the estimated Yb valence is compa-
rable to the previous experimental result28, however, it
is much higher than the value predicted by the theoreti-
cal calculations? . The average valence at 30 GPa is 2.17,
suggesting that the insulalting state does form only when
approximately 17% of the Yb ions switched their valence
to +3.
The high pressure resistivity of YbB6 shows metallic

behavior at low pressure as shown in Fig.3 (a). The
resistivity was continuously suppressed in the pressure
range below 18 GPa. It is known that YbB6 is a doped
semiconductor22 at ambient pressure conditions. Appli-
cation of pressure would usually decrease the band gap,
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thus the resistivity would be continuously decreasing and
the system would become a metal. Indeed, this behav-
ior is observed below 18 GPa in YbB6. However, during
further increase of pressure above 18 GPa the resistiv-
ity starts to increase. Such behavior correlates with the
increase of the Yb valence above 18 GPa, since the mag-
netic scattering on Yb3+ ions would enhance the resis-
tivity. However, the resistivity start to exhibit insulat-
ing behavior only above ∼27 GPa. Unlike the ordinary
insulators, the resistivity stops increasing when the tem-
perature drops below ∼50 K. We can map out the phase
diagram as a function of dρ/dT as shown in Fig. 3(c).
The red and blue areas represent the metallic and insu-
lating behavior, respectively. Above 35 GPa, the resistiv-
ity shows insulating behavior, however, metallic behav-
ior reemerges at low temperature under high pressure.
As we know, for an ideal topological insulator, resistivity
behavior at high temperature is dominated by the insu-
lating gap of the bulk material, while its metallic surface
will provide significant contribution to the conductivity
only at low temperatures. We expect that the valence
change of the Yb ions would tune this non-magnetic sys-
tem to a Kondo lattice system at high pressure, thus a
Kondo insulting state would possibly emerge. Such be-
havior in YbB6 is quite similar to its samarium analog
material SmB6, which is suggested to be a topological
Kondo insulator. These results indicate that the system
evolves from a metallic state to an non-trivial insulating
state above 27 GPa. This critical pressure is consistent
with the pressure where both the T2g Raman mode and
B atomic position show anomalous behavior, which may
be triggered by the reconstruction of the electronic states
in the material. The correlation between the structural
parameters and transport properties needs further theo-
retical investigations.

For a topological insulator, the measured resis-
tivity can be described by a two channel model:
1/ρ=1/ρsd+1/ρb, d is the thickness of the sample, the
surface resistivity ρs can be treated as ρs=ρs0+AT n, the
insulating state resistivity is ρb=Bexp(∆/T ). Actually,
we can fit the resistivity above 35 GPa by using this two
channel model quite well as shown in Figure 4(a). Fig. 4
(b) and (c) show the pressure dependence of ρs and ρb,
respectively. The value of the parameter n is close to 2 as
shown in Fig. 4(d), which implies that the metallic state
can be described by the Fermi liquid theory. The fitting
parameter ∆ is about 30 meV, which is close to the the-
oretically calculated value of the band gap for the mixed
valence YbB6

20 at ambient pressure. The parameter ∆
slightly increases with increasing pressure. Our resistiv-
ity results are suggestive of the scenario when a trivial
insulator converts to a non-trivial topological insulator
by continuously adjusting a control parameter (pressure).
The coexistence of the metallic and insulating channels
indicates that the high pressure insulating state is possi-
bly a topological insulator.

Our resistivity results clearly support the topological
phase transition in YbB6 under pressure. Due to the in-

creasing valence of the Yb ions at high pressure, the YbB6

will meet the criterion of mixed valence compound. Thus,
the conduction electrons (5d-electrons) would hybridize
with localized electrons (4f-electrons) and open up a nar-
row band gap as the theoretical calculation predicts20.
This might be the reason for resistivity to exhibit insu-
lating behavior above 27 GPa. At high pressures, the re-
sistivity below 150 K can be fitted using the two channel
model. The coexistence of the metallic and the insulat-
ing resistivity channels in the samples indicates that the
system may have been turned into a TKI state. How-
ever, we are still in need of direct experimental methods
to identify whether such metallic channels belong to the
surface or to the bulk of the material under high pressure
conditions. Another possibility of the coexistence of the
metallic and insulating channels may due to phase sep-
aration due to the inhomogeneity under pressure. How-
ever, the resistivity around 28.3 GPa already shows in-
sulating behavior at low temperature. We would expect
that such insulating behavior should be more significant
at higher pressures since the portion of the insulating
phase should increase. However, the low temperature
behavior becomes metallic at low temperature above 35
GPa. These observations exclude the phase separation
assumption. Based on arguments provided above, we ar-
gue that the origin of such non-trivial insulating state
may be indeed due to the evolution of the system to-
wards a TKI state. The compression should increase the
magnetism of Yb ions, thus the band gap of the Kondo
insulating state would increase under pressure. Further
experimental and theoretical work is needed to prove the
existence of the TKI state in YbB6 at high pressures.
We notice that our resistivity behavior is quite different
from the previous results28, and extends to higher pres-
sure range (above >25 GPa pressure limit in28), which
provided us the opportunity to observe TKI-type conduc-
tivity above 30 GPa. The difference in resistivity mea-
surements is mostly due to the fact that we used a liquid
pressure medium which provides better hydrostatic pres-
sure environment compared to the solid pressure medium
which was used in the previous work28. For example,
recent experiments confirm high sensitivity of the resis-
tivity in SmB6 to uniaxial stress29. Our XAS data and
resistivity data were obtained using the same liquid pres-
sure medium, which helps us to better compare the data
resulting from different methods (Our XAS results are
similar to the previous study since both studies used the
liquid pressure medium for the XAS measurements28).

Previous calculations suggested that YbB6 is a p-d
overlap semimetal at high pressures27. However, the cal-
culated valence of Yb in that work was much smaller
than the experimental values at high pressures. Our re-
sults provide more accurate phase diagram, which will
serve as a better guide for further theoretical calcula-
tions needed to check the topological properties of YbB6

at high pressure. Hopefully, the theory will also help
to explain the anomalies in the T2g mode behavior and
in B atomic position, and sensitivity to the shear stress,
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which emerge concomitantly with the insulating state in
the material.
In conclusion, we performed high pressure Raman scat-

tering, XRD, XAS and transport measurements on YbB6

samples. With increasing amount of the Yb3+ ions,
the system gradually develops insulating behavior above
27∼30 GPa (at about 17% abundance of the Yb3+ ions
according to our XAS data), when the anomalies are
observed in the pressure dependence of the T2g Raman
mode, B atomic position, and linewidths of x-ray (101)
and (111) reflections, suggestive of shear stress-induced
broadening. The resistivity at high pressures above 35
GPa can be described by a model taking into account
coexisting insulating and metallic channels, with the ac-
tivation energy for the insulating channel about 30 meV,
consistent with the theoretical calculation which assume
it is mixed valence at ambient pressure. Our results sug-
gest that the compressed YbB6 may become topological
Kondo insulator above 35 GPa. It remains to be seen if
the chemical pressure, uniaxial strain or their combina-
tion could stabilize the topological Kondo insulator state
in this family of materials closer to the ambient pressure
and temperature conditions as was observed in previous
work on SmB6

29. For future research it is also impor-
tant that applied stress may have substantial influence
on the TKI state in YbB6, which may allow stabilize
it in a strained multilayer material engineered for more
practical applications at ambient pressure.
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