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Turning ZrTe5 into a semiconductor through atom intercalation
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In this study we successfully intercalated potassium (K) atoms into single ZrTe5 crystals by liquid ammonia method, and found a
semimetal-to-semiconductor transition at low temperatures in K-intercalated ZrTe5. As the K concentration increased, the
resistance anomalous peak was gradually suppressed until finally disappearing. Whilst, the corresponding Hall resistance
measurements consistently showed a sign reversal. The semimetal-to-semiconductor transition can be attributed to a lattice
expansion induced by atom intercalation, leading to a larger energy band gap.
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1 Introduction

Zirconium pentatelluride (ZrTe5) elicited the interest of the
scientific community about three decades ago due to its
potential applications in thermoelectricity, resistance anom-
aly, etc. [1-8]. Recently, ZrTe5 has attracted increasing at-
tention because of its mysterious topological nature. Density
Functional Theory (DFT) calculations predicted that single-
layer ZrTe5 is an ideal two-dimensional topological insulator
(TI) with an indirect band gap of ~0.1 eV [9]. Conversely, the
topological characteristics of its bulk counterpart resides
near the boundary of a topological phase transition from
weak to strong TI passing through a 3D Dirac semimetal

state [9-11]. Even though great efforts have been devoted to
experimentally verify the topological characteristics of bulk
ZrTe5, these are still under debate: weak TI, strong TI, or
Dirac semimetal have all been proposed as states based on
experimental observations with different techniques [12-32].
Thus, a bulk band gap and a topological edge state were
detected by ARPES and by STM [14,15,29], suggesting that
ZrTe5 is a weak TI. Controversially, signatures of 3D Dirac
semimetal were demonstrated by magnetoresistance (MR)
[18-20,32] and magneto-infrared spectroscopy measure-
ments [12,13,17,24,25]. A strong TI state was also proposed
for bulk ZrTe5 [21,27]. In addition, more unusual physical
properties have been observed in bulk ZrTe5, such as the
Zeeman splitting [20,33,34], the chiral magnetic effect
(CME) [16], the 3D quantum Hall effect (QHE) [35], the
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anomalous Hall effect (AHE) [36], the giant planar Hall
effect (GPHE) [37], and the discrete scale invariance (DSI)
[38,39].
Considering the extreme sensitivity of the ZrTe5 band

structure on the lattice constant, the above mentioned ex-
perimental divergence may be due to difference in sample
growth. It is worth noting that the Dirac node of ZrTe5 is not
protected by crystal symmetry, and a band gap can be opened
by a perturbation turning it into a topological insulator. High
pressure was applied to tune ZrTe5 into a superconductor
[40], and to induce a topological phase transition [41]. The
exfoliated ZrTe5 nanosheet exhibits metallic behavior and a
tunable resistance maximum, which can be ascribed to the
dependency of the band structure on thickness [42,43]. Up to
now, most of the studied ZrTe5 bulk samples, grown by
chemical vapor transport (CVT), behave as a metal at low
temperatures, and the resistance maximum is located at
~130-150 K, which indicates that the bulk states of ZrTe5
contribute to its electrical conductivity. A recent study
showed that such metallic state may be induced by intrinsic
Te defects induced during CVT growth, and the flux growth
method may help to reduce such defects, thus realizing
semiconductors at low temperatures [44].
In this study, we successfully intercalated potassium (K)

atoms into ZrTe5 single crystals by the liquid ammonia
method, which allows to gradually tune the electronic
structure of ZrTe5. Electrical transport measurements
showed a smooth transition from metallic to semiconducting
behavior at low temperatures upon increasing the potassium
concentration, which is accompanied by the suppression of
the resistance peak. Raman spectroscopy measurements in-
dicated that the van der Waals gap in ZrTe5 is enlarged by the
intercalation of K atoms, which is akin to negative (tensile)
pressure applied along the b-axis. Therefore, it can be con-
cluded that such metal-to-semiconductor transition is in-
duced by the enlarged band gap that results from lattice
expansion. Furthermore, the Hall resistance measurements
consistently showed a sign reversal between 120 and 160 K
irrespective of whether the resistance peak was suppressed or
not, suggesting that carrier type reversal can occur even in
the absence of an anomalous resistance peak.

2 Experimental methods

Single ZrTe5 crystal was grown by CVT method with iodine
(I2) as the transport agent, as described in a previous study
[45]. The K-intercalated ZrTe5 sample was obtained by the
liquid ammonia method [46,47]. Firstly, the single ZrTe5
crystal and the potassium sheet were placed into a quartz
tube. Secondly, the quartz tube was sealed and vacuumed,
and then placed into a cold trap containing an alcohol/water
mixture. Subsequently, high-purity ammonia gas (99.999%)

was introduced into the quartz tube and condensed as liquid
ammonia, immersing the samples. The potassium sheets
were dissolved in liquid ammonia, and the atoms were in-
tercalated into the ZrTe5 single crystal. After the intercala-
tion, the liquid ammonia was pumped away. Electrical
resistance measurements were conducted in a physical
property measurement system from Quantum Design. Ra-
man spectra were recorded on a WITec Alpha 300R with a
532-nm laser.

3 Results and discussion

The crystal structure of the single ZrTe5 crystal having K
atoms intercalated within the van der Waals gap is illustrated
in the inset of Figure 1. ZrTe5 is a quasi-two-dimensional
layered material with an orthorhombic crystal structure be-
longing to the Cmcm (D h2

17) space group [1,48]. In a single-
layer ZrTe5 sheet each Zr atom is surrounded by three Te
atoms forming a ZrTe3 triangular prism along the a-axis.
These ZrTe3 triangular prisms are linked by parallel zig-zag
Te chains along the c-axis, thus forming a quasi-two-di-
mensional a-c plane. Bulk ZrTe5 consists of these sheets
stacked along the b-axis and held together by van der Waals
interactions.

Figure 1 (Color online) Resistance (R) as measured on K-intercalated
KxZrTe5 as a function of the temperature. R was normalized against its
value at 300 K. The curves are shifted by 2 in the vertical direction for
clarity. The inset shows the crystal structure of the single ZrTe5 crystal
having intercalated K atoms.
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Figure 1 shows the temperature (T) dependence of the
normalized resistance (R) as measured on different KxZrTe5
(x=0 to ~0.55) samples under a zero magnetic field. The
current was applied along a-axis. For the pristine single
ZrTe5 single crystal, the R-T curve exhibits an anomalous
resistance peak at around Tp≈135 K, and a typical metallic
behavior at temperatures below Tp, which is in agreement
with previous studies [45]. Surprisingly, the resistance at low
temperatures increases tremendously upon intercalation of K
atoms. At low temperatures, when x is greater than ~0.27, the
sample undergoes a semimetal-to-semiconductor transition.
Meanwhile, the anomalous resistance peak remained at
~135 K, although its intensity gradually decreased until
disappearing when x is greater than ~0.55.
To further investigate the effect of the magnetic field on

transport properties, we performed magnetoresistance mea-
surements under magnetic fields of up to 5 T applied along
the b-axis. Figure 2(a) and (b) show the magnetic field de-
pendence of the longitudinal magnetoresistance (MR=[R(H)/
R(0)−1]×100%) and the Hall resistance (Rxy), respectively, as
measured on K0.55ZrTe5 samples at various temperatures.
Due to the asymmetrical issue of the electrodes during the
measurements, the MR and Rxy(H) results were symmetrized.
A positive MR effect was observed in all the explored tem-
perature range (from 2 to 160 K) and the magnetic field
range (from 0 to 5 T). It can be seen that MR(H) roughly
follows a R B~ dependence at low temperatures, in-
dicating the existence of a weak antilocalization effect [49].
Furthermore, as shown in Figure 2(a), the temperature de-
pendence of the MR exhibits a similar trend as the intrinsic
ZrTe5, particularly the CVT-grown sample [44]: MR drops
first and then increases as temperature increases. It is worth
noting that for K0.55ZrTe5 the resistance peak was completely
suppressed, as indicated in the R-T plot (Figure 1). Although

KxZrTe5 exhibited a similar behavior, the positive MR effect
was significantly weaker by approximately one and a half
orders of magnitude. For instance, previous studies showed a
MR of ~900% at 5 T for CVT-grown ZrTe5 [44], while that
of K0.55ZrTe5 was only ~17%. Therefore, it was suggested
that for K0.55ZrTe5 the influence of the magnetic field on
resistance was small, but not negligible.
As shown in Figure 2(b), the Hall resistance (Rxy) exhibits

a negative slope at low temperatures (T≤120-160 K), in-
dicating that charge transport occurs primarily via electron
carriers. As temperature increased to ~160 K, the Hall re-
sistance at near zero magnetic field exhibits a sign reversal,
consistent with the observations made for pristine ZrTe5.
Conversely, the positive slope of Rxy(H) at T≥200 K de-
monstrates that charge transport occurs primarily via hole
carriers. Even though the initial resistance peak is completely
suppressed, for K0.55ZrTe5 the sign reversal still occurs near
the region where this peak was (Tp~135 K). We believe that a
temperature-induced Lifshitz transition [26], with a similar
mechanism, can explain these phenomena.
To quantitatively understand the transport properties, the

Hall conductivity, ( )= / + ,xy xy xx xy
2 2 was extracted and

fitted with the two-carrier model [42],
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where n1,2 and μ1,2 are the carrier density and the carrier
mobility, respectively, and the plus (minus) sign represents
the hole (electron) carriers. Figure 3(a) and (b) show the
results obtained for K0.55ZrTe5: charge transport occurs via
electron carriers at T<~160 K, and hole carriers start to
emerge at T≈160 K; thus, at higher temperatures, hole car-
riers dominate while electron carriers disappear. There are
two kinds of electron carriers at T<~160 K. At T≈20 K, the
electron carrier density (n) for electron carriers 1 (e1) and 2
(e2) is 1.40×1017 and 2.37×1019 m−3, respectively, and the
mobility (μ) for e1 and e2 is 2.28 and 0.11 m2 V−1 s−1, re-
spectively. For reference, in pristine ZrTe5 the electron car-
rier density is about five orders of magnitude lower, while
the mobility remains largely the same, consistent with the
semiconducting behavior observed in the R-Tmeasurements.
Conversely, the hole carrier mobility is greater than the
electron carrier mobility, but the hole carrier density is lower,
illustrated by an initial positive slope in ρxy(H) followed by a
sign reversal, which is consistent with the results obtained in
previous studies [44]. Interestingly, it was observed that the
temperature dependence of the hole carrier mobility is si-
milar to that observed for flux-grown ZrTe5 [44]. The carrier
type reversal with temperature increase suggests the occur-
rence of a Lifshitz transition. In addition to the electron-hole
competition, the carrier mobility and density may also play a
role in the formation of the resistance peak, as proposed in a
previous study on ZrTe5 nanosheets [42].

Figure 2 (Color online) Magnetic field dependence of (a) the long-
itudinal magnetoresistance (MR=[R(H)/R(0)−1]×100%) and (b) the Hall
resistance (Rxy) as measured on K0.55ZrTe5 samples at various temperatures.
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As previously reported [44], flux-grown single ZrTe5
crystals also exhibit a semiconductor-like behavior, which
was ascribed to the decrease in the number of Te vacancies.
However, for K-intercalated ZrTe5, a different mechanism
should be considered because: 1) the location of the re-
sistance peak does not change, but the intensity is greatly
suppressed, and 2) the carrier type transition is still observed
from 120 to 160 K. If taking into account only the electron-
doping effect, the Fermi level should move upwards and
thus, the opposite phenomenon would be observed, i.e., the
sample should exhibit a more metallic behavior at low
temperatures and the resistance peak would appear at higher
temperatures. This suggests that the role of the electron-
doping effect in K-intercalated ZrTe5 may be negligible.
To further characterize the structural changes upon K in-

tercalation, Raman spectroscopy measurements were per-
formed for ZrTe5 before and after intercalation of K atoms
(Figure 4). According to previous studies [50-52], two B2g
modes and four Ag modes can be excited in the range be-
tween 50 and 200 cm−1 when a laser vertically irradiates the
ac-plane. Accordingly, as shown in Figure 4, the character-
istic peaks at 71.0 and 85.1 cm−1 can be assigned to the B2g
modes, while the other four peaks, at 114.8, 119.4, 145.8, and
179.8 cm−1, are ascribed to the Ag modes. Upon K inter-
calation, the Ag

3 mode, at 145.8 cm−1, shows a clear red shift

to 143.3 cm−1, while the Ag
4 mode, at 179.8 cm−1, is nearly

unchanged. Such spectral shift clearly suggests that the lat-
tice constants change upon intercalation of K atoms. Ac-
cording to a previous study [40], the application of high
pressure resulted in a reduced interlayer space and induced a
blue shift in the Raman peak at 145.8 cm−1. Conversely, it is
reasonable to expect that the red shift of the Raman peak,
observed for K0.58ZrTe5, is induced by an enlarged interlayer
space and weakened interlayer coupling. Therefore, atom
intercalation applies a sort of “tensile pressure”, enlarging
the lattice constant along the b-axis. A similar lattice ex-
pansion induced by atom intercalation has been reported for
other layered materials [53,54]. However, in a recent study
on K-intercalated WTe2 [47] no lattice expansion could be
detected. Why intercalation induces lattice expansion in
some materials but not in others is a question that remains to
be answered and requires further investigation.
Based on the above mentioned results and analyses, a

reasonable mechanism that explains the observed phenom-
ena was formulated (Figure 5). The pristine single ZrTe5
crystal grown by CVT method is an n-type semiconductor,
which exhibits metallic behavior at low temperatures, and
the abnormal resistance peak is caused by a temperature-
induced Lifshitz transition, as illustrated in Figure 5(a). The
intercalation of K atoms into ZrTe5 applies an effective
“negative pressure” and induces a lattice expansion, espe-
cially along the b-axis. Assuming that pristine ZrTe5 is a
Dirac semimetal or a weak TI, such lattice expansion will
definitely result in the enlargement of band gap. As a result,
due to the antagonizing effects of lattice expansion and
electron doping, the Fermi level shifts to the band gap region,
as shown in Figure 5(b), resulting in an insulating behavior at

Figure 3 Temperature dependence of the carrier density (a) and the
carrier mobility (b) for K0.55ZrTe5 as extracted from the fitting of the Hall
conductivity data to the two-carrier model.

Figure 4 (Color online) Raman spectra of the single ZrTe5 crystal before
and after intercalation with K (x≈0.58) atoms. The peaks are marked with
vertical lines to show the shift more clearly.
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low temperatures.

4 Conclusion

In summary, K atoms were intercalated into a single ZrTe5
crystal by the liquid ammonia method, inducing a lattice
expansion which led to the enlargement of band gap. As a
result, a semimetal-to-semiconductor transition was induced
in ZrTe5 at a low temperature. In addition, the Hall sign
reversal indicates the occurrence of a Lifshitz transition. A
positive magnetoresistance effect exhibiting a R B~ de-
pendence at low temperatures was observed, which can be
attributed to a weak antilocalization effect. This work pro-
vides an ideal platform to produce insulating ZrTe5 for fur-
ther research, particularly in relation to the transport
properties of topological edge states.
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