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The electrical transport behaviors of novel materials under the external magnetic field B, especially the
large or tunable magnetoresistance (MR) effect, are of broad importance in both fundamental science and
applications. Here three kinds of HfTes crystals with varied Te-deficiency concentrations are synthesized
under different growth conditions, and they demonstrate distinct electrical and magnetotransport properties.
The temperatures of the resistivity cusp or MR cusp of the as-grown HfTes_s (6 = 0.02, 0.08, 0.13) crystals
are tuned from 25 to 90 K. The maximum MR of these three HfTes_5 crystals, under 2 K and 9 T B, are
1.52 x 103%, 2.63 x 10*%, and 6.91 x 103% for sample SI (HfTe, og), SII (HfTe, o,), and SIII (HfTe, g7),
respectively. The fitting of Hall data by the two-carrier model suggests that the extremely large MR effect of
sample HfTe, 9, measured at 2 K is attributed to the cooperative action of the high mobility and the
coexistence of the electron and hole carriers. Our work provides a viable route to tune superior MR
properties in similar compounds through defect engineering, which may be promising to develop magnetic

memory sensor devices.
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I. INTRODUCTION

In recent years, the extremely large magnetoresistance
(XMR) effect, much larger than the giant MR (GMR) effect
in a magnetic multilayer [1] and the colossal MR (CMR) in
a manganite perovskite [2], was discovered in some non-
magnetic materials [3—17]. The XMR effect has attracted
tremendous interest because of both potential applications
in modern electronic devices [18-20] and its underlying
physical origins. Up to now, several possible physical
mechanisms leading to XMR have been proposed. For
example, the XMR in bismuth [3], graphite [4], PtSn, [7],
Mo/WTe, [9,12], NbSb, [10], LaSb [11], and PtBi, [13] is
reported to arise from perfect electron-hole balance. But,
the recent angle-resolved photoemission spectroscopy
works substantiate that the electron-hole compensation in
WTe, occurs only in a narrow temperature range, and the
concentration of hole carriers is higher than that of electron
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carriers in MoTe, [21,22], which also is suggested in the
electrical transport studies of Zandt et al. [23]. The results
violate the nearly electron-hole compensation picture in
Mo/WTe,. And more, the observed XMR of PdCoO, is
closely related to the high carrier mobility and there are
only hole carriers [8]. Shen et al. claimed that a synergetic
action of a substantial difference between electron and hole
mobility, as well as a moderate carrier compensation, leads
to the XMR in YSb [24]. These discoveries provide
valuable clues on how to tailor materials to obtain the
XMR property.

HfTes, being a member of nonmagnetic layered materials,
has been known for several decades [25]. HfTes; demon-
strates the mysterious resistivity cusp [26—28], pronounced
quantum oscillations [29,30], large thermopower [31,32],
unusual topological matters [33—36], pressure-driven super-
conductivity [37,38], and high carrier mobility [36,39,40].
Among them, the most remarkable phenomenon is the
resistivity cusp at the resistivity-temperature curve, accom-
panied by the change in sign of the thermopower or Hall
coefficient (phenomenologically, the major carrier changes
from an electron to a hole). The underlying physical origin is
still under hot debate [41-43]. Recently, some experimental
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and theoretical works claimed that the resistivity cusp is
attributed to electron-hole compensation, where the hole is
the intrinsic carrier, and the electron carrier may come from
Te deficiency [44] or topology-protected surface states [39].
The high carrier mobility and the potential electron-hole
compensation in HfTes could make it a promising material
platform to achieve the XMR property. It is noteworthy that
samples grown by different methods show the resistivity
anomaly at different temperatures (50-80 K) [36-40,44].
These results suggest that we can tailor the concentration of
Te deficiency during the growth process to manipulate the
electrical and magnetotransport properties of HfTes.

Taking this ideal into account, we grow three batches of
HfTes_s crystals with various deficient Te concentrations by
adding different excessive amounts of Te in the vapor
transport growth process. To simplify the discussion, the
as-grown crystals are denoted as SI, SII, and SIII hereafter,
respectively. A composition analysis substantiates that the
chemical ratios Hf/Te are 1.00:4.98, 1.00:4.92, and
1.00:4.87 in SI, SII, and SIII, respectively. These
HfTes_s crystals show the temperature of the resistivity
or magnetoresistance cusp at 25(/70), 51(/80), and
72(/90) K, respectively. The maximum MR values, mea-
sured at 2 K and 9 T magnetic field (B), are 1.52 x 10°%,
2.63 x10*%, and 6.91x10°% for SI (HfTe,qs),
SII (HfTe4q,), and SIII (HfTe,g;) samples, respectively.
Fitting the Hall data verifies that the MR cusp observed in
MR-temperature curves and the extremely large MR effect
in HfTe, 9, measured at 2 K may be attributed to the high
carrier mobility and the coexistence of the electron and hole
carriers. Our results suggest that the defect engineering in
the growth process is effective to tune the MR behavior in the
HfTes system. This viable route can be transferable to other
transition-metal compounds to achieve the XMR effect in
these compounds and, thus, provide versatile platforms
to develop magnetosensor and magnetoactuator devices
[18-20]. It should be mentioned that sometimes magneto-
sensor or -actuator applications need the materials working
at different temperature windows. Our work described as
follows demonstrates that the resistivity cusp or MR cusp of
defect-engineered HfTes_s can be tuned from 25 to 90 K,
which maybe widens the working temperatures of corre-
sponding devices based on HfTes.

II. EXPERIMENT

Similar to the previous reports [25,36], three kinds of
HfTes single crystals are synthesized by a chemical vapor
transport (CVT) technique with I, as the transport agent and
adding extra Te. The schematic of the CVT setup is shown in
Fig. 1(a). In a typical run, Hf Tes powder is first prepared by a
solid-state reaction. The stoichiometric (1:5) mixture of
Hf (Strem 99.999%) and Te (Alfa Aesar 99.999%) powders
are heated at 773 K for several days in the evacuated and
sealed quartz tube of 25 mL in volume. Then, several grams
HfTes powders together with about 5 mg cm™ of I, powder
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FIG. 1.

(a) The schematic of the CVT growth equipment and
the growth process of HfTes_s single crystals. (b) The crystal
structure of HfTes. (c) The typical photograph of the as-grown
HfTes_s single crystals.

(Alfa Aesar 99.999%) and extra Te powder (3% for SI, 1%
for SII, and 0% for SIII, respectively) are ground and loaded
into another evacuated quartz tube and placed in a two-zone
furnace to grow crystals. Afterward, the ampoule is put to a
temperature gradient from 773 to 673 K for 10 days and
finally cooled down naturally to room temperature. The as-
grown single crystals are characterized on an x-ray diffrac-
tometer (XRD, Ultima IIT Rigaku) using Cu-K, radiation
with 20 of 10°-70° to investigate the crystal orientation.
Single-crystal data are collected at 300 K on a Gemini S
Ultra x-ray diffractometer (Oxford diffraction) with Mo-K,
radiation (A = 0.71073 A). Structure refinement is carried
out with the program SHELXL-2014/7 implemented in the
program suite Apex 3. An energy-dispersive x-ray spec-
troscopy (EDS) detector equipped with a scanning electron
microscope (SEM) (FEI-Quanta) is used to determine the
chemical composition. The electrical transport measure-
ments for the roughly rectangular crystals are performed on a
Quantum Design physical properties measurement system
(QD PPMS-9 T) employing the standard six-probe method
by the current injected along the a axis, the longest
dimension of these crystals.

III. RESULTS AND DISCUSSION

As depicted in Fig. 1(b), the layered material HfTes is
adopted in an orthorhombic structure with the space group
Cmcm. In the structure of HfTes, trigonal prismatic Hf Tes
chains connected by a zigzag Te-Te chain form a two-
dimensional (2D) HfTes layer in the ac plane, and 2D HfTes
layers are stacked along the b axis to form a ribbonlike
crystal. Figure 1(c) presents the optical picture of HfTes_g
crystals. Obviously, the series of HfTes_s crystals show
metallic luster with the size up to 20 x 1 x 0.5 mm?>. The as-
grown crystals can be well preserved by the dry air for
several months.

The XRD patterns of the maximum exposed surface of
single-crystal SI samples are shown in Fig. 2(a) (black
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FIG. 2. (a) XRD patterns of the representative SI (HfTe, og)
single crystals measured on the ac and ab planes, respectively.
Other two samples have similar XRD patterns. (b) XRD patterns
of the ac plane for samples SI (HfTe,q5), SII (HfTe,q,), and
SHI (HfTe, g7), respectively. The inset is the enlarged (020) XRD
peaks for all samples. The abbreviation “a. u.” denotes arbitrary
units. (c¢) Hf (red) and Te (green) element mapping images of
samples SI (HfTeso5), SII (HfTesq,), and SII (HfTe,yg,),
respectively. (d) Temperature-dependent resistivity p,, of
HfTes crystal samples SI (HfTesq5), SII (HfTe,q,), and
SHI (HfTe, g7), respectively. The insets show In p,, as a function
of T~!. The open symbols represent the experiment data, and the
black lines show the linear fit.

pattern). All peaks can be indexed as (0 2k 0) reflections,
which suggests that the exposed sample surface belongs to
the b plane. Using the same method, the ¢ plane is also
substantiated by XRD measurements. In order to show the
effect of growth conditions on the crystal structure, we plot
the XRD patterns [Fig. 2(b)] of the b plane for SI, SII, and
SIII, respectively. The full width at half maximum of series
HfTes_s samples (002-pole) varies from 0.06° to 0.08°,
which infers the as-grown single crystals have a high
crystalline quality. It also displays that the diffraction peaks
gradually shift to a higher angle from SI to SIII [see the
inset in Fig. 2(b)]. To show the change of lattice parameters,
we collect and refine the single-crystal XRD data for all
crystals. The obtained unit-cell parameters are a = 3.9742
(3.9714, 3.9698) A, b = 14.5058 (14.4470, 14.4016) A,
c=13.7500 (13.7237, 13.7013) A, and V =792.68
(787.42,783.32) A3 for SI (SII, SIII) samples, respectively.
Their differences may originate from the composition
differences. Figure 2(c) depicts the EDS mappings of Hf
and Te elements in SI, SII, and SIII samples, respectively.
The EDS analysis indicates that the chemical compositions
of the as-grown crystals are Hf:Te = 1.00:4.98,
1.00:4.92, and 1.00:4.87 for SI, SII, and SIII, respectively.
These results suggest that the introduction of extra Te
composition would reduce the concentration of Te

deficiency. Figure 2(d) displays the temperature (7)
dependence of resistivity p, in the T range from 2 to
300 K under a zero magnetic field, for the three different
HfTes_s (6 =0.02, 0.08, 0.13) crystals. It should be
mentioned that the p-T curves for SI (HfTe,qg), SII
(HfTey o,), and SIII (HfTe, g7) shown here are reproducible
by checking several crystals synthesized in the same growth
condition. As shown in Fig. 2(d), the p-T behavior of
samples HfTe4 ¢, and HfTe, g, is quite similar. For exam-
ple, they all show metallic behavior at a temperature range
from 170 to 300 K, then there is a resistivity cusp from 40
to 170 K, and they do the metallic feature again from 2 to
40 K. Different from these samples, sample HfTe, 9g shows
metallic behavior from 170 to 300 K, a semiconductinglike
behavior from 40 to 170 K, and then a steplike feature
below 30 K, and certainly p of sample HfTe, o3 has a faint
cusp around 25 K. In addition, evidently, the temperature of
the resistivity cusp of HfTe, o5, Hf Te, oo, and HfTe, g7 is at
25, 51, and 72 K, respectively. These data demonstrate the
tenability of the resistivity cusp in defect-engineered Hf Tes
crystals. To understand the charge conduction mechanism,
we apply the Arrhenius equation [p,, = pgexp[A/(k,T)]]
to analyze the semiconductinglike behavior of the samples
at a temperature range from 125 to 55 K. As plotted in the
inset in Fig. 2(d), the linear behavior of Inp,, vs (1/7) is
observed in these three samples. The energy gap A is
extracted as 15, 18, and 32 meV for HfTe, o5, HfTe, o5, and
HfTe, g;, respectively, which is comparable to the earlier
reports [39,44]. The difference between HfTe, o5, HfTe, o5,
and HfTe, g; indicates the energy barrier for hole excitation
will increase with the introduction of more Te defects.
We further characterize the magnetotransport properties
of these HfTes_s samples. Figures 3(a)-3(c) plot the B
dependence of longitudinal MR under variable temper-
atures for the samples SI (HfTe,qg), SII (HfTe,q,), and
SHI (HfTe, g7), respectively. As shown in Figs. 3(a) and
3(b), in the samples HfTe, g and HfTe,q,, the MR is
sublinearly dependent on B under a low field at the
measured temperature range. Different from the two
samples, in the MR-B curve of the sample HfTe,g;, an
obvious peak at about 1.8 T is observed at 2 K. And the
peak position shifts toward the high field with an increased
temperature and disappears at 7 > 20 K in our measured
range. The origin of the anomalous MR peak is still elusive
[45,46], which will be further studied in the near future. To
demonstrate MR behaviors of these samples clearly, we
plot the MR-T curves under 9-T B for these three samples
in Fig. 3(d). For the sample HfTe, o3, the saturated MR
reaches 1.52 x 10°% at 9 T and 2 K. With a rising
temperature, its MR initially increases gradually and then
exhibits an unsaturated maximum MR (4.62 x 10°%)
centered around Tp.g =70 K, upon which the MR
decreases gradually again with an increasing temperature
before reaching 32% under 9-T B at room temperature.
Different from HfTe,qg, the MR for sample HfTe,q,
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[see Fig. 3(b)] is unsaturated at 2 K with its maximum as
2.63x10°% at 9 T and 2 K and then decreased with
elevating temperature. At about 50 K, the minimum MR is
reached, 1.51 x 103% at 9-T B. And above this temper-
ature, the MR gradually increases upon heating up to a peak
value at T'p_g, = 80 K, upon which the MR decreases as the
temperature rises and finally reaches 33% at 9-T B at room
temperature. The MR behavior of sample HfTe,g; mea-
sured under 9-T B is similar to HfTe, o, [see Fig. 2(d)].
Obviously, the MR under 9-T B reaches a maximum value
0of 6.91 x 10°% at 2 K, a minimum value of 4.52 x 102% at
about 60 K, a peak value of 2.54 x 103% at about
Tp.g3 =90 K, and 31% at room temperature. It should
be emphasized that, in the sample HfTe, ¢,, the maximum
MR value, measured at 2 K and 9 T magnetic field, reaches
up to 2.63 x 10*%, which is the highest value reported for
any ideal two-dimensional (2D) transition-metal chalcoge-
nides so far, to the level of the XMR effect in the previous
studies of some 3D systems (PtSn,, PdCoO,, Mo/WTe,,
NbSb,, LaSb, and PtBi,, etc. [7-13]). In short, the
magnetotransport properties of HfTes_s are strongly de-
pendent on Te-defect concentration.

To understand the above-mentioned electrical and mag-
netotransport behavior in HfTes_s crystals, we conduct
Hall measurements. As shown in Figs. 4(a)-4(c), all
samples HfTes_s (6 = 0.02, 0.08, and 0.13, respectively)
show nonlinear Hall curves at the temperature ranges from
2 to 300 K, which suggests the relationship between Hall
resistivity and B should be analyzed by the classical two-
carrier model [47]. For sample HfTe, 3 [Fig. 4(a)], the
slope of Hall resistivity is negative at a low field (<1 T) and

50 100 150 200

T(K)

then turns positive in a high-field regime (>1 T) below
60 K. On the contrary, the slope of Hall resistivity changes
from positive at a low field (<1 T) to negative at a high
field (>1 T) with T within 60-70 K. At temperatures above
80 K, the Hall coefficients are always positive in the field
regime (0-9 T). Phenomenologically, the main carrier
changes from electrons to holes dependent on the temper-
ature. Sample HfTe, o, [Fig. 4(b)] shows a similar trend to
HfTe, ¢3. At 2 K, the Hall coefficient changes from negative
to positive at about 3 T. And it also turns to be positive at a
low field (<2 T) at 60 K. Above 70 K, the Hall coefficient
is always positive in the whole field regime. Different from
above-mentioned two samples, the Hall coefficient of
sample HfTe,g; [Fig. 4(c)] is negative and has a trough
at about 1.5 T at 2 K. Compared with the MR-B of sample
HfTe, g7, the anomalous trough may be correlated to MR
peaks shown in Fig. 3(c) nearly at the same B. The Hall
coefficient changes from negative to positive as the temper-
ature ranges from 2 to 300 K, similar to HfTe, g and
HfTe, o,. It turns to be positive at a low field (<1 T) at 80 K
and then be positive in the whole field regime above 90 K.

We further analyze quantitatively the Hall data by the
two-carrier model (fitting curves are shown in Fig. 5).
Figures 4(d)-4(f) present the temperature-dependent carrier
concentrations and mobility, extracted from the fitting of
samples SI (HfTe,9g), SII (HfTe,q,), and SIII (HfTe, g7),
respectively. As shown in Fig. 4(d), at a low temperature
(<70 K), the two kinds of carriers in the sample HfTe, g
are both electronlike carriers which may come from
different electronic bands [36,48]. At 2 K, the carrier
density is estimated to be n; =1.23x 10" cm™3
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FIG. 4. (a)—(c) The B-dependent Hall resistivity of sample SI (HfTe, og) (a), SII (HfTe, 9,) (b), and SIII (HfTe, g7) (c), measured under

a temperature range from 2 to 300 K, respectively. (d)—(f) The temperature-dependent carrier densities and mobility, extracted from the
two-carrier-model analysis, of sample SI (HfTe,og) (d), SII (HfTe4q,) (e), and SIII (HfTe,g;7) (), respectively.

(n, =2.32 x 10'® cm™3), and the corresponding mobility
is uy =162em?>V-'s™! (u, =9.03 x 10* cm?> V=15,
Upon 70 K, both of the two kinds of carriers are changed
to hole type. At around 70 K, the electron and hole
carrier concentration of the sample HfTe, o3 reach nearly
compensation. In the sample HfTe, o, [Fig. 4(e)], there is the
coexistence of both hole and electron carriers in the
measured temperature range. The electron carriers (n,)
have a quite low density of 2.20 x 10'® cm™3 and a high
mobility (u,) of about 7.34 x 10* cm? V~!s~! at2 K, while
the hole carriers (n;) show a higher density of 5.16 x
10" cm™ but a lower mobility (u;,) of 140 cm? V=!s71,
When the temperature is increased but does not exceed
100 K, both the hole carrier density and electron mobility
slightly decrease in magnitude, while both the electron
carrier density and hole mobility slightly increase. At
around 80 K, the density of hole carriers is approximately
equal to the electron carriers, the same as the mobility of
hole and electron carriers. And then upon 100 K, the carrier
densities grow gradually and the carrier mobility reduces
gradually with a temperature increase. The sample HfTe, g7
has similar carrier behavior as sample Hf Te, 5. As presentin
Fig. 4(f), there are the two kinds of electron carriers with
different mobility in the sample HfTe,g; below 90 K.
Quantitatively, the carrier density is 7, = 8.19 x 10'¢ ¢cm™3
(n, = 1.08 x 10'7 cm™3), and the corresponding mobility is
=328 x10° cm? V1s™ (u, = 1978 cm? V-1s71) at
2 K. At around 90 K, the electron carriers change to hole
type. Based on a Hall data analysis, the different MR
behavior among HfTe, o3, HfTe, o,, and HfTe, g; can be

rationalized. At2 K, the largest MR in HfTe, o, is coincident
to the coexistence of an electron and a hole, as well as high
carrier mobility at a low temperature, which are two key
factors leading to the extremely large MR observed in WTe,
[9]. As to the maximum MR observed at T'p [see Fig. 3(d)],
this is attributed to the coexistence of electron and hole
carriers and the high carrier mobility at 7', in these samples.
The varied T'p is attributed to the electron concentration
difference (equivalent to Te-deficiency concentration) in
these samples. Conceptually, Te deficiency introduces the
electron carriers in these samples. Under thermal excitation,
there are electron-hole pairs generated in a narrow-band
semiconductor at a high temperature. At 7'p, there are
equivalent hole and electron concentrations in HfTes_;.
Because there is the highest Te deficiency (equivalent
electron concentration) in HfTe,g;, Tp is the largest,
because more thermal energy is needed to excite a high
hole concentration, which is obviously shown in Fig. 3(d).
Certainly, the above discussion is based on the analysis of
the macroscopic transport measurement. The detailed
microscopic measurements (like scanning tunneling micros-
copy and angle-resolved photoemission spectroscopy)
should be applied to obtain more information to fully
understand the tunable electrical transport behavior in
HfTes_s sample.

IV. SUMMARY

In conclusion, we experimentally demonstrate the tun-
ability of the electrical and magnetotransport property of
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FIG. 5.

The representative B-dependent Hall resistivity p,, measured at different temperatures and the corresponding fitting curves

with the two-carrier model of sample SI (HfTe,qg) (a), SII (HfTe,q,) (b), and SIII (HfTe, g7) (c), respectively. The bright green dashed
lines represent the Hall data fitting by the two-carrier model. Obviously, the Hall data can be well fitted by the two-carrier model.

HfTes_s through different excessive amounts of Te during
the CVT. The three different kinds of HfTes_s crystals with
various Te-deficiency concentrations, Hf : Te ratios tuned
as 1.00:4.98, 1.00:4.92, and 1.00:4.87, are obtained.
These HfTes_s crystals show the resistivity cusp at different
temperatures [25 (HfTe,qg), 51 (HfTesq,), and 72 K
(HfTe, g7), respectively], as well as the temperatures of
the MR peak change from 70 to 90 K in HfTe,qg to
HfTe, g;. The maximum MR values, measured at 2 K and
9 T magnetic field, are 1.52 x 103%, 2.63 x 10*%, and
6.91 x 10°% for sample HfTe, o3, HfTe4g,, and HfTe, g7,
respectively. The analysis of the Hall data reveals that there
is high carrier mobility and the coexistence of the electron
and hole carriers in HfTe, 9, which leads to the extremely
large magnetoresistance in HfTe,q,. Our work demon-
strates a successful method to tune the electrical and
magnetotransport properties in the HfTes single-crystal
system, which may be transferable to other transition-metal
compounds.
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APPENDIX: THE HALL DATA FITTING OF
HfTes;_s SINGLE CRYSTALS

The Hall resistivity p,, of HfTes_s single crystals,
measured at different temf)eratures [see Figs. 5(a)-5(c)],
show nonlinear behavior, which suggests the relationship
between Hall resistivity and B should be analyzed by the
classical two-carrier model. All the p,.(= —p,,) data can

be fitted to the classical two-band model through the
expression

B (nupy = nepz) + (ny — no)ppeB?
Pyx == 2 730 (Al
e (nh/'{h + ne/"e) + (nh - ne) MhﬂeB

where n, (or n;,) and u, (or u,,) are the density of electrons
(or holes) and the mobility of electrons (or holes), respec-
tively. The representative Hall resistivity p,, of HfTes_s
single crystals and the corresponding fitting curves are
presented in Fig. 5. The temperature-dependent carrier
concentration and mobility are displayed in Fig. 4.
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