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Published: 14 October 2016 A.three_-dln.‘ienswnal (3D) Dirac semln_‘ieta! (DS) is an analogue of graphfene, but with Illnea.r energy
dispersion in all (three) momentum directions. 3D DSs have been a fertile playground in discovering
novel quantum particles, for example Weyl fermions, in solid state systems. Many 3D DSs were
theoretically predicted and experimentally confirmed. We report here the results in exfoliated ZrTe;
thin flakes from the studies of aberration-corrected scanning transmission electron microscopy and
low temperature magneto-transport measurements. Several unique results were observed. First, a
Berry phase was obtained from the Landau fan diagram of the Shubnikov-de Haas oscillations in the
longitudinal conductivity o,,. Second, the longitudinal resistivity p,, shows a linear magnetic field
dependence in the quantum limit regime. Most surprisingly, quantum oscillations were also observed
at fractional Landau level indices N=5/3 and 7/5, demonstrating strong electron-electron interaction

effectsin ZrTe;.

Since the discovery of graphene'?, Dirac materials have attracted tremendous attention due to their extraordinary
electronic properties and great potential for applications in next generation electronic devices. Recently, research
has extended to the search for three-dimensional (3D) Dirac semimetal (DS)*-!!, where linear energy dispersion
holds along all three momentum directions. Dirac semimetals have generated a great deal of current excite-
ments and have made it possible to study quantum dynamics of relativistic field theory in a solid-state system!.
Moreover, these topological materials are believed to be useful in future quantum information process.

Shortly after earlier theoretical predictions, many material systems have been experimentally confirmed to
be 3D DSs. For example, using angle-resolved photoemission spectroscopy (ARPES), three groups were able to
observe 3D Dirac fermions in Na;Bi and Cd;As, single crystals’-!13. Questions on whether ZrTe; being a 3D
DS, however, remain unsettled. In a recent theoretical study, it was shown that single-layer ZrTe; is a quantum
spin Hall insulator, while bulk ZrTe; is very close to the phase transition boundary between a weak and strong
topological insulator'®. On the other hand, the electronic band structure measured by ARPES in ZrTe; crystals
is consistent with that expected for a 3D DS'. In addition to ARPES measurements, magneto-infrared spectros-
copy at low temperatures in high magnetic fields further shows strong evidence of inter-Landau-level transitions
resulting from Dirac fermions'"!®. Quantum transport studies have also yielded intriguing results, such as the
chiral magnetic effect!®!17. To date, most of the transport studies in ZrTe; were performed at relatively higher
measurement temperatures, at which electron-phonon interactions can mask subtle correlation effects induced by
strong electron-electron interactions. In this article, we show, by lowering the measurement temperature to 0.3K,
a striking observation of quantum oscillations at fractional Landau level (LL) indices.

Results and Discussions

ZrTe; crystal structure by aberration-corrected scanning transmission electron microscopy.
ZrTes has been studied in the past and is known for the resistivity anomaly and large thermoelectric power!®!°.
It is a layered material similar to graphite. The crystal structure'*'#2°-22 contains chains of ZrTe; prisms running
parallel to the a-axis, as shown in Fig. 1a. These prismatic chains are linked along the c-axis via zigzag chains of Te
atoms to form 2D planes, which stack along the b-axis. The layered structure of ZrTe; distinguishes it from other
3D DSs. The weak van der Waals force between layers makes it easy to mechanically exfoliate thin flakes of ZrTes.
Figure 1c shows the projected arrangement of atoms in the a-c plane obtained from an aberration-corrected
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Figure 1. ZrTe; crystal structure. (a) Schematic top view of a single-layer structure. The dashed red line shows
the zigzag chain of Te (adapted from ref. 14). (b) Schematic top view of a two-layer structure. The solid patterns
represent the top layer and the dashed the bottom layer. The bottom layer is shifted by a half lattice-constant
along the [100]-crystal direction. Due to this shift, one Zr atom overlaps with a Te atom in the projection. (c)
STEM high-angle annular dark-field (HAADF) image of ZrTe; in [010] direction. (d) Zoomed-in image of

the unit cell (dashed yellow rectangular) in (c). Red and green circles represent Zr and Te atoms, respectively.
The bright spots are due to the overlapping of Zr and Te atoms in the projection. The measured lattice constant
c¢=1.382nm and a=0.396 nm. (e) Corresponding electron diffraction pattern in [010] direction with (200) and
(002) planes as marked.

scanning transmission electron microscope (AC-STEM) taken with a high-angle annular dark-field (HAADF)
detector. The high-resolution image in [010] projection in Fig. 1d reveals the atomic level details of the a-c plane
of ZrTes. To our knowledge, this is the first time a high-resolution STEM HAADF image has been taken for ZrTe;.
The main difficulty of obtaining the STEM image is due to ZrTe; being extremely sensitive to electron radiation.
From the HAADF image, we were able to determine the lattice constants of the a—c plane, and a=0.396 nm and
c=1.382nm (Fig. 1d), which agree very well with the theoretical calculation'. The characteristic STEM pattern
(i.e., an array of 5 spots with a bright one in the middle and four dim ones aside) can be explained by taking into
account a half-lattice shift along the [100]-lattice direction between two adjacent layers in the [010] direction, as
demonstrated in Fig. 1b. The electron diffraction pattern is shown in Fig. le. The crystal lattice constants deduced
from this pattern are consistent with those obtained in Fig. 1d.

Magneto-transport measurements. In Fig. 2a, we show a Hall bar device made of an exfoliated thin flake.
The thickness of the flake is ~620 nm. Temperature (T) dependence of the longitudinal resistivity p,, of our ZrTe;
thin flake at zero magnetic (B) field was measured and the details can be found in the Supplementary Figure S1. A
characteristic resistivity peak is observed at T~ 170K, close to the values reported in previous works!”?. We note
that the resistivity peak has recently been observed at a much lower temperature of ~60 K due to a lower impurity
concentration'’. Figure 2b shows the longitudinal magneto-resistivity p,, and the Hall resistivity p,, versus B
(along b-axis, normal to the cleavage plane) at T=0.3K. Around B=0, p,, shows a positive, quadratic field
dependence. As B continues to increase, strong quantum oscillations are observed. To analyze these quantum
oscillations, we follow the standard practice** and convert p,, into o, by using the formula 0, = py/ (P> + Px)-
In Fig. 2¢, we display the oscillatory component (Ao,,), after subtracting a smooth background from o, as a
function of 1/B at T=0.3 K. The onset of the Shubnikov-de Haas (SdH) oscillations occurs at the Landau level
index number N =10 (corresponding to B~ 0.4T), though weak undulations are still visible up to N=12
(or B~0.34T). From the criterion of ;4 B = 1 for the onset of SdH oscillations, a quantum mobility of
i~ 2.5 x 10*cm>V s !is obtained. A similar value was also reported recently'”. Beyond the SdH oscillation at
B~2.7T (corresponding to the N =2 Landau level index), p,, assumes a linear-in-B field dependence. We note here
that a linear magneto-resistance (MR) has been observed for massless Dirac fermions in the quantum limit?*-?%, due
to their linear energy dispersion. We believe this mechanism is also responsible for the linear-in-B dependence in
our sample. The Hall resistivity shows a negative slope, from which we conclude that the carriers are electrons in our
device. In the high B field regime, the Hall resistivity is generally linear with undulations concomitant with the SAH
oscillations. It deviates slightly from the linear field dependence around ~3T, as the quantum limit is approached.
The linear fit to p,, in the B field range of 1T <B< 3T yields a Hall density of ntl = 1.02 x 10" cm™2
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Figure 2. SdH oscillations in ZrTe; and tilt magnetic field dependence. (a) Optical image of the Hall bar
device. The scale bar is 5pm. (b) The longitudinal resistivity (red line) and the transverse Hall resistivity (blue
line) as a function of magnetic (B) field at T= 0.3 K. B is along b-axis, perpendicular to the cleavage plane. Well-
developed SdH oscillations are observed. (c) Ao,, as a function of 1/B for tilt angle § =0°. Several LLs are
labeled by the arrows. LL N =10 corresponds to B~ 0.4 T. (d) LL index N versus 1/B. The closed squares
represent the integer index Ao, minima and the open squares denote the half integer index Ao, maxima. The
solid line shows the best liner fit. An intercept of 0.55 is obtained, indicative of a T Berry phase.

(e) Schematic of the sample in tilt magnetic field. (f) Contour plot of Ap,, with respect to tilt angle # and
magnetic field B. Blue color highlights the evolution of LL N = 2. The dashed line represents the best fit by
By_,(0 = 0°)/cos(0), indicating the 2D-like transport behavior of charged carriers.

(more details can be found in Supplementary Figure S2). We note that this deduced #™!' is much higher than the
electron density (n = 1.86 X 10" cm™2) obtained from the SdH oscillations analysis (as we show below), indicat-
ing the co-existence of a two-dimensional (2D) electron system on the surface of ZrTe; and three-dimensional
bulk carriers. This two-carrier model is also consistent with the positive MR around B=0T%. Furthermore, the
large bulk density probably is responsible for the non-zero value of the R,, minima in the SdH oscillations, either
due to an incomplete bulk localization or due to the coupling between the bulk and the 2D conducting layer®. The
Hall slope is larger around zero magnetic field. Similar behavior was also reported in the past, and attributed to
either a two-carrier transport® or a topological effect®.

To understand whether the SdH oscillations are of 2D nature, we carried out magneto-transport measure-
ments in tilt magnetic fields. The tilt angle § between B and b-axis can be varied from 0 to 90° as schematically
shown in Fig. 2e. The angle is calibrated by measuring the quantum oscillations of an InAs quantum well that was
mounted together with ZrTe; on the same chip carrier. In order to better reveal the SdH oscillations as a function
of title angle, we subtract a smooth background from the measured longitudinal resistivity p,,. Figure 2f shows
the contour plot of Ap,, as a function of B at various tilt angle . The oscillation extrema shift to higher magnetic
field systematically with increasing 6. Indeed, the magnetic field position of the N =2 Landau level versus § can
be well fitted using By_, (6 = 0)/cos(8) as shown by the dashed line in Fig. 2f, indicating that the electrons that
contribute to the SdH oscillations are of 2D nature.

Next, we follow the well-developed methodology and construct the Landau fan diagram. To do this, we assign
a Landau level index number N (N + 1/2) to each Ao, minimum (maximum)*, as shown in Fig. 2c. In the whole
field region, N increases by 1 between the adjacent oscillations, indicating the spin degeneracy is not lifted in our
device. In the Landau fan diagram (Fig. 2d), the data points fall on a straight line and the solid line represents the

SCIENTIFICREPORTS | 6:35357 | DOI: 10.1038/srep35357 3



www.nature.com/scientificreports/

a4 002
£ 0.00}
S D0sR
0.04
-0.06
-0.08

Ap,, (&Y

0.05
0.04
0.03
0.02
0.01
0.00

@ Amplitude (MQ cmy

0.05
0.04
0.03
0.02
0.01f ]
00 04 08 12 16 20

*

m’ m,)

Figure 3. Determining effective mass from temperature dependence of SdH oscillations. (a) Ap,, asa
function of 1/B at different temperatures obtained by subtracting a smooth background. LLs N=2, 3 are
labeled by the arrows. (b) SdH oscillation amplitude as a function of temperature at different magnetic fields.
The solid lines represent the best fits using equation (1). Data points obtained at low fields can be found in
the Supplementary Figure S5. (¢) Extracted effective mass at different magnetic fields. The line is a quadratic
magnetic field dependent fit.

best linear fit. The linear extrapolation gives an intercept of 0.55%, implying a non-zero Berry phase and the Dirac
nature of the electrons responsible for the SdH oscillations. The same conclusion has also been reached in other
studies, such as magneto-infrared!'>, ARPES'?, and magneto-transport!!. From the slope of the linear fit in Fig. 2d,
a 2D carrier density of n = 1.86 x 10"'cm~2is deduced.

We now deduce the effective mass m" of the 2D carriers from the temperature dependence of the well-developed
SdH oscillations (Fig. 3a). The SdH oscillation amplitude can be described by the Lifshitz-Kosevich equation®

21*kgm*T/heB
Ap o — 3 .
sinh (27 “kzm*T/heB) (1)

In equation (1), kg is the Boltzmann’s constant, 72 is the reduced Plank’s constant, and e is the electron charge.
Figure 3b shows the oscillation amplitudes as a function of temperature for different magnetic fields. The effective
mass can be extracted by fitting the temperature dependence of the oscillation amplitude (solid lines in Fig. 3b).
In Fig. 3c, m" is plotted as a function of magnetic field. It shows strong magnetic field dependence. In fact, it fol-
lows generally a quadratic B dependence, and increases from 0.022 m, (m, is the electron rest mass) at B~ 0.7 T to
0.044 m, at B~ 1.5 T. This strong B dependence of m" is unexpected, and its origin is not known to us at the present
time. On the other hand, it is known that the Lifshitz-Kosevich equation works better in the low magnetic fields
limit. Following the quadratic B dependence, the zero B field effective mass, m"=0.015 m,, can be deduced. The
effective mass at B=2.1T apparently deviates from this quadratic dependence, and is smaller. One possible rea-
son for a smaller mass at this B field is due to a relatively large Zeeman splitting. Indeed, the effective g-factor in
ZrTe; was deduced to be around ~16-22'5. At B=2.1T, the Zeeman splitting is about 23-31K, comparable to the
Landau level disorder broadening (I") of 30 K. Here the Landau level broadening is estimated from the quantum

mobility and T = __ ~30K. The contribution from two partially spin resolved Landau levels may be responsi-
pm*
ble for a smaller effective mass at B=2.1T.
With the zero field m" andk, = ~27n = 1.08 x 10*m™", the Fermi velocityv,, = ﬁk—f = 8.3 x 10’ m/sand the

Fermilevel E, = hkpvy ~ 59meV are deduced for our sample. We note here that the obtained vpis higher than those
reported in refs 11 and 15 from magneto-infrared measurements, but comparable to that in ref. 10 obtained in the
ARPES measurements.
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Figure 4. Quantum oscillations at fractional Landau level indices. Ap,, of 1.35-um-thick sample in

the quantum limit regime is plotted as a function of magnetic field at T=0.3K. Here, Ap,, is obtained by
subtracting a linear background. Fractional Landau level indices at N = 5/3 and 7/5 are labeled by the arrows.
Inset: left inset shows the p,, data. Right inset: Landau fan diagram obtained from 1.35-pum-thick sample. The
intercept of 0.67 is extracted from the best linear fit.

In the following, we present the most striking result in our experiment — the observation of quantum oscil-
lations at fractional Landau level indices in the quantum limit regime. In the left inset of Fig. 4, we plot p,, of a
second sample (thickness ~1.35pm). Quantum oscillations, similar to those in the thinner sample, are observed.
In Fig. 4, we plot Ap,, (after subtracting a linear background) in the high magnetic field regime at T=0.3K.
Additional minima at B~4T, and 5.6 T are clearly visible beyond the N =2 quantum oscillation. These minima
are considerably weaker than those at integer Landau level indices. We point out here that these minima are
not experimental artifacts, as they were reproducible in different cool-downs of the same sample, and were also
observed in the thinner sample (more details can be found in Supplementary Figure S6). The fractional Landau
level indices of N =5/3 and 7/5 can be assigned to these two minima, respectively, as determined from the Landau
fan diagram (the right inset of Fig. 4). Similar anomalous resistivity minima at fractional Landau level indices
were also observed in the quantum limit regime in a topological insulator of Bi,Se;**. There, they were viewed as
the precursors to the fractional quantum Hall effect (FQHE). Following the same argument, we shall also attrib-
ute these resistivity minima with fractional Landau level indices in our ZrTe; sample as the developing FQHE
states. The occurrence of these developing FQHE states represents compelling evidence of the electron-electron
interactions induced many-body effects in ZrTe;. The right inset of Fig. 4 shows the Landau fan diagram, includ-
ing the two data points at N=5/3 and 7/5. An intercept of 0.67 is obtained at 1/B=0. This non-zero intercept is
consistent with that in the thinner sample and, again, implies a non-zero Berry phase. We note here that the value
of the intercept in this thicker sample is larger than that in the thinner sample. This might be due to the additional
phase shift of +-1/8 in this thicker, 3D-like sample?.

In summary, for the first time, high resolution HAARD images in ZrTe; were obtained. Moreover,
Shubnikov-de Haas oscillations were observed in high quality ZrTe; thin flakes and a non-zero Berry phase was
obtained in the Landau fan diagram, manifesting the Dirac fermion nature of the charged carriers in ZrTes. Most
surprisingly, quantum oscillations were observed at the fractional Landau level index numbers N=5/3 and 7/5
in the quantum limit regime, manifesting novel quantum phenomena induced by strong electron-electron inter-
actions in ZrTes.

Methods

ZrTe; synthesis. ZrTe; polycrystalline sample was prepared by reacting appropriate ratio of Zr and Te in
a vacuumed quartz tube at 450 degree for one week. The ZrTe; single crystal sample was prepared by chemical
vapor transport technique®®?’. The transport agent is iodine and the transport temperature is from 530 degree to
450 degree. The transport time is around 20 days.

Device fabrication. By mechanically exfoliating ZrTe; single crystal, thin flakes were transferred onto
1-pm-thick silicon dioxide on P-Si <100> substrate. 300-nm-thick Pd electrodes were defined using e-beam
lithography technique followed by physical vapor deposition. A standard lift-oft process is employed.

Characterization. The thickness of thin ZrTe; flake was measured using atomic force microscope (Veeco
D3100 with a Nanoscope IVA Controller).

Transport measurement. The measurement was performed in a He-3 cryostat equipped with a supercon-
ducting magnet. The magnetic field can go up to 7.5 T. A standard low-frequency lock-in technique is used to
measure the resistance with an ac excitation current of 5LA. Angular-dependent measurement was carried out by
mounting the sample on a rotary stage. ZrTe; and InAs quantum well samples were put side by side on the same
chip carrier. The tilt angle was calibrated by measuring the quantum oscillations of InAs.

SCIENTIFICREPORTS | 6:35357 | DOI: 10.1038/srep35357 5



www.nature.com/scientificreports/

References

1. Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Katsnelson, M. 1., Grigorieva, I. V., Dubonos, S. V. & Firsov, A. A. Two-
dimensional gas of massless Dirac fermions in graphene. Nature 438, 197-200 (2005).

2. Zhang, Y., Tan, Y.-W.,, Stormer, H. L. & Kim, P. Experimental observation of the quantum Hall effect and Berry’s phase in graphene.
Nature 438, 201-204 (2005).

3. Wan, X,, Turner, A. M., Vishwanath, A. & Savrasov, S. Y. Topological semimetal and Fermi-arc surface states in the electronic
structure of pyrochlore iridates. Phys. Rev. B 83, 205101 (2011).

4. Young, S. M., Zaheer, S., Teo, J. C. Y., Kane, C. L., Mele, E. J. & Rappe, A. M. Dirac semimetal in three dimensions. Phys. Rev. Lett.

108, 140405 (2012).

. Wang, Z. et al. Dirac semimetal and topological phase transitions in A;Bi(A =Na, K, Rb). Phys. Rev. B 85, 195320 (2012).

6. Wang, Z., Weng, H., Wu, Q,, Dai, X. & Fang, Z. Three-dimensional Dirac semimetal and quantum transport in Cd;As,. Phys. Rev. B
88, 125427 (2013).

7. Neupane, M. et al. Observation of a three-dimensional topological Dirac semimetal phase in high-mobility Cd;As,. Nat. Commun.
5(2014).

8. Liu, Z. K. et al. A stable three-dimensional topological Dirac semimetal Cd;As,. Nat. Mater. 13, 677-681 (2014).

9. Borisenko, S., Gibson, Q., Evtushinsky, D., Zabolotnyy, V., Biichner, B. & Cava, R. Experimental realization of a three-dimensional
Dirac semimetal. Phys. Rev. Lett. 113, 027603 (2014).

10. Li, Q. et al. Chiral magnetic effect in ZrTes. Nat. Phys. 12, 550-554 (2016).

11. Yuan, X. et al. Observation of quasi-two-dimensional Dirac fermions in ZrTes. arXiv: 1510.00907 (2015).

12. Liu, Z. K. et al. Discovery of a three-dimensional topological Dirac semimetal, Na;Bi. Science 343, 864-867 (2014).

13. Xu, S.-Y. et al. Observation of Fermi arc surface states in a topological metal. Science 347, 294-298 (2015).

14. Weng, H., Dai, X. & Fang, Z. Transition-metal pentatelluride ZrTe; and HfTes: A paradigm for large-gap quantum spin Hall
insulators. Phys. Rev. X 4,011002 (2014).

15. Chen, R. Y. et al. Magnetoinfrared spectroscopy of landau levels and Zeeman splitting of three-dimensional massless Dirac fermions
in ZrTes. Phys. Rev. Lett. 115, 176404 (2015).

16. Niu, J. et al. Electrical transport in nano-thick ZrTe; sheets: from three to two dimensions. arXiv: 1511.09315 (2015).

17. Zheng, G. et al. Transport evidence for the three-dimensional Dirac semimetal phase in ZrTes. Phys. Rev. B 93, 115414 (2016).

18. Okada, S., Sambongi, T. & Ido, M. Giant resistivity anomaly in ZrTes. J. Phys. Soc. Jpn. 49, 839-840 (1980).

19. Jones, T., Fuller, W., Wieting, T. & Levy, E. Thermoelectric power of HfTe; and ZrTes. Solid State Commun. 42, 793-798 (1982).

20. Furuseth, S. B. & Leif Kjekshus, Arne The crystal structure of HfTes. Acta Chem. Scand. 27, 27-2367 (1973).

21. Whangbo, M. H,, DiSalvo, E. J. & Fleming, R. M. Electronic structure of ZrTes. Phys. Rev. B 26, 687-689 (1982).

22. Yu, J. & Yun, H. Ti insertion in the MTe; (M = Zr, Hf) structure type: Hf, ;4 Ti,,,Tes. Acta Crystallographica Section E: Structure
Reports Online 68, 119-i19 (2012).

23. Stillwell, E. P, Ehrlich, A. C., Kamm, G. N. & Gillespie, D. J. Effect of elastic tension on the electrical resistance of Hf Te; and ZrTe;.
Phys. Rev. B 39, 1626-1632 (1989).

24. Xiong, J., Luo, Y., Khoo, Y, Jia, S., Cava, R. J. & Ong, N. P. High-field Shubnikov-de Haas oscillations in the topological insulator
Bi,Te,Se. Phys. Rev. B 86, 045314 (2012).

25. Abrikosov, A. A. Quantum magnetoresistance. Phys. Rev. B 58, 2788-2794 (1998).

26. Friedman, A. L., Tedesco Joseph, L., Campbell Paul, M., Culbertson James, C., Aifer, Edward., Perkins, E.,, Keith Myers-Ward,
Rachael L., Hite Jennifer, K., Eddy Charles, R., Jernigan Glenn, G. & Gaskill, D. Kurt Quantum linear magnetoresistance in
multilayer epitaxial graphene. Nano Lett. 10, 3962-3965 (2010).

27. Wang, X., Du, Y., Dou, S. & Zhang, C. Room temperature giant and linear magnetoresistance in topological insulator Bi,Te,
nanosheets. Phys. Rev. Lett. 108, 266806 (2012).

28. He, L. P, Hong, X. C,, Dong, J. K., Pan, J., Zhang, Z., Zhang, J. & Li, S. Y. Quantum transport evidence for the three-dimensional
Dirac semimetal phase in Cd;As,. Phys. Rev. Lett. 113, 246402 (2014).

29. Shabani, J., McFadden, A. P, Shojaei, B. & Palmstrom, C. J. Gating of high-mobility InAs metamorphic heterostructures. Appl. Phys.
Lett. 105, 262105 (2014).

30. Cao, H. et al. Quantized Hall Effect and Shubnikov-de Haas Oscillations in Highly Doped Bi,Se;: Evidence for Layered Transport of
Bulk Carriers. Phys. Rev. Lett. 108, 216803 (2012).

31. Ishiwata, S. et al. Extremely high electron mobility in a phonon-glass semimetal. Nat. Mater. 12, 512-517 (2013).

32. Kim, H.-]. et al. Dirac versus Weyl fermions in topological insulators: Adler-Bell-Jackiw anomaly in transport phenomena. Phys.
Rev. Lett. 111, 246603 (2013).

33. Qu, D.-X,, Hor, Y. S, Xiong, J., Cava, R. J. & Ong, N. P. Quantum oscillations and Hall anomaly of surface states in the topological
insulator Bi,Te;. Science 329, 821-824 (2010).

34. Analytis, J. G., McDonald, R. D,, Riggs, S. C., Chu, J. H., Boebinger, G. S. & Fisher, I. R. Two-dimensional surface state in the
quantum limit of a topological insulator. Nat. Phys. 6, 960-964 (2010).

35. Murakawa, H. et al. Detection of Berry’s Phase in a Bulk Rashba Semiconductor. Science 342, 1490-1493 (2013).

36. Lévy, F. & Berger, H. Single crystals of transition metal trichalcogenides. J. Cryst. Growth. 61, 61-68 (1983).

37. Binnewies, M., Glaum, R., Schmidt, M. & Schmidt, P. Chemical Vapor Transport Reactions (Walter de Gruyter, 2012).

w

Acknowledgements

This work was supported by the U.S. Department of Energy, Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division. Sandia National Laboratories is a multi-program laboratory managed and
operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000. Work
at Georgia Institute of Technology was, in part, supported by the Department of Energy (Grant No. DE-FG02-
07ER46451). ZrTe; single crystal growth at University of Tennessee was supported by the National Science
Foundation (Grant No. DMR-1350002).

Author Contributions

W.P, Z.]. and H.D.Z. conceived the experiments. W.Y. and W.P. carried out transport measurements and data
analyses. Z.L.D. and H.D.Z. synthesized ZrTe; single crystals. W.Y. fabricated the device. P.L. performed STEM
measurements. All authors contributed to the scientific discussions and manuscript writing.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFICREPORTS | 6:35357 | DOI: 10.1038/srep35357 6


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Yu, W. et al. Quantum Oscillations at Integer and Fractional Landau Level Indices in
Single-Crystalline ZrTes. Sci. Rep. 6, 35357; doi: 10.1038/srep35357 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

o or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:35357 | DOI: 10.1038/srep35357 7


http://creativecommons.org/licenses/by/4.0/

	Quantum Oscillations at Integer and Fractional Landau Level Indices in Single-Crystalline ZrTe5
	Introduction
	Results and Discussions
	ZrTe5 crystal structure by aberration-corrected scanning transmission electron microscopy
	Magneto-transport measurements

	Methods
	ZrTe5 synthesis
	Device fabrication
	Characterization
	Transport measurement

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Quantum Oscillations at Integer and Fractional Landau Level Indices in Single-Crystalline ZrTe5
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35357
            
         
          
             
                W. Yu
                Y. Jiang
                J. Yang
                Z. L. Dun
                H. D. Zhou
                Z. Jiang
                P. Lu
                W. Pan
            
         
          doi:10.1038/srep35357
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35357
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35357
            
         
      
       
          
          
          
             
                doi:10.1038/srep35357
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35357
            
         
          
          
      
       
       
          True
      
   




