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Patrick A. Lee7, Genda Gu3, Zhenhua Qiao2* & Liyuan Zhang1*

The discovery of the quantum Hall effect (QHE)1,2 in two-
dimensional electronic systems has given topology a central 
role in condensed matter physics. Although the possibility of 
generalizing the QHE to three-dimensional (3D) electronic 
systems3,4 was proposed decades ago, it has not been demonstrated 
experimentally. Here we report the experimental realization of 
the 3D QHE in bulk zirconium pentatelluride (ZrTe5) crystals. 
We perform low-temperature electric-transport measurements on 
bulk ZrTe5 crystals under a magnetic field and achieve the extreme 
quantum limit, where only the lowest Landau level is occupied, 
at relatively low magnetic fields. In this regime, we observe a 
dissipationless longitudinal resistivity close to zero, accompanied 
by a well-developed Hall resistivity plateau proportional to half  
of the Fermi wavelength along the field direction. This response is 
the signature of the 3D QHE and strongly suggests a Fermi surface 
instability driven by enhanced interaction effects in the extreme 
quantum limit. By further increasing the magnetic field, both the 
longitudinal and Hall resistivity increase considerably and display 
a metal–insulator transition, which represents another magnetic-
field-driven quantum phase transition. Our findings provide 
experimental evidence of the 3D QHE and a promising platform 
for further exploration of exotic quantum phases and transitions 
in 3D systems.

The QHE has been intensively investigated in two-dimensional (2D) 
systems, where the Hall conductivity σxy takes quantized values of ve2/h 
while the longitudinal conductivity σxx vanishes. Here, v is the Landau 
level filling factor, e is the elementary charge and h is Planck's con-
stant. Since the discovery of the 2D QHE, the possibility of extending 
this effect to 3D systems has been speculated, and in a seminal work 
Halperin3 proposed signatures for such a 3D QHE: the Fermi level 
must lie in an energy gap such that σxx = 0 and the Hall conductivity 
must satisfy

σ =
π
e

h
G

2
(1)xy z
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where Gz is the z-component of a reciprocal lattice vector correspond-
ing to the period of the 3D system along the magnetic field, B. This 
period could correspond either to the lattice structure5 or—in more 
interesting cases, such as the one reported here—to superstructure 
arising from interaction effects.

To realize the QHE in three dimensions, the most straightfor-
ward strategy is to stack 2D QHE layers along the z axis, as has been 
demonstrated in semiconductor multilayer superlattices6. However, 
such systems are still of 2D nature (often referred to as ‘quasi-2D’ sys-
tems). Here, quasi-2D and 3D systems are distinguished by their Fermi  
surface topology: whereas for quasi-2D systems the Fermi 

surface is open along the stacking direction, it is closed for 3D systems 
(see Methods for further discussion). Much effort has been devoted 
to searching for the 3D QHE, for example, in inorganic Bechgaard 
salts7,8, η-Mo4O11

9, n-doped Bi2Se3
10 and EuMnBi2

11. However, the 
essential signature of the 3D QHE—that is, a quantized Hall resistivity 
ρxy and vanishing longitudinal resistivity ρxx—has not been observed. 
Moreover, the above material systems did not show in-plane quantum 
oscillations, which suggests that they are probably quasi-2D systems.

ZrTe5 is a promising platform for investigating the 3D QHE. It has 
an orthorhombic layered structure with space group Cmcm (number 
63), as shown in Fig. 1a, where the three principal crystal axes a, c and 
b correspond to the directions x, y and z, respectively. Previous experi-
ments and first-principles calculations have shown that its conduction 
and valence bands nearly touch at the Γ point12. In addition, ZrTe5 has 
been studied in the past for its unusual thermoelectric properties13  
and possible nontrivial band topology12,14–17.

Our experiment was performed on four different bulk ZrTe5 samples, 
with qualitatively similar results. Hereafter we focus mainly on sample 
2. The inset of Fig. 1b illustrates the setup of our transport measure-
ment. It has the standard Hall bar geometry, with current I running 
along x through a 3D bulk ZrTe5 sample. We first characterized the 
transport property in a wide temperature range of T = 0.6–200 K at 
zero magnetic field. The temperature dependence of the resistivity 
ρ =T R T( ) ( )xx

Wd
L xx

 is shown in Fig. 1b. Here W, L and d denote the 

width, length and thickness, respectively, of the sample, as defined in 
the longitudinal and Hall transport measurement, and Rxx is the longi-
tudinal resistance. One clearly observes an anomalous peak around 
Tp ≈ 95 K, which is attributed to a transition of carrier type. This is 
further verified by low-magnetic-field Hall measurements (Fig. 1c), 

from which we extract the density ∣ ∣
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 and mobility 
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xx

 of the dominant carrier as functions of the temperature. 

As shown in Fig. 1d, the mobility is extremely high at low temperature, 
about 105 cm2 V−1 s−1 at 0.6 K, and decreases rapidly as temperature 
increases. Notably, the carrier density changes sign around Tp, which 
indicates that the system is transformed from an ‘electron-type’ metal 
below Tp to a ‘hole-type’ insulator above Tp. This observation is consist-
ent with previous ARPES measurements18. In the following, we focus 
on the low-temperature regime, where the transport is dominated by 
electron carriers.

We probe the morphology of the Fermi surface using Shubnikov– 
de Haas (SdH) oscillations at 1.5 K. We rotate the direction of the 
applied B field with respect to the crystal axes and measure the  
SdH oscillations in a series of rotation angles. Figure 2a shows the results  
for a magnetic field B along the three principal directions x, y and z.  
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We observe that the oscillations start at very small fields, at 
Bint ≈ 0.067 T, which indicates the extremely high mobility of the 
sample.

The frequency of the SdH oscillation (BF,i) is determined by the 
extremal cross-sectional area (SF,i) of the Fermi surface that is normal 
to the field direction, via the Onsager relation, =

π( )B Si i
ħ

eF, F, 2 , where 
i denotes the field direction. In our measurement, we find only a single 

dominant frequency for each field direction, consistent with the picture 
of a single electron pocket with a regular convex shape. The extracted 
oscillation frequencies for B along the three principal directions are 
BF,x = 15.7 ± 0.2 T, BF,y = 9.2 ± 0.1 T and BF,z = 1.18 ± 0.02 T.  
As shown in Fig. 2e, assuming an ellipsoidal Fermi surface, which is 
reasonable for orthorhombic crystal symmetry and low carrier density, 
we have SF,z = πkF,xkF,y, where kF,i is the Fermi wave-vector along  

0 50 100 150 200

0

1

2

3

4

5

6

 

 

 
 

T (K)
 (×

10
5  

cm
2  

V
–1

 s
–1

)

–3

0

3

6

9

12

15

Electron

Tp ≈ 95 K

 
n (×

10
17 cm

–3)

Hole

0 50 100 150 200
0.0

0.4

0.8

1.2

1.6

Tp ≈ 95 K

xx
 (m

Ω
 c

m
)

T (K)

 B = 0 T

–0.10 –0.05 0.00 0.05 0.10

–1

0

1

   80 K  100 K
 120 K  150 K
 180 K

 

B (T)

B//z
 1.5 K   20 K 
  40 K   60 K 

a b

c d

ab

c

Zr

Te

x
y

z

x

z
B

Iyyyyy

vxx
vxy

xx
 (m

Ω
 c

m
)

n

Fig. 1 | Temperature dependence of transport properties. a, Crystal 
structure of ZrTe5. b, Temperature dependence of the longitudinal 
resistivity ρxx(T) at zero magnetic field. The anomalous resistance peak 
occurs around Tp ≈ 95 K. The inset shows the ZrTe5 sample (green) with 
the Hall bar contact, where Vxx is the longitudinal voltage and Vxy the 

transverse Hall voltage. c, Temperature dependence of the Hall resistivity 
of ZrTe5. d, Temperature dependence of the mobility, μ, and carrier 
density, n, of the dominant carrier. A transition from electron- to hole-
dominated transport is observed around temperature Tp.
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Fig. 2 | Topology and morphology of the Fermi surface in ZrTe5.  
a, Quantum SdH oscillation with the magnetic field B parallel to the x, y 
and z axes for longitudinal resistivity ρxx(B). b, Landau fan diagram of the 
Landau level index N versus 1/B for different angles β in the x–z plane  
(see inset of d; the angle β between z and B is positive from the z direction 
to the x direction). The inset shows a zoom-in of the main plot at low 
N, 1/B values. c, d, Angle dependence of oscillation frequency BF as a 

function of angle α (c) and β (d). The red fitting curves represent the 
planar 2D Fermi surface, and the blue fitting curves correspond to a 3D 
ellipsoidal Fermi surface. The insets show the angle dependence of the 
intercept γ of the Landau fan diagram with error bars and schematic 
illustrations of the sample and external magnetic field. All error bars are 
one standard deviation. e, Topology and morphology of the Fermi surface 
of ZrTe5 in momentum space, showing kF,x, kF,y and kF,z.
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the i direction, and similar relations hold for SF,x and SF,y . Thus, from 
the SdH oscillation, one can readily extract the three Fermi wave- 
vectors kF,i (i = x, y, z). Their values are listed in Extended Data Table 1.  
The result shows that the pocket is quite small, indicating ultra-low 
carrier density.

Because kF,z is a crucial factor in the following discussion, we  
also estimate its value using an alternative approach. The bulk carrier 
density n3D is determined by a low-field Hall measurement, and in our 
case it is related to the Fermi wave-vectors via n3D = kF,xkF,ykF,z/(3π2). 
Hence, kF,z can be obtained as kF,z = 3π2n3Dħ/(2eBF,z). For sample 2, 
this approach gives a value of kF,z ≈ 0.056 ± 0.001 Å−1, which agrees 
well with the value of about 0.061 ± 0.004 Å−1 obtained solely from 
the SdH measurements. This in turn supports that the pocket has a 
closed ellipsoidal shape.

In Fig. 2b, via standard Landau-level fan diagram analysis, we obtain 
the SdH oscillation frequency BF versus the tilt angles α and β, as  
plotted in Fig. 2c, d. We fit the data with two different formulas. One is 
for a 2D cylindrical Fermi surface with = / θB B coszF

2D
F,  (red curve), 

and the other is for a 3D ellipsoidal Fermi surface with  
θ θ= / +B B B B( sin ) (B cos )z i z iF

3D
F, F, F,

2
F,

2 , where θ = {α, β} and 

i = {x, y}. The data are well fitted by the 3D formula but deviate con-
siderably from the 2D one for θ > 75°.

Having confirmed the 3D character of the system, we focus on the 
intermediate field range B ≈ 0–3 T along the z direction. A zoom-in 
plot for ρxx and ρxy versus B in this range is shown in Fig. 3a. Here, 
the oscillation in ρxx is labelled by the filling factor v (v = 1, 2, 3, 4…), 
with values extracted from the Landau-level fan diagram. (This 1/B 
periodicity is also observed in dρxy/dB versus 1/B, as shown in Fig. 3f.) 
There are several key observations. First, the extreme quantum limit 
that goes below v = 1 is achieved in ZrTe5 at a very small field of about 
1.3 T, much lower than most quantum Hall systems studied until now. 

Second, there appears to be a clear correlation between ρxx and ρxy: the 
dips in ρxx correspond to relatively flat plateaus in ρxy, and the peaks 
in ρxx correspond to the transition regions between the plateaus in ρxy. 
Last, and most remarkable, is that after entering the extreme quantum 
limit, the last dip in ρxx becomes vanishingly small, ρxx ≈ 0, in a range 
of B fields around 2 T, accompanying a well-developed plateau in ρxy, 
and ρxy ≫ ρxx. This is exactly the hallmark of the 3D QHE predicted 
by Halperin3.

It must be pointed out that for the QHE observed here, the  
system bandwidth Wz (Wz ≈ 400 meV)12 is much larger than the  
Fermi energy EF and the Landau level spacing (both about 25 meV). 
Hence, the QHE observed in our experiment is indeed of 3D nature, 
distinct from quasi-2D systems consisting of weakly coupled 2D QHE 
layers.

To understand the origin of ρxy plateaus, we note that the value of the 
Hall resistance Rxy = ρxy/d on the plateau (for example, Rxy ≈ 1.35 Ω, 
with a thickness of d ≈ 110 μm for sample 2) is much smaller than the 
Klitzing constant h/e2 ≈ 25.812 kΩ by a factor of about 10−4, indicating 
that the effect originates from the bulk, rather than from the 2D  
surfaces. From equation (1), the corresponding expression for the Hall 
resistivity is ρ λ=xy

h
e Q2 , where λQ is the period of the system in real 

space (possibly divided by an integer number), and can be extracted 
from the measured plateau value of ρxy. For sample 2, λQ ≈ 5.8 nm. 
Evidently, the period λQ is much larger than the lattice constant along 
z (about 1.45 nm), so the energy gap cannot be explained as arising 
from the lattice potential.

A key observation is that the value of λQ is close to half of λF,z, the 
Fermi wavelength along z. Surprisingly, this observation applies to 
all samples. In Fig. 3b, we plot the values of λQ and λF,z for the four 
samples. Although λQ and λF,z vary (mainly owing to the variation in 
carrier density), all the data points are sitting close to the straight line 
λQ = λF,z/2. Because the wavelength λF,z/2 corresponds to a wave-vector 
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Fig. 3 | 3D QHE and transport signatures of 
edge states. a, Longitudinal resistivity, ρxx(B) 
(red, left axis) and Hall resistivity ρxy(B) (blue, 
right axis) as a function of magnetic field at 
temperature 0.6 K. b, Period of the CDW state, 
λQ, versus Fermi wavelength, λF,z, in the z 
direction. The inset shows a schematic of  
CDW. Error bars are one standard deviation.  
c, Landau-level dispersion along the z direction 
as a function of Fermi wave-vector. d, Hall 
resistivity ρxy(B) as a function of magnetic field 
applied along different directions with angle 
α (see inset of Fig. 2c; α is positive from the z 
direction to the x direction). e, Hall resistivity 
ρxy as a function of magnetic field for different 
temperatures. Lines with similar temperatures 
are shifted by 5 mΩ cm for clarity. f, Top, 
dρxy(B)/dB versus 1/B⊥ for magnetic fields 
along directions with angles β = 0°, 15°, 30°, 
60° with B⊥ = cosβ. Middle, dρxy(B)/dB versus 
1/B⊥ at different temperatures. Bottom, Landau 
fan diagram of Landau index N versus 1/B⊥. 
a.u., arbitrary units. The vertical dashed lines 
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v. The orange numbers in a, e denote the filling 
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of 2kF,z—namely, the span of the Fermi surface along z—the strong 
correlation between λQ and half of λF,z clearly points to a Fermi surface 
instability. Indeed, it has been long believed that a strong magnetic 
field can drive various Fermi surface instabilities for a 3D electron 
gas. The applied B field quantizes the electron motion in the plane 
perpendicular to the field, suppressing the in-plane kinetic energy, 
whereas the motion along the field is not affected, thus making the 
system behave as a quasi-1D (one-dimensional) system. The original 
3D band structure is turned into the 1D Landau band spectrum with 
only kz dispersion (as illustrated in Fig. 3c). With a sufficiently strong 
field (here about 1.3 T), the system enters the extreme quantum limit, 
where only the lowest (N = 0) Landau level is occupied, and the Fermi 
surface becomes only two points with perfect Fermi surface nesting.  
It is well known that such quasi-1D systems possess pronounced 
Fermi surface instabilities driven by interaction effects towards various  
insulating phases, such as charge-density wave (CDW), spin-density 
wave (SDW) and excitonic insulator states19,20. For our case, there is 
only a single electron pocket, and the lowest Landau level has no spin 
degeneracy21 (owing to both Zeeman splitting and strong spin–orbit 
coupling), hence the SDW and excitonic insulator states are unlikely. 
The only reasonable candidate is therefore a CDW state. In such a  
CDW state, one expects periodic electron density modulation along 
the z direction, with a period corresponding to a nesting wave-vector 
close to 2kF,z right after entering the extreme quantum limit, which is 
in good agreement with the experimental observation.

Our result, therefore, indicates an interaction-driven 3D QHE. 
Here, the interaction effects are enhanced by several factors. One is 
the Landau quantization, which effectively reduces the dimensionality 
of the electronic system. The second is the ease in achieving the extreme 
quantum limit owing to the low carrier density and single electron 
pocket, where perfect Fermi surface nesting can be realized. The third 
is the structural anisotropy, which results in relatively small dispersion 
along z (but the system is still 3D, not quasi-2D).

Moreover, we note that ρxx approaches zero only in a small interval 
of field strength—for example, 1.7–2.2 T for sample 2—and starts to 
increase upon further increasing the B field. This indicates that the 
CDW state survives only over a limited range of B values. The wave- 
vector kF,z in the extreme quantum limit should depend on B because 
the Landau level degeneracy is proportional to B. Hence, in the simplest 
picture, the period of the CDW state λQ—and hence ρxy—would be 
field-dependent, which apparently contradicts the relatively flat plateau 

that is observed. These observations can be reconciled by noticing that 
the values of λQ are close to integer multiples of the interlayer spacing 
along z (recall that there are two layers per unit cell, and the interlayer 
distance is about 0.725 nm); for samples 1, 2, 3 and 4, these values are 
within an error equal to 4, 8, 7 and 7 times the layer spacing, respec-
tively (see Extended Data Table 2). Given the layered structure in the 
z direction, it is reasonable that such commensurate CDW states are 
more stable than incommensurate states22,23, and once a commensu-
rate CDW state is formed, it is usually pinned by the interaction with 
the lattice for a range of magnetic-field strengths. Further evidence 
of the field-induced CDW state comes from nonlinear transport24,25 
along z, for which one expects a non-Ohmic behaviour arising from a 
sliding CDW state when the applied bias voltage or current reaches the 
depinning threshold. This has indeed been observed in our experiment 
(see Supplementary Information).

In Fig. 3d, we plot the angular dependence of the Hall resistivity 
ρxy(B). By changing β, we find that the quantization values of ρxy(B) are 
consistent with about λh

e 2
z

2
F, . Similar results are obtained for α < 70°, 

where ρxy(B) depends only on the perpendicular component of the 
field, B⊥ = Bcosβ (or α). Figure 3e shows the temperature dependence 
of ρxy(B), and one observes that the plateaus of ρxy(B) survive even  
at T = 15 K (also see Extended Data Figs. 1, 2).

To better visualize the quantization features, we plot dρxy/dB  
(or −d2ρxx/dB2; see Supplementary Information) as a function of 1/B⊥ 
(Fig. 3f). The pronounced peaks are periodic in 1/B⊥ and are consist-
ent for different angles and temperatures. Then, one clearly finds the 
positions of peaks corresponding to the filling factor v = 1–5. With this 
identification, one also notes a peak corresponding to the fractional 
filling factor v = 1/3 for all four samples (see Extended Data Fig. 3). 
The correspondence of this peak with a fraction of the Landau index is 
striking, and this signature provides a possible precursor for exploring 
the Laughlin type of 3D fractional quantum Hall states in future works.

Next, we explore transport at even higher fields. Figure 4a shows 
measurements up to 13 T with the temperature varying from 1.5 K to 
20 K. One observes that ρxx(B) stops oscillating at B > 3 T and increases 
rapidly without any sign of saturation, achieving a colossal magnetore-
sistance—higher than 15,000%—at 13 T. Strikingly, when plotting 
ρxx(B) curves measured at different temperatures together, one finds 
that all the curves share a common crossing point at a critical magnetic 
field of Bc = 6.71 T. We also plot ρxx as a function of T, with B varying 
from 2 T to 13 T in Fig. 4b. One finds that ρxx monotonically increases 
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as T drops in the region above Bc, as expected for an insulator. This 
feature clearly signals a critical point for a metal–insulator transition: 
the system is metallic below Bc and insulating above Bc.

Typically, for magnetic-field-induced metal–insulator transitions, 
the isotherms of ρxx have a universal scaling with the parameter 
(B − Bc)T−1/ζ. In Fig. 4c, we perform such a scaling analysis, and indeed 
all the isotherms fall onto a single curve as a function of |B − Bc|T−1/ζ, 
with a fitted critical exponent of ζ ≈ 5.5.

We are unable to determine the nature of the insulating state above  
Bc at present. There are at least two possibilities. The first is the  
formation of Wigner crystals. We note that the values of Bc correspond 
to the critical filling factors vc ≈ 0.182, 0.173, 0.193 for samples 1, 2, 3, 
respectively, which are all below 1/5. This is consistent with the common 
belief26–28 that Wigner crystals form below the critical filling factor of 1/5. 
The second possibility is localization due to impurities and defects29,30. 
For our high-quality samples, the main source of defects is the dopants. 
The Landau orbital size would become progressively smaller with 
increasing magnetic field, leading to carrier localization on these defects.

We summarize our findings with a phase diagram in the B–T plane, 
shown in Fig. 4d. First, from Fig. 1c, we identify a hole-type insulating 
state at T > Tp, which is converted to electron-type metallic states at 
T < Tp. In the presence of a magnetic field, Landau quantization leads 
to CDW states or other Fermi surface instabilities in region I at low 
temperatures; this region may actually host a sequence of 3D integer 
QHEs that we have evidence for, but are unable to establish owing to the 
finite ρxx. In region II (extreme quantum limit), we have clear evidence 
of a 3D QHE with CDW formation. We see a signature suggesting a 
3D vc = 1/3 fractional quantum Hall state in region III. Finally, we find 
a metal–insulator transition with further increasing B. We note that 
this is a zero-temperature (quantum) phase transition, which needs to 
be explored further in the future. The finite-T boundaries separating 
metallic and insulating phases, on the other hand, represent crossovers.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available  
at https://doi.org/10.1038/s41586-019-1180-9.
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Methods
Sample synthesis and characterization. High-quality single-crystal ZrTe5 was 
synthesized with high-purity elements (99.9999% zirconium and 99.9999%  
tellurium), and needle-like crystals (about 0.1 × 0.3 × 20 mm3) were obtained by 
the tellurium flux method and chemical vapour transport. The lattice parameters 
of the crystals were structurally confirmed by X-ray diffraction, scanning tunnel-
ling microscopy and transmission electron microscopy with electron diffraction. 
The low-temperature magneto-transport measurements were performed in an 
Oxford TeslatronPT cryostat with a variable temperature range of 1.5–300 K and 
a rotatable probe insert with angles of 0–290°, or in a 3He probe insert with a base 
temperature of 260 mK, and a superconductor magnetic field of up to 14 T. In all 
our measurements, the current I (10–100 μA) was applied along an axis, and the 
four-terminal resistance was measured using the standard lock-in method with a 
low frequency (17.777 Hz). The magnetic field was rotated from the z axis to both 
the x and y axes to measure the anisotropy. The bulk carrier density n ≈ 1016 cm−3 
was obtained from the Hall effect measurements at low magnetic field and also 
from the analysis of SdH oscillations.
Distinguishing 3D and quasi-2D systems. In terms of electronic properties, 
quasi-2D and 3D systems are distinguished by their Fermi surface topology: the 

Fermi surface of a quasi-2D system is open along the stacking direction (owing to 
the small interlayer coupling), whereas the Fermi surface of a 3D system is closed, 
although it may be highly anisotropic.

A simple criterion is to compare two energy scales: the bandwidth Wz and 
the Fermi energy EF. If Wz < EF, the system is quasi-2D; otherwise, it is 3D.  
For 3D QHE, we further need a Wz value larger than the Landau level spacing. Such 
topological distinction has clear experimental indications in magnetic quantum 
oscillations, such as SdH oscillations. For a 3D system, owing to its closed Fermi 
surface, quantum oscillations occur for a B field oriented along arbitrary direc-
tions. By contrast, for a quasi-2D system, a closed orbit cannot form along the 
(stacking) direction in which the Fermi surface is open, hence quantum oscillation  
cannot appear for an in-plane-oriented B field (see Extended Data Fig. 4). This 
difference in quantum oscillation behaviour offers a clear criterion for distinguish-
ing 3D from quasi-2D systems (more discussion is provided in Supplementary 
Information).

Data availability
The data that support the findings of this study are available from the correspond-
ing author on request.
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Extended Data Fig. 1 | 3D QHE in different samples and temperature 
dependence of Hall resistivity. a–c, 3D QHE results for ZrTe5 samples  
1 (a), 2 (b) and 4 (c) at T = 1.5 K. d, Hall resistivity of sample 2 at different 

temperatures ranging from 0.6 K to 20 K. Neighbouring curves are shifted 
by 5 mΩ cm for clarity.
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Extended Data Fig. 2 | Angular dependence of Hall resistivity. a–d, The dependence of the Hall resistivity on angle β (a, c) and angle α (b, d) is shown 
for ZrTe5 samples 1 (a), 4 (b), 2 (c) and 2 (d).
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Extended Data Fig. 3 | Signatures of 3D fractional QHE. a, dρxy/dB and 
−d2ρxx/dB2 and versus 1/B⊥ at angles β = 0°, 15°, 30°, 60°. The vertical 
dashed lines indicate the N = 1/3, 1, 2, 3, 4, 5 Landau indices. b, Zoom-in 

of the extreme-quantum-limit region 0 < N < 1. The N = 1/3 peak can  
be observed. c, dρxy/dB versus 1/B⊥ at temperatures ranging from 1.5 K  
to 15 K.
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Extended Data Fig. 4 | In-plane measurements and quantum 
oscillations. Measurement of SdH oscillations in ZrTe5 (sample 4) when 
a magnetic field is applied in the y direction. a–d, Coherent transport 
of ρxx (a, c) and ρzz (b, d). a, b, Schematic illustration of the setup with 
B//y and I//x (a) and with B//y and I//z (b). c, Longitudinal resistivity 

ρxx and Hall resistivity ρzx measured in the x–z plane, with magnetic field 
B//y and current I//x. c, d, ρxx and ρzz show similar oscillation patterns. 
Inset, zoom-in view of ρzz versus B. However, in zero magnetic field, the 
resistivity ρzz is about 30 times larger than ρxx.
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Extended Data Table 1 | Charge-transport parameters

Anisotropic transport parameters along different directions for sample 2.
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Extended Data Table 2 | Fermi wavelength λF,z and CDW period λQ for different samples
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