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Direct insulator to relativistic quantum Hall transition in graphene
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We present evidence of the direct insulator-quantum Hall transition in monolayer epitaxial graphene, a genuine
two-dimensional (2D) system. We studied the transition from an insulating state to a quantum Hall state at a
high Landau level filling factor v = 6 > 3 and the plateau-plateau transition from v = 6 to v = 2. Using scaling
theory, the critical exponent x was determined to be 0.41 £ 0.02 for the direct insulator-quantum Hall transition.
This closely aligns with « = 0.42 £ 0.02 from the v = 6 to v = 2 quantum Hall plateau-plateau transition. These
findings suggest that the two transitions may belong to the same universality class. While similar transitions have
been explored in conventional two-dimensional charge systems, our study provides valuable insights into a truly
2D system, deepening our understanding of these transitions.
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Introduction. The direct insulator-quantum Hall (I-QH)
transition corresponds to a transition from an insulating state
to a high Landau level (LL) filling factor (v > 3) quantum
Hall (QH) state [1]. Such a transition occurs when the Fermi
energy crosses the N > 1 LL (normally spin or/and valley
degenerate) when a magnetic field is applied perpendicularly
to the plane of a two-dimensional (2D) charge system. Al-
though this transition cannot be explained by the global phase
diagram (GPD) proposed by Kivelson, Lee, and Zhang, which
predicts that the I-QH transition only occurs when the Fermi
level crosses the N = 0 LL [2-5], studies on the direct I-QH
transition in a variety of quasi-2D systems have been reported
[1,6—15]. However, research on the direct I-QH transition
in monolayer graphene, which is a truly 2D system, is still
lacking [16,17].

Similar to the direct I-QH transition, another magnetic-
field-induced transition related to the quantum Hall effect,
the QH plateau-plateau (P-P) transition has been extensively
studied for more than 30 years [18-27] and is well established
in the field of QH physics. In the pioneering work done by
Wei et al. [18], the finite-size scaling theory was developed to
investigate the critical behavior in the P-P transition, and the
critical exponent ¥ was measured to be 0.42 £ 0.04 for a spin-
split P-P transition by analyzing the maximum of dp,,/dB ~
T~ at different temperatures [18,19], where p,,, B, and T rep-
resent the Hall resistivity, external applied magnetic field, and
temperature, respectively. It should be noted that ¥ depends
on spin/valley degeneracy, and for a spin-degenerate P-P tran-
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sition, ¥ was measured to be 0.21 4 0.02 [20]. Furthermore,
some studies have explored the P-P transition in graphene, and
determined the value « ~ 0.42 [23,25] which has been inter-
preted to be consistent with the finding of Wei et al. [18], even
though both spin and valley degeneracies in their graphene
devices need to be considered [23,25]. Notably, it is important
to acknowledge that the relativistic nature of Dirac fermions in
monolayer graphene leads to the observation of the anomalous
integer QH effect, where oy, = (n + 1/ 2)(4e?/h) withn = 0,
1,2.... Here the number 4 corresponds to fourfold (spin
and valley) degeneracy. Additionally, the measured critical
exponents in different 2D systems span a wide range of values
(0.15 < « £ 0.81) [18,24,28-35], and it has been argued that
the value of « for the P-P transition may not be universal [24].

In this study, we provide experimental evidence for a direct
I-QH transition in monolayer graphene. While this transition
has been observed in other systems, it is worth noting that
our study brings forth insights into a truly 2D system. This
transition from an insulator to a v = 6 quantum Hall state was
characterized, and by examining |dp,,/dB| near the critical
magnetic field B, the critical exponent ¥ was found to be
0.41 4 0.02. This aligns with the value « ~ 0.42 &+ 0.02 from
the v = 6 to v = 2 P-P transition, suggesting that both transi-
tions could be of the same universality class.

Experimental results. Our experiments were performed
on monolayer epitaxial graphene which was grown on a
semi-insulating 4H-SiC(0001) substrate. The graphene sam-
ple was patterned into a Hall bar geometry with dimensions of
2000 wm in length and 400 pm in width, employing standard
lithography and etching techniques. To improve the contact
resistance, superconducting NbTiN contact pads were de-
posited onto the graphene [36]. These contact pads enhance
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the electrical contact and minimize resistance, allowing for
more accurate transport measurements. At the end of the
fabrication process, in order to stabilize the long-term elec-
trical properties of the device [37] and introduce disorder
which is necessary for observing the direct I-QH transition,
the graphene device was functionalized with chromium tri-
carbonyl [Cr(CO);]. This functionalization process helps to
maintain the device’s electrical properties over an extended
period of time and introduces the required disorder for the
desired transition. The resulting device is a high-quality, tun-
able carrier-density graphene device that has been specifically
developed for use in quantum Hall resistance standard array
devices [37-41]. To vary the carrier density of our graphene
device, we use low-temperature light illumination instead of
using the vacuum gentle heating technique, which is suit-
able for a small-sample-space He* cryostat [37]. This device
provides a reliable platform for investigating the direct [-QH
transition and enables precise measurements of quantized Hall
resistances [41]. More details about the device fabrication and
characterization can be found in the Supplemental Material
[42] (see also references [43—47] therein). The longitudinal
resistivity py and the Hall resistivity py, of our graphene
device were measured simultaneously by using a stan-
dard low-frequency AC lock-in technique at a frequency of
13.1 Hz in a cryofree *He/*He dilution refrigerator at low
temperatures.

According to the Onsager-Casimir relations [48—50], elec-
trical conductance should exhibit symmetry when subjected to
opposing magnetic field directions. However, our preliminary
data indicated an unexpected degree of asymmetry, which we
suspect might arise from the unintended mixing of p,, with
Pxy- To rectify this, we adopted a methodology that combined
data from both positive and negative magnetic field direc-
tions, capitalizing on the inherent symmetries of the resistivity
components. This strategy effectively mitigated the mixing
issue as highlighted in prior research [51,52], enhancing the
accuracy and consistency of our measurements. Figure 1
illustrates the symmetrized longitudinal resistivity and the
antisymmetrized Hall resistivity as a function of the magnetic
field at various temperatures [see Figs. S6(a) and S6(b) in the
Supplemental Material for the measured magnetoresistivities
[42]]. The reason we symmetrized and antisymmetrized the
data is that a temperature-independent crossing point (B =
0.97 T) was observed in the temperature range 0.5-1.5 K. For
T > 1.5 K, a deviation from a clear 7T-independent point of the
0-6 transition appears as 7 was further increased, consistent
with previous work [53]. For B < 0.97 T, we observed an
insulating behavior in which the longitudinal resistivity de-
creased with increasing temperature. On the other hand, for
B > 0.97 T, the longitudinal resistivity decreased as the tem-
perature decreased. Additionally, at higher magnetic fields,
the longitudinal resistivity exhibited a local minimum, and
the Hall resistivity approached a quantized value of //(6¢?).
Although the v = 6 quantum Hall plateau was not well de-
veloped, the presence of such a crossing point might indicate
a transition from an insulating state to a v = 6 quantum
Hall state [this direct insulator to quantum Hall transition is
further demonstrated from the temperature dependence of lon-
gitudinal resistivity under different magnetic fields shown in
Fig. S7(a) of the Supplemental Material [42]].
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FIG. 1. Magnetotransport measurements before illumination. (a)
The longitudinal resistivity and (b) Hall resistivity as a function
of magnetic field at various temperatures. In p,,, a temperature-
independent crossing point (B = 0.97 T) is observed within the
temperature range 0.5-1.5 K.

In order to further study the observed direct I-QH tran-
sition from an insulator to a v = 6 quantum Hall state, the
graphene device was illuminated by an infrared light emit-
ting diode (IR LED) so as to increase its carrier density
(see Fig. S9 in the Supplemental Material for the spectrum
of the IR LED [42] (see also references [54] therein). Af-
ter illumination, the carrier density of the device increased
from n = 1.77 x 10" ecm~2 to n = 2.73 x 10" cm~2, while
the mobility decreased from p = 15900cm?> V~'s™! to u =
3200cm? V~!'s~!, This effect exhibited a saturation behavior
within a few seconds. Importantly, the effect induced by the
illumination could be retained for an extended period, up to at
least a few days, at temperatures below 30 K. This allowed
for stable and reproducible measurements of the transport
properties of the graphene device over an extended period of
time. As shown in Fig. 2, the measurements were conducted
at various temperatures ranging 0.5 to 30 K, and a clear
and temperature-independent crossing point was observed in
the longitudinal resistivity (at B, = 1.13 T) within the low-
temperature range 0.5-2.0 K, indicating the presence of a
quantum phase transition [53,55] [see Figs. S6(c) and S6(d)
of the Supplemental Material for the measured magnetore-
sistivities [42]]. Moreover, the v = 6 quantum Hall plateau
had become more discernible. These observations provide
clear evidence for a direct I-QH transition corresponding to
an insulator to v = 6 transition [the temperature dependence
of longitudinal resistivity under different magnetic fields is
shown in Fig. S7(b) of the Supplemental Material [42]].
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FIG. 2. Magnetotransport measurements after illumination. The
symmetrized longitudinal resistivity and antisymmetrized Hall resis-
tivity plotted as a function of magnetic field at various temperatures.
(a) The inset highlights a clear crossing point at B, = 1.13 T, sepa-
rating the insulating state and the v = 6 quantum Hall state. (b) The
inset shows the quantum critical regime of P-P transition.

Furthermore, a fully quantized v = 2 quantum Hall plateau
was developed with vanishing longitudinal resistivity and a
quantized Hall resistivity /1/(2¢?). This provides an opportu-
nity to investigate the P-P transition fromav =6toav =2
QH state.

Scaling analysis of the direct I-QH transition and P-P
transition. To examine the scaling behavior of the direct
I-QH transition and the P-P transition, a scaling analysis
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was performed. The temperature-independent point, which
characterized the I-QH transition, provided the basis for an-
alyzing the data using the scaling theory of the quantum Hall
effect. The scaling relation near the critical magnetic field
was investigated, and it was found to follow the equation
|doxx/dB|p_p, ~ T . By performing a linear fit on the data
shown in Fig. 3(a), the critical exponent ¥ was determined
to be 0.41 £ 0.02 for the direct I-QH transition. To further
illustrate the universal scaling behavior, the one-parameter
scaling relation p,, = f[|B — B.|T ] was plotted in the inset
of Fig. 3(a). Readers interested in the scaling analysis per-
formed at lower carrier densities are directed to Supplemental
Material Sec. 6 [42]. Near the transition point, it was observed
that all curves collapsed into two branches, which exhibited
symmetry with respect to the transition point. This scaling
analysis provides valuable insight into the behavior of the
direct I-QH transition and demonstrates its universality.

On the other hand, between two adjacent quan-
tum Hall plateaux, we also examine the maximum
slope of py,, denoted as (|dpy,/dB|™), which exhibited a
temperature-dependent power law as |dpy, /dB|"* ~ T, As
shown in Fig. 3(b), the linear fit of In|dp.,/dB|™ —InT
in the high temperature region yielded a critical exponent
k =0.42 £0.02 for the v =6 to v =2 quantum Hall P-P
transition. It is important to point out that the saturation of
the critical exponent at low temperatures can be attributed to
finite-size effects [22,24-26]. As the temperature decreases,
the coherence length £ increases as temperature following
the power law of & ~ TP/ where p is the temperature
exponent. When the temperature becomes sufficiently low, the
coherence length £ can reach a comparable magnitude to the
intrinsic characteristic length of the graphene. At this point,
the dominant length scale shifts from the coherence length
& to intrinsic length of graphene, resulting in the observed
saturation behavior. To validate the saturation of the coherence
length, a weak-localization (WL) analysis was performed, and
the corresponding values of coherence length £ were obtained.
These results will be presented and discussed in the subse-
quent section, providing further evidence for the saturation of
the coherence length.
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FIG. 3. Scaling behavior and critical exponents in the quantum critical regime. The solid circles represent the experimental data, and the
dashed red line corresponds to the linear fit, providing the critical exponent k. (a) In| dp../dB|p_p_versus InT for the direct I-QH transition. The

inset in (a) shows the one-parameter relation, where all curves collapse into a single curve near the critical magnetic field. (b) In|dp,,/dB

versus InT for the v = 6—2 transition.
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FIG. 4. Estimation of the coherence length L, and temperature exponent p. (a) The converted magnetoconductivity plotted as a function
of magnetic field. The solid symbols represent the experimental data, and the solid curves represent the best fits to Eq. (1). (b) The temperature
dependence of the characteristic lengths plotted on a log-log scale. By utilizing the relation Ly ~ T ~"/%, the temperature exponent p was

determined through a linear fit in the high-temperature region.

Weak-localization effect and estimation of the temperature
exponent. In an effort to further study the scaling behavior,
we examined the localization length by analyzing the WL
effect in the low field region. This analysis allowed us to
determine the coherence length and obtain the temperature
exponent p. The magnetoconductivity difference, defined as
A0y, = 0y (B) — 0y (B = 0), was plotted as a function of
magnetic field, as shown in Fig. 4(a). We analyzed the data
using the expression derived by McCann et al. [56],

Ac..(B) e? e 87 B . 87 B
0xx(B) = — — |- F|—
h iL,? B> +2L7)
o 87 B )
g(L;Z +L72+ L)) |

Here, F(z) =1Inz + 1/!(% +z7Y, ¥(x) is the digamma
function, Ly is the coherence length, L; and L, represent
the characteristic scattering lengths for intervalley scattering
and intravalley scattering process, respectively. These char-
acteristic scattering lengths are extracted from Eq. (1) and
displayed in Fig. 4(b). According to the relation Ly ~ T-r72,
the temperature exponent p is determined to be 1.00 &+ 0.02
from the linear fit in the high-temperature region depicted in
Fig. 4(b). The saturation observed at low temperatures can be
attributed to factors such as self-heating or intrinsic scattering
length [57]. It is worth mentioning that previous studies on
monolayer [57,58] and bilayer [59] graphene have reported
a similar value of approximately p = 1 for the temperature
exponent p. However, for epitaxial graphene, a study indicates
that the value of p varies between 1 and 2 depending on the
specific sample [60].

To further enhance our understanding of the scaling be-
havior, we calculated the universal exponent y using the
relationship y = p/2«, and the obtained valued y was found
to be 1.22 4+ 0.13. It is worth noting that the universal value
could approximately be the value of 2.4 [61,62] or 4/3
[63—65], which is predicted by theoretical calculations based
on quantum percolation or classical percolation, respectively.
The value of 1.22 £ 0.13, which is close to 4/3, might indicate
that the classical percolation dominates the scaling behavior in
our sample.

Discussion and conclusion. Our experimental findings pro-
vide evidence for a direct I-QH transition to the v = 6 QH
state, which cannot be explained by the GPD [2]. Importantly,
the presence of a well-defined temperature-independent cross-
ing point and collapse of data into two branches near the
crossing point indicate that this direct I-QH transition is a
genuine phase transition rather than a broad crossover from
localization to Landau quantization [10,66].

Different from the previous reports on the direct I-QH
transition in various quasi-2D systems [3—15], the observation
of the direct I-QH transition in monolayer graphene, which
is truly a 2D system, is particularly exciting. Furthermore,
the coexistence of the I-QH transition and the P-P transi-
tion within a single device provides an excellent opportunity
to investigate whether these two transitions are of the same
universality class. By studying their critical exponents, we
can determine if they share a similar scaling behavior and
underlying physics. This comparative analysis will contribute
to our understanding of the fundamental nature of these transi-
tions and their manifestation in different systems. The critical
exponent x, which characterizes the behavior near the tran-
sition, holds valuable insights into the system’s properties
[18-20]. Remarkably, in the case of monolayer graphene, a
purely 2D system with Dirac fermions, the critical exponent
k ~ (.42 obtained from the direct I-QH transition displays a
strong consistency with the value determined from the P-P
transition.

Finally, we discuss the similarities and differences between
the direct [-QH transition in monolayer graphene and those
observed in conventional heterostructure-based 2D charge
carriers [1,6,8-10,12,13,15]. Similar to its conventional 2D
counterparts, there are two branches of data sets which obey
scaling behavior in the vicinity of the direct I-QH transition in
monolayer graphene, suggesting that the direct I-QH transi-
tion is a genuine quantum phase transition [4,8,9]. Moreover,
both spin and valley degeneracies play an important role in
the direct I-QH transition observed in conventional 2D charge
systems [1,4,8,9] as well as in monolayer graphene. The Berry
phase exists and anomalous integer quantum Hall effect (both
unique for monolayer graphene but are not present in con-
ventional 2D charge systems) occurs for Landau level filling
factors v = 4(n + 1/2), where n = 0, 1, 2.... Therefore, for
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monolayer graphene, the highest Landau level filling factor
for which the direct I-QH transition can occur is v = 6, in-
stead of 3 as clearly observed in the seminal work of Song
and co-workers [1]. In some spin-degenerate charge systems,
which show the direct I-QH transition, the critical exponent
Kk is close to 0.42/(spin degeneracy = 2) = 0.21 [6,8]. How-
ever, in monolayer graphene, « is close to 0.41 [23,25] which
deviates a lot from 0.42/(spin and valley degeneracies = 4) =
0.105. The aforementioned differences between the direct
I-QH transition in graphene and those in conventional 2D
charge systems warrant further investigation.

In conclusion, we have observed the coexistence of the
direct I-QH (0—v = 6) transition and the quantum Hall P-P
(v = 6 to v = 2) transition in monolayer epitaxial graphene.
This observation, in a truly 2D system, offers unique insights.
The distinct scaling properties near the critical magnetic field
emphasize the genuine phase nature of the direct I-QH tran-
sition. Further, our scaling analysis places the direct I-QH
transition and the P-P transition within the same universal-
ity class, with critical exponents xk being 0.41 £ 0.02 and
0.42 £ 0.02, respectively. These discernments pave the way
for a deeper understanding of the direct I-QH transition in two
dimensions.
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