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In the immediate vicinity of the critical temperature (Tc) of a phase transition, there are fluctuations of
the order parameter that reside beyond the mean-field approximation. Such critical fluctuations usually
occur in a very narrow temperature window in contrast to Gaussian fluctuations. Here, we report on a study
of specific heat in graphite subject to a high magnetic field when all carriers are confined in the lowest
Landau levels. The observation of a BCS-like specific heat jump in both temperature and field sweeps
establishes that the phase transition discovered decades ago in graphite is of the second order. The jump is
preceded by a steady field-induced enhancement of the electronic specific heat. A modest (20%) reduction
in the amplitude of the magnetic field (from 33 to 27 T) leads to a threefold decrease of Tc and a drastic
widening of the specific heat anomaly, which acquires a tail spreading to two times Tc. We argue that the
steady departure from the mean-field BCS behavior is the consequence of an exceptionally large Ginzburg
number in this dilute metal, which grows steadily as the field lowers. Our fit of the critical fluctuations
indicates that they belong to the 3DXY universality class as in the case of the 4He superfluid transition.
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A phase transition is accompanied by sharp disconti-
nuities of thermodynamic properties. Quantifying entropy
by measuring the specific heat across the transition pins
down the order of the transition and informs the underlying
microscopic interaction. Of particular interest is the critical
regime of the phase transition, which allows one to identify
the universality class of the transition and provides infor-
mation on the order parameter [1]. Critical fluctuations are
important when their amplitude is comparable to the
amplitude of the jump of the specific heat ΔC, which
occurs roughly when the reduced temperature τ ¼ T −
Tc=Tc is smaller than τG [2], the Ginzburg criterion:

τG ¼ α2
�

kB
ΔCξ3m

�
2

: ð1Þ

Here, ξm is the average correlation length, and α ¼
1=4

ffiffiffi
2

p
π is a numerical factor. In most cases, τG ≪ 1,

the critical fluctuations are located in the extreme vicinity
of the transition and therefore hardly observable. One

notorious exception is the 4He superfluid transition for

which the shape of the transition is determined by critical
fluctuations [3]. Near a quantum critical point, thermal
fluctuations are replaced by quantum mechanical zero-
point fluctuations, which can produce new quantum
phases [4].
Here, we report on the electronic specific heat (Cel) of

graphite, using state-of-the-art calorimeters, when all car-
riers are confined in the lowest Landau level (LLL), the so-
called quantum limit, which can be easily achieved in this
dilute metal. We find that this regime is marked by a steady
field-induced enhancement of Cel, signaling the enhance-
ment of electron-electron correlations. Deep in this regime,
we detect a jump in Cel, unambiguously establishing a
second-order phase transition induced by the magnetic
field. As the magnetic field decreases, the anomaly shifts to
a lower temperature and widens. It evolves from a BCS
mean-field-type transition at 33 T to a crossover regime
below 25 T. At the lowest critical temperature (Tc ∼ 1 K),
fluctuations can be observed up to two times Tc. We
identify these fluctuations as critical fluctuations associated
with an exceptionally large Ginzburg number. In contrast
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with other phase transitions where a large critical regime
of fluctuations is observed when correlation lengths are
short, here the diluteness of the Fermi surface produces
the extended regime of critical fluctuations. Our measure-
ments are a first step toward thermodynamic studies of
the numerous field-induced phases of dilute metals and
their critical regimes (in cases where those regimes are
observable).
With an electronic density as low as n ¼ 4 × 1018 cm−3

and light in-plane mass carrier (m⋆
a;b ¼ 0.05 m0), a mag-

netic field of 7.5 T, labeled BQL, oriented along the c axis is
large enough to confine the carriers into the LLL (n ¼ 0).
In the early 1980s, the onset of an electronic phase
transition at B ¼ 25 T and T ¼ 1.3 K was discovered
[5]. Since then, extensive electrical [6–11], thermoelectrical
[12], and ultrasound measurements [13] in a high magnetic
field have established that graphite hosts a succession of at
least two field-induced phases [7,11] arising from electron-
hole instabilities. Depending on the nesting vector consid-
ered and the strength of the electron-electron interaction,
various types of charge [10,14], spin density waves [15], or
excitonic insulating phases [8,9,11,16] have been pro-
posed. With the notable exception of ultrasound measure-
ments [13], these studies have employed transport probes.
Because of the low electronic density of graphite, thermo-
dynamic studies are challenging but nevertheless crucial.
Figure 1(a) shows the field dependence of γ ¼ Cel=T at

T ¼ 1.6 K up to 35 T of graphite. Electronic specific heat
has been extracted from the total specific heat after
substraction of the phononic contribution determined by
the zero field measurement (see [17] for further details and

the specific heat setup). At zero field, γ is as small as 20�
3 μJ · mol−1 · K−2 in good agreement with the value
expected from the Slonczewski-Weiss-McClure band
model [21,22]. This is several orders of magnitude smaller
than in metals due to the low density and the lightness of
carriers. Sweeping the magnetic field, we found that γ
peaks at each Landau level depopulation. Above BQL, γ
increases linearly up to 28 T, where it presents yet another
peak that evolves with temperature. The temperature and
magnetic field dependence of the 28 T peak can be tracked
by field sweeps (at different temperatures), as shown in the
inset of Fig. 1, and by temperature sweeps (in different
magnetic fields), as shown in Fig. 2(a).
We first comment on the evolution of γ with a magnetic

field between 10 and 35 T. The magnitude of γ in the normal
state, γN , deduced from temperature sweeps [Fig. 2(a)] and is
represented by open black circles in Fig. 1. γN increases
linearly with the magnetic field. The threefold enhancement
between 10 and 35 T is larger than the enhancement of γ
reported in Sr3Ru2O7 across its quantum critical point [23].
This remarkable enhancement is driven by the change of the
density of states (DOS) induced by the magnetic field. When
B > BQL, the DOS of the LLL is the product of the in-plane
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FIG. 1. Field dependence of γ ¼ Cel=T at T ¼ 1.6 K. The
vertical black line indicates the quantum limit (QL) regime. When
B > BQL ¼ 7.5 T, holes and electrons are confined to their n ¼ 0

Landau levels. Open circles represent γ in the normal state
(labeled γN) deduced from temperature sweeps shown in Fig. 2.
Inset: field sweeps at different temperatures.
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FIG. 2. Temperature dependence of γ. (a) γ ¼ Cel=T as function
of temperature for different magnetic fields. Curves are shifted for
clarity. (b) Cel=γNT as function of τ ¼ T − Tp

c =T
p
c , where Tp

c is
the temperature of the peak position. At B ¼ 27.7 T, the tail of
the transition extends up to twice Tc. (c) Specific heat anomaly
for a BCS transition. The amplitude of the jump at Tc is such that
ΔCelðTcÞ=γNTc ¼ 1.43whereΔCelðTÞ ¼ CelðTÞ − γNT. (d) Spe-
cific heat anomaly in a Bose-Einstein condensation transition (in
black) and the singularity caused by a 3DXY critical fluctuation
(in green) like in the λ transition in helium.
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degeneracy (which scales linearly with the field) and the one-
dimensional DOS along the field direction. As long
as the Fermi energy (EF) is far from the bottom of the
LLL, γN ∝ B with ∂γN=∂B ∝

ffiffiðp
m⋆

z =EFÞ where m⋆
z is the

mass along the magnetic field (see [17]). The small EF ≃
40 meV and the large c-axis mass m⋆

c ≃ 10–20 m0

of graphite set the large slope, which we find to be
∂γN=∂B ¼ 2.2� 0.5 μJ · K−2 · mol−1 · T−1. Decades ago,
starting from the Slonczewski-Weiss-McClure model,
Jay-Gerin computed ∂γN=∂B¼ 1.8 μJ ·K−2 · mol−1 · T−1

[24] in quantitative agreement with our result.
At the highest magnetic field (B ¼ 33.5 T), specific heat

peaks at T ≃ 3 K [see Fig. 2(a)]. The transition shifts to
a lower temperature with a decreasing magnetic field in
contrast to a superconducting transition. By reducing
the magnetic field by 20%, i.e., from 33.5 to 27.7 T, Tp

c

(the temperature at which the specific heat peaks) decreases
by a factor of 3. Figure 3(a) shows how Tp

c compares to Tc

deduced from anomalies in the in-plane and out-
of-plane resistance measurements, labeled Rxx and Rzz,
respectively. Each symbol represents a TcðBÞ [or BcðTÞ]
anomaly. The vertical axis shows lnðTÞ and the hori-
zontal axis B−1. Thus, the BCS-like expression Tc ¼
T⋆ expð−B⋆=BcÞ [14] becomes a straight line, which
reflects the behavior of TcðBÞ according to Rxx measure-
ments. In this formula, T⋆ and B⋆ are phenomenological
temperature and field scales, and the underlying assump-
tion is that the DOS linearly increases with the magnetic
field [14]. The onset of ordering has different manifesta-
tions in Rxx, which jumps by 30% but does not diverge, and
in Rzz, which shows an activation behavior [7,11]. As seen in
Fig. 3(a), the peak in Cel=T tracks the onset of the activation
energy in Rzz, and below 3 K, they both occur below the Rxx
anomaly and theBCS line. Figure3(b) shows the evolutionof
the ratio of the activation gap Δc to the critical temperature
with the magnetic field, which is close to what is expected in
the BCS picture. Δc is deduced from a fit of Rzz of the form
Rzz ∝ expðΔc=kBTÞ (see [17] for further details). Δc=kBTc
weakens with decreasing field. Figure 3(a) shows that
the normalized specific heat jump at Tp

c , ΔCelðTp
c Þ=γNTp

c

with ΔCelðTÞ ¼ CelðTÞ − γNT, presents a similar evolution
toward weak coupling as the field decreases.
The steady evolution toward weak coupling with a

decreasing magnetic field is accompanied by a drastic
change in the shape of the specific heat anomaly [see
Figs. 2(a) and 2(b)]. At B ¼ 33.5 T, the amplitude of the
jump is ΔCelðTp

c Þ=γTp
c ¼ 1.1 [see Fig. 3(b)], which is

smaller than what is expected for a mean-field
weak-coupling case and has a small tail caused by
fluctuations above Tp

c . With decreasing Tc, the transition
widens, ΔCelðTp

c Þ=γTp
c decreases, and the tail extends to

higher temperatures. At Bc ¼ 27.7 T, the tail of the
transition extends up to twice Tp

c . The anomalies at
two fields differing by a mere factor of 1.2 are compared
in Fig. 2. At B ¼ 33.5 T, the anomaly looks similar to a
mean-field BCS transition [Fig. 2(c)], but at Bc ¼ 27.7 T
it acquires a cusp shape, and the fluctuating contribution
weighs as much as the mean-field jump. This is to be
compared to and contrasted with the case of the super-
fluid transition in 4He [Fig. 2(d)]. In the latter case, there
is no specific heat jump [25], and the 3DXY critical
fluctuations induce the nonanalytical behavior of the
specific heat across the λ transition [3]. Thus, what
distinguishes the case of field-induced states of graphite
from a typical superconductor and the archetypal super-
fluid is the simultaneous presence of a BCS jump and
strong fluctuations and the contrasting evolution of these
two components of the specific heat anomaly in a narrow
field range.
Figure 4(a) shows ΔCel as a function of the reduced

temperature τ ¼ T − Tp
c =T

p
c . ΔCel quantifies the excess in

specific heat relative to a mean-field transition. The log-log
plot shows thatΔCelðτ > 0Þ does not evolve as a power law
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PHYSICAL REVIEW LETTERS 126, 106801 (2021)

106801-3



and points therefore to a non-Gaussian origin (for which
ΔCGauss:

el ¼ 1=ξD0 τ
2−D=2, whereD is the dimension and ξ0 is

the BCS coherence length [26]). However, as shown in the
inset of the same figure, an empirical law of the form
ΔCel ¼ C0 expð−ðτ=τ0ÞÞ captures the evolution of the data
with B and τ. The field dependence of both parameters δC0

and τ0 is shown in Fig. 4(b). With a decreasing magnetic
field, τ0 increases, and its extrapolation implies τ−10 ¼ 0

when B < 27 T. In this case, no specific heat anomaly is
detected down to 0.6 K [Fig. 2(a)]. It is possible to collapse
all the curves on top of each other by plotting ΔCel=C0 vs
ðT − Tren

c Þ=Tren
c τ0, where Tren

c is a renormalized Tp
c equal to

Tp
c ð1þ 0.5τ0Þ [Fig. 4(e)].
The success of this simple scaling procedure has impli-

cations for the origin of the broadening of the transition
caused by a small variation in the amplitude of the magnetic
field. It is unlikely that disorder plays a major role. In this
layered material, however, the in-plane and out-of-plane
length scales differ by several orders of magnitude.
The mean free path within the graphene planes l⊥

e is very
long, in the range of 5 to 50 μm, 3 orders of magnitude
longer than k−1F;⊥ ¼ 7 nm and the magnetic length lB ¼ffiffiðp

ℏ=eBÞ ¼ 5 nm at 25 T, which is a plausible candidate
to represent the in-plane coherence length (ξ⊥) when
B > BQL. The mean free path along the c axis, l==

e , is 2
or 3 orders of magnitude shorter than l⊥

e . However, this
path remains longer than the c-axis interelectron distance
de−e;== ≃ k−1F;== ≃ 1 nm and exceeds the c-axis coherence
length (ξ==), which can be estimated using the BCS

coherence length ξ0 ¼ ℏ2kF;===πm⋆
zΔc. Δc is the c-axis

gap [deduced from the activated behavior of Rzz and shown
in the inset of Fig. 3(b)] and kF;== ¼ π=4a (where a is the
interlayer distance). As seen in Fig. 4(d), ξ==ð33TÞ ≃ 5 nm
and ξ==ð25TÞ ≃ 15 nm. The latter number may approach

the estimated l==
e below 25 T. Therefore, the role played by

stacking disorder across the planes in causing the broad-
ening cannot be ruled out at the lowest magnetic field.
The most plausible source of the observed broadening is

critical fluctuations. This can be quantified by the Ginzburg
criterion. Plugging the measured ΔCelðTp

c Þ and the esti-
mated ξ==;⊥ [ξm ¼ ðξ2==ξ⊥Þ1=3] in Eq. (1), we deduce τG.
This estimation of τG closely matches the τ0 deduced
from our fits to the data [Fig. 4(d)]. At the highest field,
B ¼ 33 T τG ≃ 0.05, which is nonnegligible. As the field
decreases to 27.7 T, τG becomes as large as 0.45, which is
exceptionally large in comparison to any other known
second-order phase transition. Table I compares our case to
a few other systems. The list consists of a conventional
superconductor (Sn), two superconductors with a higher Tc
and shorter coherence lengths (MgB2 and YBa2CuO7), and
a charge density wave (CDW) solid (K0.3MoO3). Graphite
is a system in which 10 000 atoms share a single electron
and hole, hence its small ΔCelðTp

c Þ. Even at 33 T, the
amplitude of the specific heat jump is many orders of
magnitude smaller than for the other systems. This
ΔCelðTp

c Þ ≃ 0.16 mJK−1 mol−1 (combined with a molar
volume of Vm ¼ 5.27 cm3 · mol−1) implies that the differ-
ence in average specific heat of the normal and ordered
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phases within a coherence volume becomes comparable to
kB (ΔCξ3m ≃ 0.3kB), making this competition critically
fragile. With a decreasing magnetic field, fluctuations grow
and the transition widens because of further decrease
in ΔCelðTp

c Þ.
So far we have discussed the temperature dependence

of ΔCel through a phenomenological two-parameter expo-
nential fit. On the whole temperature range, it is equally
possible to fit ΔCel with a simplified version of the
asymptotic form of the 3DXY universality class expression
with three parameters [Fig. 4(e)]: A0ð1þ C0jτ0.5j þD0τÞ
(see [17]). This universality class provides a natural
explanation for the saturation of ΔCel at low τ due to its
almost vanishing critical exponent (α ≈ −0.01 [31]).
Therefore, we conclude that the observed broadening of
the transition is caused by critical fluctuations belonging to
the 3DXY model. The Gaussian fluctuations expected
outside the critical window, i.e., for τ > τG, would bring
a correction to the mean-field behavior. Such a correction is
not detected in our data, presumably because of the width
and predominance of the critical fluctuations.
These results help in understanding the evolution of the

observed anomalies in the Nernst effect [12,32] (a measure
of the entropy per carrier [33]) and ultrasound measure-
ments [13] caused by the transition. At low temperatures,
one expects that ordering induces a smooth variation in
entropy (see [17]) and therefore a rounded drop in the
Nernst response [12,32]. As the temperature increases, the
mean-field component of the transition strengthens, and
the Nernst anomaly becomes a clear kink. Furthermore, the
origin of the relatively large jump in the sound velocity
becomes clear. It has been argued [13] that the relative large
jump in the sound velocity can be caused by either a strong
anisotropy in the strain dependence of Tc or a large jump in
the specific heat (e.g., due to a putative lattice deformation
accompanying the transition). According to this study,
ΔCelðTp

c Þ ≈ γNTc, and the transition is purely electronic.
Therefore, we can safely conclude that the jump in the

sound velocity is caused by a strong anisotropic strain
dependence of Tc.
Future studies of the specific heat in higher magnetic

fields would shed light on the BCS–Bose-Einstein con-
densation crossover as one approaches the maximum
transition temperature around 47 T, where the degeneracy
and critical temperatures become similar [32]. Specific heat
studies on other dilute metals pushed to extreme quantum
limits and hosting field-induced states (such as bismuth
[34,35], InAs [36], TaAs [37], or ZrTe5 [38]) could bring
interesting insights.
In summary, we measured the specific heat of graphite

in a high magnetic field and detected a second-order
phase transition jump. The specific heat anomaly drasti-
cally evolves in a narrow field window due to the change
in the balance between critical fluctuations and a mean-
field jump. The field-induced phase transition in graphite
emerges from this study as possessing an exceptionally
wide critical window compared to any other electronic
phase transition.
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