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Formation of an Electron-Phonon Bifluid in Bulk Antimony
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The flow of charge and entropy in solids usually depends on collisions decaying quasiparticle
momentum. Hydrodynamic corrections can emerge, however, if most collisions among quasiparticles
conserve momentum and the mean-free path approaches the sample dimensions. Here, through a study of
electrical and thermal transport in antimony (Sb) crystals of various sizes, we document the emergence of a
two-component fluid of electrons and phonons. Lattice thermal conductivity is dominated by electron
scattering down to 0.1 K and displays prominent quantum oscillations. The Dingle mobility does not vary
despite an order-of-magnitude change in transport mobility. The Bloch-Griineisen behavior of electrical
resistivity is suddenly aborted below 15 K and replaced by a quadratic temperature dependence. At the
Kelvin temperature range, the phonon scattering time and the electron-electron scattering time display a
similar amplitude and temperature dependence. Taken together, the results draw a consistent picture of a
bifluid where frequent momentum-conserving collisions between electrons and phonons dominate the

transport properties.
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I. INTRODUCTION

Hydrodynamic corrections [1] to transport properties
of solids can emerge when the traveling quasiparticle
endures momentum-conserving collisions outweighing the
momentum-relaxing ones. Their signatures are reported for
electrons in mesoscopic metals [2-7] and for phonons in
bulk insulators [8—11]. The possible role played by phonons
in the emergence of hydrodynamic effects in the electronic
fluid [12] has become a subject of recent theoretical attention
[13-16]. It remains to be seen if momentum exchange
between electron and phonon baths can generate experi-
mental signatures other than phonon drag [17], the
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well-known nondiffusive thermoelectric response of heat-
carrying phonons coupled to the electron bath [18].

Bulk semimetals are promising platforms for this inves-
tigation. Their small Fermi surface pockets imply reduced
umklapp electron-electron scattering. Transport studies
find that a significant fraction of electron-electron scatter-
ing conserves momentum in WP, [6,19] and in Sb [20],
generating a downward departure from the Wiedemann-
Franz (WF) law around 7 =~ 10 K, near the onset of the
ballistic regime. Magnetic imaging experiments [14] find a
Poiseuille profile of electron flow in the same temperature
range in WTe,. According to theoretical calculations,
phonons play a prominent role in the emergence of this
hydrodynamic window [14], a conjecture supported by
Raman scattering experiments in WP, [21].

Here, we present direct evidence for phonon-electron
coupling in bulk antimony. We find that the thermal
diffusivity of phonons displays a nonmonotonic temper-
ature dependence as observed in several other solids. In
contrast to all other cases, however, instead of entering a
ballistic regime upon further cooling, the phonons continue
to exchange momentum with charge carriers down to 0.1 K.
Thermal conductivity, phonon dominated by many orders
of magnitude above 1 T, displays quantum oscillations.

Published by the American Physical Society
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FIG. 1. Electrical and thermal conductivity in Sb crystals along the bisectrix crystallographic orientation. (a) Temperature dependence
of the electrical resistivity p of four different Sb crystals with different sizes, as indicated in the legend. Residual resistivity is lowest in
the largest samples. The inset shows the magnetoresistance of these crystals at 7 = 2 K. (b) Lattice thermal conductivity ky, of the same
four Sb samples. Data from a previous report on a Sb rod [29] are also included. Note the absence of size dependence at low
temperatures. The solid line represents theoretical lattice thermal conductivity considering only three-phonon scattering events (and
neglecting scattering by electrons). Note that, at high temperature, theory tracks the experimental data but not at low temperature. We
attribute this to significant scattering of phonons by electrons. (c) Temperature dependence of the electronic and phononic contributions
to the total thermal conductivity in sample S4. The procedure for separation is discussed in detail in Supplemental Material [22]. The
inset shows the temperature dependence of the electronic Lorenz number L, = k,p/T normalized by L, the Sommerfeld value.

The phononic viewpoint from thermal transport is com-
plemented by the electronic viewpoint studied from elec-
trical transport. As expected in the Bloch-Griineisen picture
of electron-phonon (e-ph) scattering, the exponent of
resistivity increases when the system is cooled below the
Debye temperature, but the steady enhancement is sud-
denly interrupted. Below T = 15 K, the electrical resistivity
becomes purely T-square. We argue that this is because the
smallness of phonon wave vector does not allow umklapp
events, and, therefore, e-ph scattering does not contribute to
resistivity. Around 1 K, the amplitude and the temperature
dependence of the phonon scattering time (extracted from
phonon conductivity) and the e-e scattering (extracted from
electronic transport) match each other in amplitude and
temperature dependence. The most plausible explanation
for this is that colliding electrons exchange phonons as
previously suspected [14].

Our scenario is backed by comparisons between the
transport properties of antimony and metals with larger
(i.e., copper or tungsten) and lower (bismuth or black
phosphorous) carrier densities. There is roughly one charge
carrier per 1000 atoms in antimony. The Fermi surface is
small enough to push the mean-free path of electrons close
to ballistic but also sufficiently large to render electrons
capable of scattering phonons when phonon-phonon colli-
sions cease to decay the heat current well below the Debye
temperature.

II. RESULTS

Figure 1 shows the temperature dependence of electrical
resistivity and thermal conductivity in antimony. As

discussed in Supplemental Material [22], the electronic
Kk, and the phononic k), components of the total thermal
conductivity x can be easily separated thanks to the large
sensitivity of k, to the magnetic field (a consequence of the
huge magnetoresistance) and the field independence of k.
As seen in Fig. 1(b), «,, peaks at 7'~ 10 K and (in contrast
to the strong size dependence of k, [20]) does not show any
dependence on the sample size at low temperature. We
discuss the implications of this feature below. This figure
also shows the theoretical «;, computed from the phonon
spectrum. The calculations neglect scattering by electrons,
the finite sample size, and defects. They are also restricted
to three-phonon scattering events. As seen in the figure, the
experimental and the theoretical k, are close to each other
at room temperature. However, there is a deficit in the
measured k,, compared to the predicted one. The differ-
ence grows with cooling. Similar theoretical calculations
yield a quantitative account of the experimental data
down to low temperature in Si [23], GaAs [24], PbTe [25],
SnSe [26], Al,O3 [27], and In,O; [28]. Scattering of
phonons by electrons is the most plausible reason that this
is not the case of antimony.

In the vicinity of its peak, x,, depends on the sample size.
This is more clearly seen in Fig. 2(a), which shows the
temperature dependence of i,/ T3 and its prominent
peak. Figure 2(b) shows the lattice specific heat C, below

20 K. It does not follow a T3 behavior but is in excellent
agreement with our first-principle calculations of the
phonon spectrum (see the details in Supplemental
Material [22]). This agreement implies that the discrepancy
between theoretical and experimental «, is not a matter of
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FIG. 2. Thermal conductivity, heat capacity, and thermal diffusivity of phonons. (a) Phononic thermal conductivity kpy, plotted as
Kph/ T? as a function of the temperature. (b) The phononic specific heat Cph divided by T? together with a previous report [30]. The solid
line represents ab initio calculations. (c) The lattice thermal diffusivity Dy, (left y axis) and phonon mean-free path £, (right y axis) vs
temperature. Note the emergence of a size-dependent peak and a minimum in the 7 = 2-15 K temperature range. Orange arrows
indicate the temperature below which Dy, and «;;, become size dependent.

the phonon spectrum but due to a scattering mechanism
neglected by the theory.

One can extract the temperature dependence of phonon
thermal diffusivity by combining the two sets of data and
using Dy, = kph/ Cpp- It is shown in Fig. 2(c) (left y axis)
and reveals three distinct regimes. Above 15 K, D,
decreases with increasing temperature. In the temperature
window between 2 and 10 K, Dy, displays a maximum and
minimum, both strongly dependent on the sample size.
Finally, below 1 K, thermal diffusivity becomes sample
independent again and continues its enhancement without
saturation down to 0.1 K.

In the high-temperature regime, phonon-phonon
umklapp collisions set the magnitude of thermal diffusivity.
The intermediate-temperature regime is analogous to what

10

is observed in several other solids, including Bi [31] and
black phosphorus [10], two other column V elements, and
diagnosed as a signature of phonon hydrodynamics [8]. In
contrast to those materials, the low-temperature thermal
diffusivity of Sb does not become not ballistic but returns to
an intrinsic behavior.

The phonon mean-free path can be extracted using the
relation £, = 3D/ (v;), with (v) ~2900 m.s™ [32].
Zon Temains well below the typical sample size. Figure 3
compares the temperature dependence of £, in Sb with
black phosphorus [10] and Bi [31,33]. Below the hydro-
dynamic window, phonons in Bi and black P become
ballistic: 7, saturates to a value which scales with the
crystal size. In the case of Sb, the phononic mean-free
path shows no evidence of ballistic transport down to
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FIG. 3.

The phonon mean-free path is short and intrinsic. The temperature dependence of the phonon mean-free path £, in (a) black

phosphorus [10], (b) bismuth [31,33], and (c) antimony (this work) as a function of the temperature. Only in Sb £, does not evolve with
the sample size at low temperature and remains well below the sample thickness.
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FIG. 4. Quantum oscillations of lattice thermal conductivity. (a) The oscillatory component of the thermal conductivity k is shown
(normalized as ok /k,y,) for sample S4 as a function of 1/B for various temperatures. Graphs are shifted vertically for clarity. The scale
bar corresponds to a relative amplitude of 10%. (b) Comparison of the oscillations observed in the thermal conductivity dx and in the
electrical conductivity (multiplied by the Sommerfeld value and temperature). Note the 5 orders of magnitude difference in amplitude of

oscillations in T'Lyo,, and in k.

T =100 mK and becomes independent of the sam-
ple size.

Thus, the phonon mean-free path in antimony is intrinsic
below 1 K. The typical wavelength of an acoustic phonon
in this temperature range is between 8 and 80 nm. We show
below that this intrinsic regime is due to the coupling
between acoustic phonons and electronic quasiparticles. In
this new intrinsic regime, a typical phonon goes through
numerous momentum-exchanging events with electrons
before colliding with the boundary of the crystal. Note
also the large value of the hydrodynamic correction to the
mean-free path which follows from the large ratio of the
peak in the Poiseuille regime and the Knudsen minimum
[34] in antimony. It becomes as large as 5 in the largest
samples, compared to 0.4 in the two other solids. Thin
graphite [11] and solid “He [35] display a hydrodynamic
correction comparable to what is found in samples S3
and S4 of this study.

Further evidence for coupling to electrons comes
from quantum oscillations of xy, shown in Fig. 4(a).
The oscillations, extracted by subtracting a monotonic
background, are periodic in 1/B, and their amplitude
depends on the sample size (see Supplemental Material
[22]). The extracted frequencies [22] (f, = 100 T and
fp=350-380 T) are in good agreement with previous
reports for this configuration [36-38]. Quantum oscilla-
tions of the thermal conductivity are observed in other
semimetals and explained in different manners (see
Supplemental Material for details [22]). Here, they can
safely be attributed to the phononic component. As seen in
Fig. 4(b), their amplitude is 5 orders of magnitude larger
than what is expected for any oscillation in the electronic
component, given the amplitude of o, oscillations. Note

that the deviation from the WF law in the hydrodynamic
regime, shown in the inset in Fig. 1(c), is much smaller and
goes in the opposite way. While the quantum oscillations of
thermal conductivity are 10° larger than quantum oscil-
lations of electric conductivity, the thermal conductivity
in the Poiseuille regime becomes 0.2 times the electric
conductivity. In addition, the o, and k., oscillations are out
of phase. This implies that the enhancement of the
electronic density of states (caused by the evacuation of
a Landau level) pulls down the phononic thermal conduc-
tivity, as would happen if phonons were strongly coupled to
electrons.

Let us now turn our attention to the electrical properties.
Figure 5(a) shows quantum oscillations of the electrical
resistivity (the Shubnikov—de Haas effect) in the samples.
The Dingle analysis [Fig. 5(b)] yields a mobility yp, which
is more than 2 orders of magnitude lower than the transport
mobility p,, extracted from the residual resistivity. A
similar observation (that is, pp > p,,) is reported in other
dilute metals [39,40]. In the present case, we find that in all
the four samples, in spite of the tenfold variation in residual
resistivity and ., pp is identical. This indicates that y,,, set
by the collision time between momentum-relaxing events,
varies from sample to sample. On the other hand, yp, set by
the broadening of the Landau levels, is intrinsically bound.
We see below that this can also fit in our scenario.

The temperature dependence of resistivity provides
a crucial piece of information. Its exponent y (p = py +
A, x T7) does not show a T° behavior at low temperature
[inset in Fig. 6(a)]. One can quantify it by taking the
logarithmic derivative after subtracting residual resistivity:
y ={[0In(p — py)]/(dInT)}. This procedure was previ-
ously applied to extract the exponent of resistivity in
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FIG. 5. Invariability of Dingle mobility in contrast to transport mobility. (a) Oscillatory part of the magnetoresistance (for B along the
trigonal axis) as a function of 1/B at T = 2 K in different samples. Curves are shifted vertically and multiplied by a factor 20 for S1 and
S2. (b) Dingle analysis of the amplitude Agy of the 100 T peak of the Fourier transform of §p in the aforementioned sample. In spite of
more than one order-of-magnitude difference in residual resistivity, the lines are parallel, indicating no detectable difference in Dingle

mobility.

cuprates [41], in heavy fermions [42], and in strontium
titanate [43]. The temperature dependence of y is shown in
Fig. 6(a). In the standard (Bloch-Griineisen) picture of
electron-phonon scattering, resistivity is 7-linear above the
Debye temperature 6 (or an effective Debye temperature
sometimes called the Bloch-Griineisen temperature) and
evolves toward a 7> behavior upon cooling. Here, y ~ 1
indeed at high temperature and increases with decreasing
temperature. However, this increase is abruptly interrupted
around 15 K [orange arrow in Fig. 6(a)]. Below this
temperature, and down to approximately 0.1 K, y =2,
with no sign of a higher exponent due to phonon scattering.

The same procedure is applied to six Sb samples with
different residual resistivities. As seen in Fig. 6(b), all
samples show a similar behavior. This observation confirms
the intrinsic nature of the abrupt shift to y ~ 2 and indicates
a suppression of resistive electron-phonon scattering at low
temperature. The remaining 7°-dependent resistivity is
associated with electron-electron collisions, which scales
with the inverse of the Fermi energy (see Supplemental
Material [22]).

It is instructive to compare the evolution of the resistivity
exponent in Sb with that of other metals. Figure 6(c) shows
the temperature dependence of y in Sb (averaged over all
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FIG. 6. Resistivity exponent. (a) y, the exponent of the inelastic resistivity (p = py + A,T7), determined from the logarithmic
derivative of p — p in sample S1 as a function of the temperature. Error bars represent the 95% confidence bounds. The steady increase
in y is abruptly stopped around 7 = 15 K, marked by an orange arrow. This is the same temperature at which the phonon mean-free path
becomes size dependent [arrow in Fig. 2(c)]. (b) The exponent of the inelastic resistivity, y, in six different Sb samples as a function of
the temperature. The inset shows the resistivity of the six samples. (c) Comparison of the temperature dependence of y in Sb (averaged
over the different samples) and five other metals.
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six samples) and in five other metals. These are semi-
metallic WP, (n=p=2.5x10cm™3) [19], W (n=p =
2x 102 cm™) [44], and Mo (n = p = 1 x 10> cm™3)
[44] as well as noble metals Cu (n = 8 x 102 cm™)
[45] and Ag (n = 6 x 10?> cm™3) [45]. In almost all cases,
when the temperature decreases to one-tenth of the Debye
temperature, the exponents increases to 5. This is clearly
the case of Ag and Cu. Similar behavior is found in
elemental W and Mo. Nevertheless, because of their lower
electronic densities, they display a dominant 7-square
behavior when 7' < 0.1@,. The prefactor of this 7T-square
resistivity is, however, much smaller than in Sb (see
Supplemental Material [22]). In contrast to these, the
exponent of resistivity in Sb never attains 5 and suddenly
drops to 2 around 15 K. A similar but less drastic behavior
can be seen in WP,. The comparison shows that relaxation
of the electron momentum via scattering with phonons
vanishes most rapidly in Sb. This is not surprising given its
lower Fermi energy and smaller Fermi surface.

The sudden interruption of the growth in the exponent of
resistivity in Sb is concomitant with the emergence of the
hydrodynamic phonon thermal diffusivity [see orange
arrows in Figs. 2 and 6(a)]. There is a simple way of
linking the two features. Below 15 K, umklapp collisions
among phonons become rare, and ph-ph collisions con-
serve momentum. Therefore, a momentum yielded to a
phonon during a collision is not lost to the momentum sink
by umklapp. Rather, it eventually returns to the electron
bath through another e-ph collision. The only remaining
way for electrons to lose momentum is either elastic
collisions or inelastic resistive collisions with other elec-
trons, still a significant fraction of e-e collisions [20]. As a

(@)

consequence, y =~ 2, from 10 down to 0.2 K. This inter-
pretation paves the way to explain other remarkable
features found in this study, such as the quantum oscil-
lations of the lattice thermal conductivity and the intrinsic
nature of the Dingle mobility, and the fact that the phonon
and electron scattering time converge at low temperature
(see below).

II1. DISCUSSION

Usually, phonon hydrodynamics is expected to emerge
in a finite temperature window sandwiched between the
ballistic and the diffusive regimes [1,8]. In this hydro-
dynamic window, the shortest timescale is set by the
momentum-conserving collisions between phononic
quasiparticles. Our case has a twist. As sketched in
Fig. 7(a), below T = 15 K, momentum-conserving colli-
sions between phonons become prominent, but, as the
temperature is reduced further, ph-ph scattering is less
frequent than electron-phonon scattering (T%l_ph > Tﬁl_e).
Below T~ 1 K, the shortest timescale for a phonon
corresponds to momentum exchange events with an elec-
tron and not with another phonon (or the boundary). In
contrast to the common hydrodynamic picture, this new
hydrodynamic regime extends down to 7'~ 0.1 K, instead
of being replaced by a ballistic regime.

Figure 7(b) shows the temperature dependence of the
typical phonon scattering time. One can distinguish
between two subregimes for this e-ph bifluid. Above
T ~0.5 K, the phonon scattering time 7, increases with
cooling following (7, & T~2). More specifically, the
extracted 7, is quantitatively close to z,_,, the typical
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Hydrodynamic regimes. (a) Evolution of the different wave vectors as a function of 7. Three different regions are identified.

(b) Temperature dependence of the phonon scattering time extracted from the thermal diffusivity of four samples as a function of 7.
Above T = 15 K, momentum-relaxing ph-ph collisions dominate. For 1 < 7" < 15 K, momentum-conserving ph-ph collisions lead to a
size-dependent decrease in the effective scattering time. Below 7 ~ 1 K, the most frequent events are momentum-conserving e-ph
collisions, and the phonon scattering time is close to the e-e scattering time extracted from «,. (c) Temperature dependence of the
electronic scattering time extracted from the electrical resistivity of four samples alongside the Dingle scattering time for samples S1 and
S4. Also shown are the typical time between e-ph collisions (solid black line) and the typical time of electron-defect collisions estimated
from the Hall resistivity (see Supplemental Material for details [22]).
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time between two momentum-conserving e-e collisions,
extracted from the electronic component of the thermal
conductivity (discussed in detail in Ref. [20]). The most
plausible explanation for this is to assume that at least a
sizable fraction of e-e collision events consist in exchang-
ing phonons. Such an idea has been put forward decades
ago in other contexts [46,47]. Below T=0.5K, 7,

saturates toward a 7~'/2 behavior. This may correspond
to a shrinking phase space for an e-ph collision following
v o (qpn/Skp) < T'/?, where Skp = 2am kgT/h is
the thermal thickness of the Fermi surface.

Figure 7(c) shows the temperature dependence of the
typical electron scattering time, which is much longer than
the phonon scattering time. As we see above, the Dingle
analysis of quantum oscillations yields another timescale,
which is 2-3 orders of magnitude shorter than the transport
time and does not vary from one sample to another. Given
that thermal and electric transport by electrons yield a
quasi-identical scattering time, the difference with the
Dingle time cannot be due to the sampling of small-angle
collision events. On the other hand, exchanging back and
forth a momentum of 72g,, with phonons widens the Landau
levels by an energy of approximately Avgpgp,. As seen in
Fig. 7(c), this alternative explanation for the discrepancy
between Dingle and transport times gives the right order of
magnitude. However, one cannot rule out another possible
explanation. Unavoidable point defects (extrinsic atoms),
which give rise to the finite Hall resistivity of this
compensated metal, can lead to a short Dingle time (see
Supplemental Material [22] for details). Introducing con-
trolled disorder is a way to discriminate between the two
possibilities.

Thus, the phonon scattering time at cryogenic temper-
atures is well below the ballistic time and remarkably close
to the electron-electron scattering time, which leads us to
conclude that the phonon transport time is set by the rate of
phonon absorption and emission of colliding electrons.

Note that the formation of such a bifluid does not impede
the total thermal conductivity to remain a sum of distinct
contributions from electrons and phonons: k = Ky, + K.
The first component k, is insensitive to the magnetic field,
but the second «, « {[x,(B = 0)]/[1 + (w.7,)?]} is dras-
tically modified by the magnetic field (@, is the cyclotron
frequency). At zero field, x,(B = 0) « 7,, but in the high-
field regime, x, (w7, > 1) « 7! and becomes negligibly
small compared to k. This feature is what allows us to
separate Ky, and k.. As one can see in Fig. 7(b), at T ~ 1 K,
Tph ~ Teme ™ 1078 s. Meanwhile, at the same temperature,

7, > 2 x 107" s. Thanks to the lightness of carriers, this
ensures that one has .z, > 1 at 1 T. Therefore, our picture
is quantitatively consistent.

The formation of the bifluid may be traced to the fact that
the carrier density in antimony is low enough to host
electrons with a long Fermi wavelength yet not sufficiently

low to make them irrelevant for scattering phonons. Let us
note that the carrier density in antimony is 2 orders of
magnitude larger than that of bismuth and 2 orders of
magnitude lower than that of WP,. Therefore, WTe,, with a
carrier density similar to that of antimony, emerges as an
interesting platform to investigate the emergence of a
similar case of bifluidity.

In summary, we carried out a detailed study of thermal
conductivity in antimony samples of different sizes. We
found that the phonon mean-free path displays a non-
monotonic temperature dependence, signaling that pho-
nonic heat transport in antimony becomes hydrodynamic
like bismuth and black phosphorus. In contrast to the latter,
however, the phonon mean-free path remains much shorter
than the sample size. We argued that this is due to the
formation of an electron-phonon bifluid, where electrons
frequently transmit and receive phonons. Remarkably,
around 1 K, the phonon scattering time and the electron-
electron scattering time have the same amplitude and the
same temperature dependence.
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