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The search for room-temperature superconducting materials has been at the center of modern research for
decades. The recent discovery of high-temperature superconductivity, under extreme pressure in hydrogen-rich
materials, is a tremendous achievement in this research front. This discovery offers a route in the search for room-
temperature superconductivity at ambient pressure. The superconductivity of these hydrogen-rich materials was
confirmed by the observation of zero-resistance, isotope effects, effect of magnetic field, and other standard
properties. However, some of the experimental features were puzzling as they were not consistent with the known
superconductivity theories. These debatable features have lead to a series of recent publications downplaying the
existence of superconductivity in these superhydrides. Here we propose a concept of massive electrons under
pressure and successfully explain all nonstandard experimental observations. Our massive electron concept
explains the large effective mass of the quasiparticles, the reason for the high critical temperatures for moderate
electron-phonon couplings, and a 3-5 orders of magnitude larger conductivity causing a narrow resistivity
broadening at the transition in the presence of magnetic field. We anticipate our findings will lead to new
directions and tweaks in current research in the search for ambient-pressure, room-temperature superconductors.

DOLI: 10.1103/PhysRevB.104.024503

I. INTRODUCTION

Superconductivity research has been at the heart of mod-
ern condensed-matter physics and material science research
for decades. As superconductors can conduct electric current
without resistance, the potential application of superconduc-
tors in technology can have a revolutionized impact. There
are two types of superconductors that have been discovered to
date: conventional and unconventional superconductors. Con-
ventional superconductors are understood as materials whose
superconductivity originates from electron-phonon interac-
tions. The properties of these phonon-driven superconductors
can be described by the Bardeen-Cooper-Schrieffer (BCS)
and Migdal-Eliashberg theories [1]. The superconductivity
of unconventional superconductors is believed to be driven
by strong electron-electron correlations. The most prominent
unconventional superconductors are cuprates [2,3], iron pnic-
tides [4,5], and nickalates [6—8]. Even though the nature of
superconductivity in unconventional materials is not fully
understood, it is known that both of these superconducting
types exhibit standard properties. These properties include the
Meissner effect, upper and lower critical magnetic fields, crit-
ical currents, and resistive transition at critical temperatures.

The longstanding challenge in superconductivity research
was finding a room-temperature superconducting material.
The search for room-temperature superconductivity was re-
newed after the discovery of unconventional copper-based
superconductors with critical temperatures as high as 133 K
at ambient pressure. The BCS theory provides clues for
achieving high critical temperatures for conventional su-
perconductors. The theory suggests that high-frequency
Debye phonons, strong electron-phonon interactions, and high
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density of states can enhance the critical temperatures of
conventional superconductors. Following these clues, magne-
sium diboride (MgB,) has been synthesized and found to be
superconducting below 39 K at ambient pressure [9,10]. The
high-frequency phonon spectrum due to the light elements in
MgB, is believed to be the reason for this relatively higher
critical temperature. Based on the idea of high phonon fre-
quency due to the light hydrogen atom, Ashcroft proposed the
possibility of having high-temperature phonon-based super-
conductivity in hydrogen-rich materials if attractive pairing
interaction exists [11,12]. Ashcroft’s proposal was pioneered
by the idea of a chemical precompression effect proposed by
Gilman [13]. Gilman’s proposal of achieving high tempera-
ture superconductors came soon after the discovery of ambient
pressure hydrogen-rich superconductors ThyH;s at a critical
temperature of 8 K [14]. Motivated by Gilman’s idea and
the discovery of a hydride superconductor, subsequent stud-
ies on Pd-H and Pd-Cu-H systems were reported to exhibit
superconductivity below 10 K [15]. Despite the support of
calculations showing that metallic hydrogen is a good candi-
date for a room-temperature superconductor, all experimental
efforts turned out be negative for pure hydrogen. Therefore,
researchers shifted their efforts toward binary and ternary hy-
dride compounds. The density functional theory, Monte Carlo,
and other numerically based calculations, [16-26] and the dis-
covery of phonon-based high-temperature superconductivity
in H3S at high pressure [27], ignited a wealth of research
by synthesizing superhydrides at very high pressure values.
To date, about dozen synthesized superhydrides have shown
to be near-room-temperature superconductors at high pres-
sure. These include phosphorous hydrides [28], lanthanum
hydrides [29-31], yttrium hydrides [32—34], thorium hydrides
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[35], binary cerium hydrides [36], ternary lanthanum-yttrium
hydrides [37], and carbonaceous-sulfur hydride ternary com-
pounds [38]. The most notable among these compounds
are the lanthanum hydride [29-31] and carbonaceous sulfur
hydride (C-S-H) systems [38]. Two recent experiments by
Drozdov et al. [29] and Snider et al. [38] report near-room-
temperature superconductivity for LaH g at pressure 267 GPa
and room-temperature superconductivity for C-S-H at pres-
sure 275 GPa. The superconductivity of these compounds was
confirmed by the observation of zero resistance and mag-
netic susceptibility. Furthermore, these experiments show a
decrease in critical temperature in the presence of an external
magnetic field. The conventional nature of the superconduc-
tivity in these compounds was confirmed by a pronounced
isotope effect on the critical temperature. The experimental
estimates further support that these clathratelike hydrides su-
perconductors are strongly type II.

For both conventional and unconventional, the magnetic
field responses to type-I and type-II superconductors are very
different. The type-I superconductors completely expel the
magnetic field up to the T-temperature-dependent critical crit-
ical field H.(T), beyond at which it becomes normal metal.
This perfect diamagnetism can be described by a supercurrent
circulating within a thin surface layer of the superconductor.
The thickness of this surface layer is a temperature-dependent
material parameter known as the London penetration depth
A(T). On the other hand, the type-II superconductors are
perfect diamagnets only up to the lower critical field H. (T) <
H.(T). In the range of magnetic field up to the upper critical
field H.(T) < H < H(T), the magnetic flux can pene-
trate into the material in the form of vortices and can give
rise flow resistance to the critical current. The Ginzburg-
Landau parameter « = A(0)/£(0) which is approximately a
temperature-independent quantity can be used to determine
whether a superconductor is type I or type II. Here, the
coherence length §(T) = (§; Pl usually taken as
the shortest of the Pippard coherence length &,(7) or the
mean-free path /(7). All experimental evidence suggests that
superhydride superconductors are type-II as « > 1.

Most of the experimental data strongly supports the exis-
tence of superconductivity in superhydrides. However, some
of the experimental features are puzzling and seem to violate
known standard superconducting properties. While some fea-
tures support type-I superconductivity, others support type II.
This disparity shows the simultaneous coexistence of type I
and type II. Another puzzling question is the high critical tem-
perature with moderate electron-phonon coupling. Theoretical
calculations suggest that the dimensionless electron-phonon
coupling A ~ 2 in superhydrides have moderate values [19].
In general, the width of the resistive transition in the pres-
ence of a magnetic field is expected to be large for type-II
superconductors. For example, the width of the resistive tran-
sition in MgB, at a magnetic field H = 0.15H,, is about
ATe/Te ~ 0.15%. In contrast, the resistive transition width
of C-S-H at the same magnetic field is smaller than that of
MgB, by a factor of about 50 [10,39]. This narrow transition
width in the C-S-H system and other superhydrides apparently
suggests that these are type-I superconductors [38]. Further,
using an experimental sample size and measured resistance,
the resistivity of the C-S-H system was calculated by Dogan

and Cohen [40]. The calculation was done using a resistive
formula derived from the four-point van der Pauw proce-
dure. The calculated resistivity was found to fall into the
poor metal/semimetal range above the critical temperature.
The resistivity below the critical temperature was found to
be 2-3 orders of magnitude, lower falling into the typical
metal range. In addition, by analyzing resistivity broadening
experimental data, Hirsch and Marsiglio [41] argued that the
zero-temperature critical current density in C-S-H systems is
five orders of magnitude larger than that of standard supercon-
ductors. The experimental data reported in Ref. [27] for the
H;S system indicates that the effective mass of the electrons
at pressure 150 GPa is larger than the expected effective mass
by a factor of about 10 [42]. This mass enhancement is not
consistent with the electron-phonon interactions estimated for
H3S nor the theoretical calculations [16—22]. Due to the fact
that these experimental features are not able to be explained
using the standard superconductivity theories, a series of re-
cent articles argue that the superhydrides under pressure are
either a unique kind of superconductors or not superconduc-
tors at all [39-43].

In this paper, we successfully answer all debatable experi-
mental observations above using a massive electron concept.
We show that the effective mass of the electrons exponen-
tially increases with pressure. The mass enhancement makes
the density of states larger, resulting in strong effective
interactions between electrons at high pressure. Thus, the
superhydrides under pressure are strongly interacting con-
ventional BCS superconductors. However, the conventional
classification of type I versus type II is not applicable to the
superhydrides as the coherence length and the penetration
depth are pressure dependent. We show that the narrow width
of the resistivity transition originates from the flow resistivity
of vortices in the presence of a magnetic field. We find that the
flux flow resistivity is exponentially smaller at high pressure
due to the pressure dependence on the coherence length.

II. PRESSURE DEPENDENCE ON THE EFFECTIVE MASS

In this section, we briefly illustrate the pressure depen-
dence on the effective mass using a simplified picture. Let’s
consider the pressure change on the material unit cell AP =
P = P — Py, where P and P, are the applied pressure and
the ambient pressure, respectively. The volume of the unit cell
shrinks under the applied pressure so the change in volume
can be written as

V-V
Vo

= —Ky AP, ey

where Ky is the compressibility and V — Vj is the change
in volume. The on-site Coulomb repulsion U(P) between
electrons increases as the cell volume decreases,

V-V
Vo

U(Pex) - U(PO) = —Ky

UPex) —UR)

Uy = KcdP, 2)
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where Ko = KyKy /U (Py) is a material-dependent constant.
Approximating U (Py) — U (P), we find

1dU
UdP
The pressure dependence of the on-site repulsion is then
given by the solution of this equation, U = UpeX<". The
pressure dependence on the tunneling energy or the hopping
integral ¢ can also be approximated in a similar fashion. The
pressure dependence on the tunneling energy then has the
form t = tge %P,
The electronic part of the effective Hamiltonian for the
propagation of quasiparticles can be written as

Hy = Zekczgcko’ (€]
k

K. 3)

where ng /cio represents the creation/annihilation of a quasi-
particle of wave vector k with spin o =1, | . Regardless of th-
lattice structure, the energy dispersion of the weakly interact-
ing quasiparticles has the form ¢, = —2¢ ), cos(k - 3), where
§ is the nearest neighbor lattice vector. For the case of strongly
interacting electronic systems, one can consider propagation
of holes in the presence of doping in the background of
antiferromagnetism [44,45]. In this case, the quasiparticle
dispersion has the form ¢, = —(2t>/U) s cos(l? -8). In the
continuity limit, the quasiparticle dispersion can be approxi-
mated by expanding the cosine term to get € ~ h%k?/(2m*),
where m* is the effective mass of the quasiparticles and 7 is
the Planck’s constant. The effective mass of the quasiparticle
is m* = h?/(28tay) and m* = h*U/(28t%ay) for the weakly
interacting electrons systems and strongly interacting holes
systems, respectively. Here ag is the lattice constant of the
underlying host lattice. Using the pressure dependence of the
interaction parameters presented before, the effective mass of
the relevant quasiparticles responsible for superconductivity
in superhydrides under pressure can be written in the form

m* = mye®?, (5)

where mg = m,(1 + A) with bare electron mass m, and di-
mensionless electron-phonon coupling A. Notice, here P is
the pressure relative to the ambient pressure, K is a material-
dependent parameter, and we have neglected the pressure
dependence on A. As we see in the following sections, ne-
glecting pressure dependence on A has no effect on our
conclusions. The material-dependent parameter K encapsu-
lates the structural and lattice details of the system.

III. DETERMINATION OF THE MATERIAL
DEPENDENT PARAMETER K

We start with the reduced BCS Hamiltonian in the mean-
field approximation,

H =Y &c cio+ Y (Acchicl ) + Afciyeny),  (6)
k,o k

where Ay =Y, Viw{c_iicry) is the superconducting or-
der parameter defined through the thermal expectation value
(c_pycry) with respect to the Hamiltonian H . The momentum

conserving effective attractive interaction between quasipar-
ticles Vi originates from the electron-phonon interaction.
Notice that we are working in the grand canonical ensemble
to take care of the conservation of quasiparticle number, so we
defined &, = €, — 1, where u is the chemical potential. The
diagonalization of the Hamiltonian is straightforward using
the usual Bogoliubov transformation,

Cho = cos(B )y — o sin(O)e Py , . ()
to get
H =Y Eyjvio+ Y & — E, ®)
ko k

where the superconducting energy gap E; = , /Ekz + A,% and
the coherence factor is

|E
cos O = kz:z— S . )
k

Deriving the thermal expectation value {(c_gcr4) with
respect to the diagonalized Hamiltonian and relating it to the
superconducting order parameter, the finite temperature gap
equation has the form

Ay Ep
A== Vir e tanh ( K ) (10)
k/

2E] 2ksT

Following the traditional BCS formalism, we take the in-
teraction to be attractive, V; » = —v/V < 0 only for when &
and & are within an energy 7/iwp and zero otherwise. For
phonon-mediated superhydride superconductors, wp is the
phonon bandwidth known as Debye frequency. This form of
the interaction allows us to take A, = Ae'® for |&| < howp
and Ay = 0 otherwise. Assuming the density of states for
both spins g(e) is slowly varying in the vicinity of chemical
potential u >~ €r, we have

hop /
1= glerv dé tanh ( £+ AZ)- (11)
N N 2kT

The density of states at the Fermi energy €y can be written
as g(er) = go(er)eX?, where the density of states at ambient
pressure is

13
3n ) mp. (12)

T4h°
The quasiparticle density » is related to the Fermi wave
vector kr as kr = (3m2n)'/3. The gap equation can be used

to solve for the zero temperature order parameter Ay =
A(T =0):

go(er) = (

ha)D

. 2
sinh (g—(EF 5 )

The finite temperature gap equation at the critical tempera-
ture T = T¢ can be used to determine the critical temperature
of the system. Setting A(T = T¢) = 0 and changing the vari-
able s = £/(2kgT.), we have

2 /50/2 tanh(s)
0

N

Ag = 13)

ds, (14)

gler)v
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where so = hiwp/kpTc. By approximating tanh(s)/s >~ (1 +
s2)71/2 and completing the integration, we find the critical
temperature:

ha)D 1
kplc = — —71—.
2 sinh[2/g(eF)v]

(15)

The critical temperature of the weak coupling supercon-
ductors T¢(w) can be estimated by the large x = 2/g(ep)v
expansion of the function [sinh(x)]~! — 2¢~*, where we find

kpTe(w) = Fipe™ @ . (16)

This is only a factor of 2¢/m = 1.134 smaller than
the well-established critical temperature of weak coupling
BCS superconductors, where C = 0.577215 is the Euler-
Mascheroni constant [46].

The superhydrides under pressure are strong coupling su-
perconductors due to the large effective interaction parameter
g(ep)v. This is due to the large density of states entering
through the effective mass. Therefore, we find the critical tem-
perature of the strong coupling superhydride superconductors
at higher pressure values using the small x expansion of the
function sinh(x) — x:

ha)DUgO(GF)er

kBTC = 4

a7

This clearly shows that the In(7¢) has a linear dependence
on the pressure at high pressure values and the slope ofln(7¢)
vs P is the material-dependent parameter K. We find the K val-
ues for both C-S-H and H3S systems using the experimental
values of critical temperature. As shown in Fig. 1, the exper-
imental data has a clear linear dependence on the pressure,
indicating the validity of our theory. Using a linear fit to the
experimental data, we find the K values for the C-S-H system
and H3S system, Kcsy = 0.007/GPa and Kys = 0.021/ GPa,
respectively. See Fig. 1 for details.
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FIG. 1. Linear pressure dependence on In7¢ at high pressure,
where T¢ is the critical temperature. The orange squares represent the
experimental data for H3S system extracted from Fig. 1 of Ref. [27].
The blue circles represent the experimental data for carbonaceous
sulfur hydride (C-S-H) presented in Ref. [38]. The solid lines are the
linear fit for experimental data.

IV. PRESSURE DEPENDENCE ON THE COHERENCE
LENGTH, THE LONDON PENETRATION DEPTH,
AND THE GINZBURG-LANDAU PARAMETER

Let’s start with the standard BCS formulas for the co-
herence length &£(7', P) and the London penetration depth
AL(T, P) [46], where we include the arguments of pressure
P = P — Py dependence in the definitions,

hv r
A’
where the Fermi velocity vg = kr /m*. The Fermi wave vector

is related to the density of quasiparticles n through kp =
(372n)'/3. The London penetration depth,

m*CZ 1/2
mr,p)=< ) , (19)

4 ne?

&(T,P) = (13)

can be written in terms of the coherence length and the explicit
mass dependence,

3r%c \'? 1 2 mg
M (T, P) = = @0
LT F) (4n2e2mg) <A3§(T,P)3> e 20

where c is the speed of light and e is the electron charge. For
the purpose of comparison, we provide the zero-temperature
London penetration depth as a fraction of its ambient pressure
value:

20,P)
2.(0,0)

When deriving this, we assume that the quasiparticle den-
sity n remains the same for the all pressure values. Similarly,
we provide the zero-temperature coherence length as a frac-
tion of its ambient pressure value,

£ (P) = §0.P) _ Ae 2KP (22)

£(0,0)

where we defined a constant A = 4/[(go(ex )v]e™ /8ol
Notice the exponential term in the definition of A, this is
because we assume that the ambient pressure superhydrides
are weak coupling superconductors. The coherence length and
the Landau penetration depth can be used to find the pressure-
dependent Ginzburg-Landau parameter:

K (0, P ) _ 1 sk

00 = A (23)

Kkp
2

Ao(P) = e

2

ko(P) =

As opposed to the other superconductors, we argue that
the coherence length and the Landau penetration depth cannot
be considered as relevant length scales for the superhydrides
under pressure. This is due to the fact that they have strong
pressure dependence as shown above. Thus, the classification
of type I versus type II may not be appropriate for superhy-
drides, unless one specifies the pressure.

V. ENHANCEMENT OF THE DENSITY OF STATES

In this section, we justify the validity of our theory by com-
paring the density of states. First, we extract the experimental
density of states from the experimental measurements for the
H;S system. The lower critical field and the upper critical field
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within the BCS theory are given by [46]

_ $o
He (T, P) = —4nk2(T, P In[« (T, P)] 24)
and
Hey(T, P) = %, (25)

where ¢o = hc/2e is the flux quantum. These two can be
combined into a single equation to determine the Landau
Ginzburg parameter using the lower and upper critical fields:

Hey (T, P)

K*(T,P)= —— "~
2Hc(T, P)

In[« (T, P)]. (26)

Once the Landau Ginzburg parameter is known, the ther-
modynamic critical field,

on

Hce(T, P) = , 27
A = T, PECT, Py 7
can be determined by
Heo (T, P)
He(T,P) = ——. 28
P V2«(T, P) 28)

The zero temperature limit of the thermodynamic critical
field is related to the density of states and the zero temperature
gap function:

Hc (0, P) = /2mg(ep)Ao. (29)

The pressure-dependent superconducting gap A, is related
to the pressure-dependent critical temperature, Ay = 2kgTt,
note the factor of 2 on the right-hand side in our theory as
opposed to the factor of 1.763 in standard weak coupling BCS
approximation. Finally, the experimental density of states at a
given pressure can be determined by using the experimental
determination of thermodynamic critical field and the critical
temperature:

H:(0, P)

87 (kgTc)* G0

gler) =
Using the magnetization measurements, the lower critical
field for the H3S system has been extracted to be H¢((0) =
0.03 T by Drozdov et al. [27]. However, using the sample
geometry of the NRS experiment [47], Hirsch and Marsiglio
[42] argued that Hcy > 2.5 T. Using this lower bound for the
lower critical field and the experimental value for the upper
critical field Hc, = 70 T, Eq. (26) gives us k = 4.6 for the
H3S system. Equation (28) then yields Hc(0) = 10.8 T. We
then use Eq. (30) to find the density of states for both spins
[42]:

glep) = 1.053/eVA3. (31)

This density of states is about 28 times larger than that
of the ambient pressure sulfer hydride, go(er) = 0.038/eVA?
[48]. Using the K = 0.021/GPa, the density of states of
the H3S system at pressure P = 155GPa, we find, g(er) =
go(er)ek? = 0.911/eVA3. This excellent agreement justifies
our massive electron concept for the superhydrides under
pressure.

VI. RESISTIVE BROADENING AT THE
SUPERCONDUCTING TRANSITION

Type-II superconductors show a broadening in resistivity
at the superconducting transition in the presence of an applied
magnetic field. Below the critical temperature, when the ap-
plied magnetic field is smaller than the upper critical field, but
larger than the lower critical field, the material enters into the
mixed phase. In the mixed phase, the magnetic field penetrates
into the material as flux quantum. The flux bundles appears as
vortices with normal conducting core forced by the diverging
superfluid velocity. These vortices interact through repulsive
forces, mediated by the vortex currents, but stay together due
to the magnetic pressure.

In the mixed phase, the circulating current causes the
motion of the vortices. This motion causes the flux-flow re-
sistivity which broadens the superconducting transition. The
resistivity, caused by the dissipation, originates from the nor-
mal core current in the vortex and the supercurrent around it
[49]. The vortex motion creates a disturbance to the supercur-
rent around the vortex, which results the creation of an electric
field distribution [50]. To have the continuity of the electric
field, a normal current circulates within the core of the vortex.
This normal core current creates the first dissipation. The
electric field, which is perpendicular to both vortex direction
and the vortex velocity, is created due to the motion of the
vortices in a magnetic field [51,52]. The second source of
dissipation is created by this electric field outside the vortex
core [46]. It has been shown that both of these dissipations
have a similar order of magnitude [46,50].

When a vortex is in motion, two forces can act on the
vortex, the Lorentz force and the frictional force. The Lorentz
force on a vortex includes both a Lorentz-like force caused
by the magnetic field pressure gradient in an external cur-
rent [53] and the Magnus contribution caused by the relative
motion between the vortex and the supercurrent [54-56]. The
Lorentz force is the only external force acting on a vortex in
a clean system. However, the materials always have disorder
and defects causing a frictional force on a moving vortex. This
frictional force is important in restoring the vortex motion
disturbed by the dissipation in the vortex core [57]. In a
clean enough system, the vortex flow gives rise to a flux flow
resistance due to these forces acting on a vortex. Using the
condition for the dynamical equilibrium where the frictional
force is equal to the Lorentz force, the flow resistivity has been
derived [58,59],

21EX(T, P)pa(T, P)B
¢o ’

where B is the applied magnetic field and p,(T, P) =
m*/(ne’t) is the normal-state resistivity with T being the
relaxation time. Taking the zero-temperature limits, the flux
flow resistivity as a fraction of its ambient pressure value:

(32)

_PO.P) 5 _3kp
(P) = 20.0) =A’¢ . (33)

Note the exponentially decaying factor e 3k* for the H3S
and C-S-H systems at their highest critical temperatures,
7.2x107 and 3.5x 1073, respectively. These are almost 4 or-
ders of magnitude smaller and 3 orders of magnitude smaller
than that of the ambient pressure resistivities, respectively.
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This low resistivity gives a larger conductivity for the super-
current at the transition, therefore, the resistivity broadening
is very small as evident by the experiments.

VII. CONCLUSIONS

We proposed a concept of a massive electron scheme to
explain the nonstandard properties of high-temperature su-
perhydride superconductors. We showed that the effective
mass of the electron quasiparticles exponentially increases
with applied pressure and agrees with experimental critical
temperatures. Our investigation showed that the superhydrides
are strongly interacting-conventional BCS superconductors at
high pressure due to the large density of states. The estimated
density of states and conductivity at the transition, in the pres-
ence of a magnetic field, are consistent with the experimental
observations. We showed that the coherence length, the Lon-
don penetration depth, and the Landau-Ginsburg parameter
all have strong pressure dependence, hence the traditional

categorization of type-I versus type-II superconductors is not
applicable to superhydrides. Further, we showed that the con-
ductivity at the superconducting transition in the presence of
magnetic field is 3-5 orders of magnitude larger than that of
other superconductors. Therefore, the superconducting transi-
tion width is very narrow, similar to type-I superconductors
as seen in experiments. This larger conductivity is due to
the strong pressure dependence on the coherence length. In
addition to H3S and C-S-H systems, the LaH;y system also
shows near-room-temperature superconductivity under pres-
sure [29]. Even though we have not compared LaH;y data
with our theory, we anticipate our theory is applicable to this
system also.
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