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A comprehensive study of the vortex phases and vortex dynamics is presented for a recently discovered high-
temperature superconductor ThH;y with 7= = 153 K at 170 GPa. The obtained results strongly suggest a quasi-
two-dimensional (2D) character of the vortex-glass phase transition in ThH;o. The activation energy yields a
logarithmic dependence U, o In(H') on magnetic field in a low-field region and a power-law dependence Uy ~
H~"in a high-field region, signaling a crossover from 2D regime to three-dimensional collective pinning regime,
respectively. Additionally, a pinning force-field dependence showcases dominance of surface-type pinning in the
vicinity of 7¢. Thermal activation energy (Up), derived within thermally activated flux-flow theory, takes very
high values above 2 x 10° K together with the Ginzburg number Gi = 0.039-0.085, which is lower only than
those of BiSrCaCuO cuprates and 10-3-8 family of iron-based superconductor. This indicates the enormous role
of thermal fluctuations in the dynamics of the vortex lattice of superhydrides, the physics of which is similar to
the physics of iron-based and copper-based high-temperature superconductors.
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I. INTRODUCTION

The discovery of superconductivity at 203 K in the sul-
fur hydride H3S [1], anticipated on the basis of theoretical
calculations [2,3], has stimulated great interest among the
condensed-matter physics community. A tremendous amount
of work was carried out, both theoretical [4-6] and ex-
perimental, leading to the emergence of a novel class of
high-temperature superconductors (HTSCs)—metal superhy-
drides [4]. This new class of superconductors consists of
several different structural types (Fig. 1): face-centered-cubic
decahydrides: LaH;o [7,8], ThH;o [9], and CeH;( [10]; cubic
body-centered hexahydrides: YHg [11,12], CaHg [13], and
EuHg [14]; hexagonal nonahydrides YHq [12], CeHy [10,15],
ThHy [9], tetragonal LaH4 [16—18], YH4 [19], and A15-type
polyhydrides, including LasH,3 [20,21], LugHy3 [22], and
Y4Hy; [23]. These structural classes of binary hydrides also
cover the structures of ternary polyhydrides in cases where
two metal atoms can replace each other’s positions. Most
of the mentioned hydrides and their crystal structures were
first found as a result of theoretical studies long before their
experimental discovery [24-27].

Superconductivity in hydrides emerges under extreme
pressures, which can be achieved statically only in diamond-
anvil cells (DACs). Unlike two other major families of
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HTSCs—cuprates and iron-based superconductors (IBSCs),
which were thoroughly investigated in the past by all avail-
able methods—the superhydrides are the least explored class
of superconductors due to physically limited access to the
high-pressure zone between two diamond anvils. Amongst
the most significant experimental results firmly established for
superhydrides are the observation of isotope effect, and mag-
netic(nonmagnetic) impurity scattering effect on the critical
temperature (7¢). Still, much more effort is required to get
reliable results on diamagnetic response [28,29], flux trapping
[30], and resistive transitions in extreme magnetic fields [31].
Most recently, the experiments on self-field critical current
allowed to tackle not only the energy gap value, but also
estimate the London penetration depth in cubic SnHy [32].
However, until now there are very few works that studied the
main properties of the mixed state in hydride superconductors.
The mixed state governs properties of any type-II supercon-
ductor in magnetic fields H > Hc;. Studying the mixed state
and the vortex matter in superhydrides is essential for fur-
ther understanding of the physics behind the high-pressure
superconductors, as well as for possible future applications
of hydrides.

For cuprates and iron-based superconductors, it is firmly
established that the ability to conduct current in magnetic
fields without resistance in the vicinity of 7¢ mostly depends
on the thermal fluctuations. In some cases, zero resistivity
in the presence of weak magnetic fields can be achieved
only at very low temperatures, because of the impact of ther-
mal fluctuations. Generally, in layered HTSC the following

©2024 American Physical Society
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FIG. 1. Main structural classes of superconducting metal polyhydrides with examples of their lattice structure and x-ray diffraction
signatures (a) fcc cubic deca- and nonahydrides with the highest known T¢ values; (b) hexagonal nona- and decahydrides; (c) bec cubic
hexahydrides which also incorporate H3S. (d) Al5 class of cubic superhydrides, and (e) tetragonal superhydrides characterized by low
stabilization pressure, but also by relatively low critical temperatures 7 &~ 70-100 K.

factors drastically increase the effect of fluctuations: high crit-
ical temperatures, short coherence length &, large penetration
depth Ar, and high anisotropy parameter y. In superhydrides,
& is short whereas Ap is large, the critical temperatures are
even higher, but the anisotropy ratio seem to be about unity
due to highly symmetric structure similar to conventional
low-temperature superconductors. In view of the above, it
is therefore interesting to study how the increase in critical
temperatures up to twice as much as in cuprates and 4-5
times as much as in IBSC alongside the isotropic nature of
superhydrides will affect the vortex matter.

Recently, the vortex glass-liquid transitions in Im3 m-YHg
with 7c = 215K were studied, and it was shown that vortex
motion in liquid phase is governed by thermal fluctuations,
in a rather narrow (~1.5-2 K) region, but with very high
activation barriers. This result seems to distinguish the yttrium
superhydride YHg from other HTSCs in the vortex-matter
physics. In order to check the generality of this result, we have
chosen for study another member of the hydrogen-rich HTSC
family, thorium decahydride, ThH;, which has different crit-
ical parameters—Ilower critical temperature, larger coherence
length, and larger penetration depth.

II. EXPERIMENTAL DETAILS AND SYNTHESIS OF ThH;,

Superconducting sample of Fm3 m-ThH;( was synthesized
in a DAC by a pulsed Nd:yttrium aluminum garnet infrared
laser (1.064 um) heating of about 2-um-thick thorium piece
loaded in ammonia borane (NH3BH3) medium that plays the
role of a source of hydrogen. Laser heating by 4-6 pulses, with
a duration of each pulse about 300 ms, was performed under
pressure of about 170 GPa. The diameter of the diamond
anvils was 280 um beveled at an angle of 8.5° to a culet
of 50 um. We used a composite insulating gasket made of
CaF,(epoxy) and a nonmagnetic steel. Additional details of

the synthesis, structural x-ray-diffraction studies, and charac-
terization of the sample were published in Ref. [9].

Measurements of current-voltage characteristics and elec-
trical resistance were performed with a combination of a
Keithley 6221 dc current source and a Keithley 2182a nano-
voltmeter (see Supplemental Material [33]), with a standard
four-probe technique in the van der Pauw scheme. The Cernox
temperature sensor was fixed directly on a diamond-anvil seat
very close to the sample with a thermoconductive paste in
order to correctly measure temperature of the sample. Exper-
iments in magnetic fields were performed with the Cryogenic
CFMS-16 system.

III. RESULTS AND DISCUSSION
A. Vortex glass and linear resistivity in ThH;,

According to the vortex-glass theory proposed by Fisher
et al. [34,35] for type-II superconductors, the analysis of
the linear current-voltage characteristics (V oc /) in a low-
current mode and corresponding temperature dependencies
of the (linear) resistivity in magnetic fields may reveal the
presence of a vortex glass. In the vicinity of the vortex-glass
transition temperature 7T, the vortex matter in type-II super-
conductors with quenched disorder undergoes a second-order
phase transition. This phase transition is characterized by
the vortex-correlation length &, and vortex-relaxation time 7,
of the fluctuations of the glassy-order parameter, and they
both diverge at 7,. The correlation length diverges as &,
1-T/T,|™", and the relaxation time diverges as 7, o (§,)°
|1-T /Ts|~*" ,where v is the static exponent and z is the dy-
namic exponent. Then, linear resistivity vanishes following

pin(T) o |T — Tl ey

where s = v X (z + 2-d) and d is the sample dimensionality
[34,35].
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Moreover, current-voltage characteristics follow a scaling
law, in which I-V isotherms below 7, and above 7, collapse
into two distinct scaling curves in coordinates Vi, versus

Lcale:
Vieale = (V/I) x |1 — T ) Ty| 7“2,
Lycae =U/T) x |1 — T/T:gr”(d*l). )

Fisher et al. also predicted that in 2D superconductors the
vortex-glass phase transition can exist only at 7, = 0K [36].
This was shown experimentally on 1.6-nm-thick Y-123 film
[37] and on highly anisotropic T1-2212 crystals with very
weak coupling between superconducting layers [38]. How-
ever, for systems with lesser anisotropy 3D scaling procedures
may give unphysically large value of z and very small value of
v [38]. Yamasaki et al. [39] proposed a model where vortex-
glass correlation length in one dimension (fé = &, &) did not
scale o< |T—T,| for some reason, and demonstrated so-called
quasi-2D behavior with d = 2. Later, it was shown by Sefrioui
et al. [40] that in cuprates the situation depended on the sys-
tem anisotropy, and the dimensionality of the vortex structure
gradually went from 3D behavior (for low anisotropy) through
quasi-2D behavior (for intermediate anisotropy) to pure 2D
behavior (for high anisotropy).

Furthermore, in subsequent years, it was shown that the
theory of quasi-two-dimensional vortex glass was applica-
ble not only to highly anisotropic cuprates, but also to less
anisotropic superconductors such as FeSe [41], MgB, [42],
and even to isotropic superconductors such as thin films of
TiO [43]. And if in cuprates, the quasi-two-dimensional be-
havior can be explained by the fact that the correlation along
the direction of the magnetic field is broken due to the weak
coupling between the superconducting planes. Then, in more
isotropic films, it is most reasonable to associate the violation
of correlation with the fact that the correlation length becomes
comparable in order of magnitude to the thickness of the
superconducting film.

1. Linear resistivity measurements

We start with investigation of the linear resistivity.
Figure 2(a) shows temperature dependence of resistivity of
ThH;( sample, measured across the superconducting transi-
tion, at 170 & 5 GPa in various magnetic fields up to 7 T. One
can see that in zero magnetic field the sample experiences a
superconducting transition at about 7¢c = 153 K (psq criteria):
below T¢ the resistivity drops quickly to zero. The transition
shifts to lower temperatures and slightly broadens as external
magnetic field increases. The studied ThH,y sample had the
shape of a disk with ~2-um thickness and ~ 20-25-um diam-
eter. In our measurements we used a current of ~ 100 uA, and
the resistivity was estimated according to the van der Pauw
formula p = Rmrt/1In(2), where ¢ is the sample thickness and
R is the electrical resistance of sample.

In order to investigate the vortex-glass transition in ThHy,
we first analyzed the low-dissipation (linear) part of the re-
sistive transitions. In Fig. 2(b), upper panel, we show In(p)
vs T curves for two magnetic field values. In the lower panel
of this figure we show the inverse derivative [d In(p)/d 717!
vs T, recalculated for the same curves. One can see a linear
region, showcasing the power-law dependence reminiscent of

Eq. (1) with 7, defined as an intercept with the T axis, and the
slope of the line being 1/s. The temperature where the inverse
derivative deviates from linear behavior is marked as 7*, and
it signifies an upper bound of the critical region, where the
second-order vortex phase transition takes place.

A complete set of inverse derivatives for all magnetic fields
is shown in Fig. 2(c). The values of the critical exponent
for different fields vary approximately from 1.4 to 2.0 [see
the inset of Fig. 2(c)]. These values are comparable to those
obtained for cuprate HTSC, for example for heavily irradiated
sample of YBCO in Ref. [44], where authors also obtained
critical exponent ranging from s = 1.2 to 3 (for similar mag-
netic fields). According to the modified vortex-glass model,
suggested by Andersson et al. [45,46], normalized linear re-
sistivity in various magnetic fields in the critical region should
scale into one universal curve in coordinates p/pn VS Tycale =
[T(Tc — T,)/T,(Ic — T)-1], where p, is a resistivity in the
normal state near superconducting transition. As can be seen
in Fig. 2(d), the resistivity transitions in fields between 0.5
and 7 T scale into one curve with the critical exponent s =
1.3 £ 0.4. Excellent agreement with the Andersson model for
ThH indicates the applicability of vortex-dynamics concepts
to the hydride superconductors ThHq at ultrahigh pressures.

B. Temperature- and field-dependent I-V characteristics

It is worth noting that even though power-law behavior
and scaling law of linear resistivity give significant evidence
for the existence of the phase transition from vortex-liquid
to -glass state, the most crucial and well-established proof
for vortex-glass (VG) model is the scaling of current-voltage
(I-V) characteristics. To explore this, we performed two sets
of I-V experiments. In the first, a more traditional set, we
stabilized magnetic field, and then measured /-V curves at
different temperatures (7 set). In the second experiment we
stabilized temperature and measured /-V curves in different
magnetic fields (H set).

The inset of Fig. 3(a) depicts a set of current-voltage
characteristics of ThH;( in a double-logarithmic scale for a
magnetic field H = 2T in the temperature range from 139 to
146 K. T, can be approximately estimated from these log(/)-
log(V) isotherms as the temperature at which the curvature
changes from upturn to downturn with decreasing tempera-
ture. The “T = T,” curve is represented by a dashed line.
Then, we applied universal scaling for all I-V curves in co-
ordinates of Eq. (2). As was found in the previous section, the
linear resistivity data give rather small values of critical expo-
nent s = 1.3 4+ 0.4 [from the universal scaling; see Fig. 2(d)]
and 1.4-2.0 [from the inverse derivative data, Fig. 2(c)]. Such
small values are usually inherent in a quasi-two-dimensional
(quasi-2D) VG case [35], leading us to start scaling with
parameter d = 2 in Eq. (2). As one can see [main panel of
Fig. 3(a)], all ten I-V curves for d = 2 collapse into two
distinct branches for T' < Ty and T > T,. The dashed line
corresponds to a power-law dependence V oc I@+D/@-D for
the T = T, case. From this scaling we obtain the static and
dynamic exponents: v = 1.90 and z = 0.41. The vortex-glass
transition temperature for H = 2T was found to be 144.7 K,
which is very close to 7, obtained from resistivity data.
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The second set of current-voltage characteristics, which
was measured at fixed temperature and in different magnetic
fields (H set) is shown in Fig. 3(b) (inset) in double-
logarithmic scale. Here, we can estimate the vortex-glass
transition field Hy, at which I-V dependences change their cur-
vature (marked by dashed line). The main panel of Fig. 3(b)
shows that the I-V curves for d =2 are collapsing into
two distinct brunches for H < Hy and H > H,. The dashed
line corresponds to a power-law dependence V oc 1@ +D/(@-D)
for the H = H, case. Resulting scaling parameters are v =
2.15 and z = 0.53. The vortex-glass transition field for 7 =
148.4K was found to be H, = 1.15T. The critical exponent
s = v(z + 2—d) for two sets of I-V curves are 0.78 and 1.14,
which is rather close to the value of s = 1.3 obtained from
linear resistivity scaling [Fig. 2(d)] and s = 1.4—1.5 obtained
from inverse derivatives in low fields [Fig. 2(c)].

The scaling parameter v (static exponent), determined from
this analysis, ranges from 1.90 to 2.15 that is consistent with

2245

the bulk vortex-glass models (v varying from 1 to 2) [35].
At the same time, the dynamic exponent z appears to lie
between 0.41 and 0.53, which is much lower than commonly
reported values, falling in the range from 4 to 7. We note,
however, that similar small values of z are typical for sev-
eral cases, reported in quasi-2D systems: FeSe thin film [41]
(z varying from 0.43 to 0.56), BiySr,Ca;Cu30jp,s submi-
crobridges [47] (z varying from 0.38 to 0.39), YBa,Cu3O,
thin films [48], and bulk FeSe;_,S,-layered system [49]
(z=10.82for 6 T).

In order to double check the above quasi-2D scaling we
applied the same critical scaling procedure with d = 3. The
results of the scaling are as follows: v = 0.88 and z = 1.74
(see Supplemental Material, Fig. S1). As one can see, the
scaling results for d = 3 are much less consistent with the
linear resistivity data [s = v(z 4+ 2-d) = 0.6 for T set] and
are inconsistent with generally expected values of the critical
exponents for 3D case. Usually, in three-dimensional case, v
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FIG. 3. Quasi-two-dimensional dynamics of the vortex lattice in ThHo. (a) Current-voltage characteristics of ThH;y in the double-
logarithmic scale of Eq. (2) for a magnetic field H = 2T in the temperature range from 139 to 146 K (T set). Inset: /-V characteristics in
a double-logarithmic scale. (b) Current-voltage characteristics of ThH;¢ in the double-logarithmic scale at 148.4 K in the range of magnetic
fields from 0.8 to 1.37 T (H set). The scaling for H set of I-V curves is performed in the same manner as the one for 7 set with isotherms,
but in this case, the scaling coordinates [Eq. (2)] will have temperature-dependent term T /T, substituted by the field-dependent term H/H, in
accordance with similar vortex-glass investigations [50,51]. (c) Arrhenius plot In(p) vs 1/T, where p is resistivity of the sample with assumed
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Uyp =—d(In p)/d(1/T) (y axis) and magnetic field (x axis) in semilogarithmic scale. (d) Vortex phase diagram of ThH;, at 170 GPa.

varies from 1 to 2, z belongs to the 4-7 interval, and s lies
between 2.7 and 9 [35].

Summarizing the results of this section, we can state that
according to the linear resistivity scaling, inverse derivative
data and universal critical scaling for two sets of I-V curves,
the vortex-glass state emerges in the ThH;o superconductor
as a possible quasi-2D-state, at least in fields up to 2 T. The
obtained values of the critical exponents (s, v, and z) are sim-
ilar to those in several preceding experiments where quasi-2D
vortex glass was studied in highly anisotropic HTSCs [47],
and also in systems with rather low anisotropy (like FeSe
and FeSe;_,S, [47]). The low dimensionality of vortex sys-
tem occurs in superconductor when vortex correlation length
becomes comparable with either distance between weakly
coupled superconducting planes (like in most cuprates and

some iron-based HTSCs), or one of sample dimensions, or
distance between planar defects, such as grain boundaries,
with absent or suppressed superconductivity. We believe both
latter scenarios are possible for polycrystalline ThHy sample.
The most logical proof that the correlation length becomes
comparable to the thickness of the sample would be a series
of experiments with different crystal thicknesses, which was
done for cuprates, for example. Unfortunately, at the current
stage of experimental capabilities in superhydride physics,
this is almost impossible to do, because the thickness of
the sample is quite strictly tied to the thermodynamic stabil-
ity pressure of the superconducting phase. It should be also
noted that the discrepancy of the scaling parameters even in
the quasi-2D approximation may also indicate more compli-
cated vortex dynamics in ThH;o, which is beyond the current
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theoretical models. In order to verify this assumption, a wide
discussion in terms of theoretical description and experimen-
tation results is required.

We also performed a detailed investigation of pinning force
and critical current field dependences, which can give us infor-
mation of the type of defects and geometry of pinning centers.
The existence of the planar defects is very difficult to estab-
lish without scanning technique, like transmission electron
microscope (TEM) [52]. However, it is possible to determine
the geometry of defects in a superconductor from studying
the field dependence of the pinning force. According to flux-
pinning theory, developed by Dew-Hughes [53], the pinning
force F;, = I. * H has a strictly defined functional dependence
for each of the individual types of defect geometry: volume,
surface, or pointlike. The details of the pinning force investi-
gation are presented in Supplemental Material, Fig. S2. The
results show, that in the vicinity of 7¢ pinning force follows
the functional dependence F, h00(1-h)*!, with maximum
at hyax = 0.22 (h = H/Hy, is the reduced field, and Hj, is
the irreversibility field). This dependence is in very good
agreement with the one F, « hO'S(l—h)z'O (where hyx = 0.2)
theoretically predicted for normal-core surfacelike pinning
centers. Thus, our analysis of the pinning force indicates the
presence of surface defects in the sample, which supports one
of the two possible scenarios for the quasi-2D character of the
vortex matter in ThHg.

C. Vortex liquid and the thermally activated flux-flow theory

Above the melting line, the vortex glass undergoes a phase
transition into the vortex-liquid state. Here, the dynamics of
the system is regulated by the competing contributions of
vortex motion, guided by thermal energy k3T and the effective
pinning energy U (T, H). If the pinning energy is smaller than
the temperature, they can be neglected and then the system
is in unpinned vortex-liquid state. However, if U(T, H) is
higher than the temperature, then energy barriers play vital
role in vortex motion via thermally activated mechanism and
the system is in the TAFF state. According to the thermally ac-
tivated flux-flow (TAFF) theory [35,54], if the applied current
is small enough then a temperature dependence of resistivity
is defined as

o(T,H) = poexp[-U(T,H)/T], 3

where U(T, H) is the activation energy, and prefactor p
is in general case dependent on both temperature and mag-
netic field. However, for the most of experimental studies in
iron-based superconductors, cuprates, and conventional super-
conductors it is assumed that p, is temperature independent,
and the activation energy is defined as U(T, H) = Up(H) X
(1-T /T¢). Here, Uy is the apparent activation energy. With
these two assumptions, natural logarithm of the linear electri-
cal resistivity [Eq. (3)] is expressed as

In p(T.H) =1n py — [Up(H)/T]+ [Uo(H)/Tc]. (4

Equation (4) is known as the Arrhenius relation, and the
plotin In(p) vs 1/T coordinates will exhibit a linear behavior
in the TAFF regime [49,55]. In Fig. 3(c), we present In(p)
vs 1/T plots for different magnetic fields from 0.25 to 7
T, in order to find the temperature region that satisfies the

Arrhenius relationship [Eq. (4)]. As Fig. 3 shows, for each
magnetic field there is a distinct linear region marked by red
dashed lines, following TAFF regime, and its slope gives us
the activation energy Uy(H ). The magnetic field dependence
Uy(H) is presented in the inset of Fig. 3(c). As one can see,
the flux-pinning activation energy shows two distinct regions
in semilogarithmic scale. In one region, from 0.25 up to 1.5
T, it exhibits a logarithmic behavior Uy(H) o —In(H ), and at
higher fields we see a crossover to Uy(H) « 1/H behavior,
thus suggesting different mechanism for activated vortex mo-
tion in these field regions. We estimated the flux-flow barriers
Up(H) = 1.5-20 x 10* K to be very high (for H = 2T), even
higher than in YHg [56].

Usually the Uy(H ) o —In(H ) behavior is observed in many
2D [57-59] and quasi-2D systems [60,61], in agreement with
the results of the previous sections. There are several possible
mechanisms which can be responsible for these particular
field dependences of the activation energy. The first mech-
anism that leads to logarithmic behavior of pinning energy
is the motion of thermally activated vortex-antivortex pairs,
observed, for example, in highly anisotropic Bi-2212 cuprates
[62], where interplanar coupling is particularly weak. It was
proposed by Jensen et al. [63] that this type of vortex move-
ment is associated with activation energy:

_ yd < do )
v = onar e ) ®)

where Ap, and & are the London penetration depth and co-
herence length, respectively, ¢¢ is a flux quantum, d is the
thickness of the superconductor, and ay = (¢o/H )93 is the
flux-line spacing. Equation (5) describes logarithmic decrease
of the activation energy with magnetic field. However, we
believe it is highly unlikely that vortex-antivortex case, which
was only observed in very specific quasi-2D systems, is ap-
plicable for a polycrystalline hydride system like our ThH
sample.

The second mechanism that leads to logarithmic behavior
of pinning energy is the nucleation of edge-dislocation pairs
in the vortex system. Following Ref. [64], the energy required
to unbind a small dislocation pair is finite and leads to an
activation energy given by

P3d ( ap >
edge = 1 )
Uetee = 102 " &) ©

which is very similar to Eq. (5) and leads to similar Uy(H)
—In(H) dependence.

The next possible mechanism of dissipation is the vor-
tex cutting and reconnection in the entangled vortex liquid,
proposed in Ref. [65]. Entangled vortices can cut each other
if the distance between them decreases below the average
flux-line spacing ay and becomes comparable to the vortex
core diameter £. The energy required for cutting (neglecting
the energy due to the vortex elongation) is

2d
% 21n< el ) (7)
32720,(T) §(T)
As one can see from Eqgs. (5)—(7) the prefactors before

logarithm (with slightly different numerical multipliers) are
dependent on the superconductor thickness, d, and London

cut
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penetration depth. Following the steps in Ref. [61], we now
estimate the correlation length &, for our vortex system, using
the experimental slope of activation energy U o In(H) depen-
dence, and London penetration depth obtained from self-field
critical-current experiments in accordance with Refs. [66,67]
and also Ref. [32] (for details, see Supplemental Material, Fig.
S3). Resulting values of the correlation length &, are 6.5 and
13 um for Egs. (6) and (7), respectively. Both correlation-
length estimations exceed our sample thickness (d ~ 2 um),
validating the assumption of quasi-2D behavior of vortex
liquid in ThH;¢ in weak magnetic fields. However, within
our investigations, we are unable to exclude any of the two
possible mechanisms for thermally activated dissipation.

The power-law behavior of activation energy in higher
fields U o< 1/H [as shown in the lower inset in Fig. 3(c)]
starts at approximately 1.5 T and goes up to 7 T. The H*
dependence with &« = —1 behavior is rather typical for high-7¢
cuprate superconductors [61,68], iron-based superconductors
[69], and boride superconductors [70]. Such power law is
associated with three-dimensional collective pinning regime
[69,71,72]. In this regime, when magnetic fields are high
enough, so that the intervortex interaction becomes signif-
icant, Uy is controlled by collective pinning of the vortex
bundles confined by a field-dependent correlation volume
[73,74]. Thus, our results depict a crossover in the vortex
activation energy from two-dimensional regime, controlled
by either vortex-edge dislocations or vortex cutting, to three-
dimensional regime, controlled by collective pinning of the
vortex bundles.

Finally, based on the values of Hey(T'), T,(H), T*(H), a
detailed H-T vortex phase diagram is constructed in Fig. 3(d),
reflecting all the experimental data and theoretical investiga-
tions of linear resistivity, universal /-V scaling, and thermally
activated vortex motion. We were able to distinguish four
different regions in the mixed state of Fm3 m-ThH;y su-
perconductor: (i) Vortex-glass region, displaced below the
melting line T;(H); (ii) Critical region between T,(H) and
T*(H) lines, where a gradual phase transition takes place;
(ii1) quasi-2D TAFF region above the T*(H) line in fields
H < 1.5T; and (iv) 3D collective-pinning region. Using
Tc = 153K, He»(0) = 40T, and & = 2.87 nm, we estimated
the Ginzburg number for ThH;o as Gi = 0.039-0.085. Such
large values are typical for cuprates [35] and iron-containing
pnictides [75], indicating a direct analogy in the dynamics

of vortex matter between cuprate HTSC superconductors and
thorium ThH( and yttrium YHg [56] superhydrides.

IV. CONCLUSIONS

To summarize, we have studied the complex vortex state
in a ThH,( high-temperature superconductor under 1.7-Mbar
pressure. Our results suggest possible quasi-two-dimensional
nature of the vortex-glass state, reminiscent of copper-based
superconductors and some other systems. Within the frame-
work of TAFF theory we established that vortex motion in
liquid state is governed by strong thermal fluctuations. Ther-
mal activation energy (Up) and the Ginzburg number are very
high in ThHo: Uy exceeds 2 x 10° K and Gi = 0.039-0.085,
respectively. In terms of these parameters, the thorium hy-
dride approaches the records of BiSrCaCuO system and
Cajo(Pt3Asg)[(Fe Pty ),Asy]5 [76]. Magnetic field depen-
dence of activation energy exhibits a crossover at field H, =
1.5T from a quasi-2D logarithmic behavior Uy o In(H) to
3D power-law behavior Uy o 1/H, apposite for collective-
pinning regime. The analysis of low-dissipation region of
linear resistivity in combination with universal scaling of
current-voltage characteristics allows us to assert the existence
of the vortex-glass state, its melting line 7y(H), and critical
region in accordance with the VG theory.

The raw data that support the findings of this study are
available in the Supplemental Material of this and on the
GitHub [79].
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