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The field of heavy-fermion physics emerged nearly four decades ago and has since remained one of the most
prominent research directions in condensed-matter physics. Nonetheless, while significant progress has been
made in unraveling heavy-fermion behavior and accompanying exotic phenomena, many questions remain. This
issue can be advanced from two directions: comprehensive understanding of existing materials and discovery
of novel systems. In this work, we propose a targeted method for discovery of uranium-based heavy-fermion
materials by synthesis of complex intermetallic compounds with low mass percentage of uranium, high
coordination number of uranium, and long overall shortest uranium bond length. We report the discovery and
synthesis of the new complex uranium-based heavy-fermion material U3 Hgge, which suggests this approach to
be a reliable route for the targeted search of novel strongly correlated uranium-based materials. The Sommerfeld
coefficient y = 630 mJ mol;' K2 indicates extremely strong electronic correlations and places U,3Hgggs among
the heaviest uranium-based compounds. U3 Hgge orders antiferromagnetically below 7y = 2.2 K and displays a
dual nature of the 5f electrons. This work will pave a way for a comprehensive understanding of heavy-fermion

phenomena in general and uranium-based systems in particular.
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Actinide- and lanthanide-based strongly correlated materi-
als exhibit a wide range of peculiar properties: unconventional
superconductivity and quantum criticality, coexistence of su-
perconductivity and magnetism, complex magnetic configura-
tions, hidden order, as well as heavy-fermion and non-Fermi-
liquid behaviors [1-15]. Not surprisingly, these intriguing
materials can be easily perturbed by chemical substitution,
magnetic field, or pressure, frequently revealing puzzling
phase diagrams. Deviations from theoretical predictions are
often observed in the vicinity of the emergent ground states
and thought to arise from partial localization of f electrons,
driven by an interplay between the hybridization of the 4f or
5f states with the conduction electrons and the local Coulomb
correlations [16].

Compared with cerium- and ytterbium-based materials,
fewer uranium-based heavy-fermion systems are known
[1-3,13]. Moreover, the vast majority of uranium-based com-
pounds display comparatively small values of the Sommerfeld
coefficient y, as can be seen from Fig. 1. The fundamental
reason behind such a considerable difference in electron mass
enhancement of 4f vs 5f compounds is not yet clear, which
can perhaps be attributed to the complexity and scarcity of
uranium-based heavy-fermion systems. Given the intricacy of
uranium-based materials from a computational point of view,
more experimental investigations will likely shed light on this
matter.

In search of new uranium-based heavy-fermion com-
pounds, we have examined the existing systems: among
unperturbed compounds, the highest values of y are ob-
served in UPt; (y = 420 mJ moly' K2 [1]), UyZny; (y =
450 mJ mollj1 K~2 [17]), UPd,Aly (¥ = 500 mJ moly;' K2
[18]), and UCd;; (y = 840 mJ mol;' K=2 [19,20]). From
Fig. 1(a) it is evident that atomic concentration does not
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affect the Sommerfeld coefficient y: moderately heavy
(y <200mJ mol;' K=2), intermediately heavy (200 <
y < 400 mJ molﬁl K~2), and exceptionally heavy (y >
400 mJ mollle_2) compounds cover a large span of U
coordination and atomic concentration. The effect of atomic
[Fig. 1(a)] and mass [Fig. 1(b)] concentrations of U is drasti-
cally different: not only should uranium atoms be diluted, but
it is more beneficial to mix heavier elements with uranium,
if we want to observe heavy-fermion behavior. This gives us
a first clue as to where we can find uranium-based heavy-
fermion systems — compounds with uranium coordination
number above 12 and mass percentage under 40% should be
considered. We then proceed to examine features of chemical
bonding in uranium-based materials, as this has been shown to
have a strong influence on their ground-state properties [30].
It is clear from Fig. 1(c) that the shortest uranium-uranium
bond does not affect the Sommerfeld coefficient, while some
enhancement is driven by an increase of coordination. We now
examine the overall shortest uranium bond, i.e., the shortest
distance between a uranium and a nonuranium atom. From
Fig. 1(d), we notice that for the majority of uranium-based
compounds with an exceptionally heavy electron mass, this
distance is above 3 A.

By examining several characteristics of known uranium-
based heavy-fermion materials we can postulate three key
ingredients that will likely lead to the discovery of new
uranium-based heavy-fermion systems: (i) mass percentage
of uranium should be below 40%, (ii) coordination number
of uranium should be above 12, and (iii) the overall shortest
uranium bond should be above 3 A.

There are even more similarities between two heaviest
uranium-based materials UCd;; and U,Zn;7. Both systems
order antiferromagnetically, with uranium-uranium distances
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FIG. 1. Coordination number of uranium as a function of Sommerfeld coefficient y for uranium-based heavy-fermion compounds. The
color represents (a) atomic percent uranium, (b) mass percent uranium, (c) length of the shortest uranium-uranium bond, and (d) length of the
overall shortest uranium bond for each of the compounds. The newly discovered compound U,3Hggs is marked by a star symbol.

above the Hill limit [30], highly coordinated uranium atoms
with complex unit cells, and are composed of uranium and
column IIB atoms Zn or Cd. In hopes of reproducing the
strong hybridization of uranium f electrons, which is likely re-
sponsible for such a considerable effective mass enhancement,
we have assessed the U-Hg phase diagram. The initial interest
in the U-Hg system was driven by the intention of recovering
U from spent nuclear fuels via amalgamation [31-33]. This
was also thought to be an avenue toward enhancing the
purity of U metal itself [34-39]. However, it was quickly
realized that all U-Hg compounds are extremely air sensitive
[40—43], which limits their industrial applications. This can
possibly explain the small number of studies pertaining to
the physical properties of the U-Hg phases. Nonetheless,
several U-Hg compounds were discovered and characterized
from the crystallographic point of view: hexagonal UHg,
[33,40-48] and UHg; [33,40-44,46-48], as well as cubic
U Hg,s [49], which was previously thought to be UHg,
[33,40-42,46,47,50,51]. UHg was suggested to crystallize in a
hexagonal lattice [46,48]. Due to conflicting reports regarding
physical properties of the U-Hg phases [45,51-53], we have
synthesized polycrystalline samples of U,3Hgge, UHg;, and
UHg, and several other stoichiometries [see Supplemental

Material Fig. S1(a)] [54]. The preparation of these materials in
high-purity single-phase form was exceptionally challenging,
due to the extreme air and moisture sensitivity of all U-Hg
phases. The solution of these issues, along with further exper-
imental details, are summarized in the Supplemental Material
[54].

In this work, we present the discovery and character-
ization of a novel antiferromagnetic heavy-fermion com-
pound Up3Hgge. This system exhibits an exceptionally large
electronic specific heat coefficient y = 630 mJ moll_jl K2
Up3Hgg, fulfills all three criteria listed above: (i) the uranium
mass percentage is 21%, (ii) the average uranium coordination
is 15, and (iii) the overall shortest uranium bond is a uranium-
mercury one with length of 3.12 A. Uj3Hggg is the first suc-
cessful example of a novel system found using these empirical
parameters, suggesting a route for forthcoming discoveries.

The crystal structure of the investigated compound was
previously assigned to the Sm;;Cdys structure type (space
group F43m, 448 atoms in the unit cell) [49]. Despite the
fact that the x-ray powder diffraction pattern was indexed
completely using the cubic F-centered unit cell with a =
21.7172(7) A, our attempt to calculate the intensities of
reflections reveals marked deviations from the experiment.
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FIG. 2. Crystal structure of U,3Hggg: (a) X-ray powder diffrac-
tion pattern (CuKe; radiation, A = 1.54056 A) with Iops, Ieale, and
Iops — Leac represented by black circles and red and blue lines, re-
spectively. The black ticks mark peak positions for the space group
F43m. Inset: arrangement of the four types of nested polyhedra
units in the unit cell [A (gray), B (blue), C (yellow), and D (pink)].
(b) Constitution of the 29- (A and B), 27- (C), and 26-atom (D)
polyhedra units. U and Hg atoms are represented by green and gray
spheres, respectively.

Upon further refinement, the occupation of the position at
(3/4,3/4,3/4) was reduced toward zero, and the calcu-
lated difference Fourier maps suggest at least one additional
position missing in comparison with the Sm;;Cdss model.
The newly obtained model also yields good agreement be-
tween the calculated and experimental intensities of the x-
ray powder diffraction data see Fig. 2(a)]. Both experiments
are strongly hindered by the high chemical reactivity of the

material and high linear absorption coefficient of the compo-
nents. In particular, distinguishing between U and Hg in the
crystal structure was difficult due to their similar scattering
factors and atomic radii. Crystallographic data are listed in
Supplemental Material Tables S1-S3, with the further study
of structural details currently underway.

Similarly to the previously described PtsBey; [55] and
Sm;;Cdys [56], the crystal structure of Uy3Hggg can be crys-
tallographically derived from a 6 x 6 x 6 superstructure of
the becc pattern with a distinct distribution of defects and
local distortions, caused by the latter. Four nested polyhedron
units are necessary to describe the crystal structure. Unit
A is centered at the U2 atom at (000) and contains 28
atoms—U@Hg,,Uy. Unit B (U@Hg,g) is built around U3
at (1/4,1/4,1/4). Unit C is formed around Ul atoms at
(1/2,1/2,1/2) and has composition U@Hg,,U;,. The center
of the unit D blank (O@Hg,,Uys) at (3/4,3/4,3/4) is not
occupied. In the unit cell, A, B, C, and D are arranged
according to the bce pattern [inset of Fig. 2(a)]. Due to the
total composition being close to UHg,, the local coordination
of U atoms is governed by Hg; the coordination numbers of
uranium are 14 and 16. Both U,Zn;7; and UCd,; also show
high coordination numbers of the U atoms—13 [57] and 20
[58], respectively, which is perhaps related to essential effec-
tive mass enhancement observed in these systems. Moreover,
structural complexity can be quantified using the number of
atoms per primitive unit cell N, with values over N = 100
marking complex crystal structures [59,60]. With 111 atoms
in the primitive cell Uy3Hgge belongs to the same structure
family. This value is significantly higher than that of UPt;
(N = 8), Uzznn (N = 17), UPd2A120 (N = 46), and even
UCd;; (N = 36). The coordination number reflects chemical
interactions in an indirect way. While other parameters must
be considered in the bonding description, we provide an initial
assessment of several features of all known uranium-based
materials. A comprehensive analysis of all bonding descrip-
tors and their correlation with the heavy-fermion behavior
by means of an in-depth theoretical investigation is highly
desired.

One of the central questions for heavy-fermion materials
is the state of the 5f electrons. The modified Curie-Weiss
fit of the magnetic susceptibility data for UysHggg, with the
temperature-independent contribution My/H = 1.1 x 107>
emu rnola1 subtracted, is shown in Fig. 3(a). The resultant
effective moment pep = 3.43up U™! signals localized nature
and weak hybridization of the 5felectrons at high temperature.
The antiferromagnetic transition is evidenced by a character-
istic cusp, with identical zero-field-cooled and field-cooled
curves [Fig. 3(b)]. The value of the Néel temperature Ty =
(2.24+0.1) K is estimated from the derivative of magneti-
zation d(MT)/dT and specific heat C,/T data, similar to
what has been done for other antiferromagnetic materials
[61]. The large and negative value of the Weiss temperature
6w = —90 K supports an antiferromagnetic Kondo scenario
[62] with Tx = Nap2./[3kgM/H(0)] = (90 £ 10) K. How-
ever, this method likely overestimates the value of the Kondo
temperature Tx due to the lack of saturation in the magnetic
susceptibility of UxsHgge [Fig. 3(b)]. It is therefore possible
that Tx =~ 50 K, as the inverse susceptibility data deviate from
linearity around this temperature [Fig. 3(a)].
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FIG. 3. Magnetic properties of U,3Hggg: (a) Magnetic susceptibility M/H (left axis) along with the inverse magnetic susceptibility H/(M —
M) (right axis) as a function of temperature for H = 1 T. The modified Curie-Weiss fit is represented by a solid line. (b) The zero-field-cooled
(full symbols) and field-cooled (open symbols) M/H. (c) Evolution of the antiferromagnetic transition as a function of the applied field for
0 < H <7T. (d) Temperature derivative of magnetic susceptibility d(MT)/dT taken on warming (full symbols) and on cooling (dotted
symbols) in H = 1 T. (e) The magnetic isotherms, with the linear component subtracted M(H) — x;rH, for T = 1.8K (orange), T = 3K
(blue), and T = 5 K (pink).
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FIG. 4. Specific heat data for Uy Hggg: (a) Specific heat C,/T as a function of 72 for Uy Hggg in H = 0 (green line) and H = 9 T (brown
line) along with a linear fit (dashed line). The fit is used to estimate y = 630 mJ mola1 K~ and the entropy of conduction and magnetic
5f electrons, which is dominated by the 5f contribution, S, (top inset) (since a nonmagnetic analog Th,3Hggg does not exist). Bottom inset:
Specific heat in the high-temperature region, along with phonon contribution, calculated using the Debye-Einstein fit (solid line). Application
of magnetic field suppresses the antiferromagnetic transition, as shown in (b), while the T; transition remains field independentupto H =9 T,
as evident from (c). Specific heat data taken in zero pressure (solid symbols) and in p = 0.93 GPa (open symbols). The antiferromagnetic
transition is weakly affected by the application of pressure [panel (d)], while the T; transition is easily suppressed by it [panel (e)].
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At low temperatures, U3 Hggg evolves continuously into a
heavy Fermi-liquid ground state with C,/T T? [Fig. 4(a)].
This yields ¥ = 630 mJ mol;' K~2, which is not affected
by application of a magnetic field. However, a small field-
induced broadening is evident, the origin of which is not
yet known. At high temperatures, the specific heat data
can be fit with a Debye-Einstein fit [®p = (30 £ 3) K,
® = (100 £5) K] [18], as shown in the bottom inset of
Fig. 4(a). At the antiferromagnetic transition, the 5f entropy
is rather small. This, together with a high value of the
Sommerfeld coefficient y = 630 mJ molal K2 [Fig. 4(a)],
the reduction of y below Ty, and the absence of a feature
associated with the transition in the resistivity data [Fig. 5(a)],
favor an itinerant magnetic moment scenario. The coexistence
of local and itinerant magnetic moment signatures suggests a
dual nature of 5felectrons in UyzHggg.

In addition to the Ty = 2.2 K antiferromagnetic ordering
of Uj3Hggg, another transition takes place at 7y, = 4.4 K, as
evident from the specific heat data [Figs. 4(a) and 4(c)]. There
is a weak thermal hysteresis associated with the 7 transi-
tion, observed in magnetic susceptibility [Fig. 3(d)], which
indicates that this transition is likely first order. Most cer-
tainly, the T transition does not have a magnetic component,
since the magnetic isotherms, takenat 7 =3 Kand 7T =5K
[Fig. 3(e)], are quite similar, even after the linear component
has been subtracted. Furthermore, the application of a mag-
netic field affects the transition temperature 7 very slightly,
as visible from Fig. 4(c). Overall, the value of 7; changes
only by AT; = 0.1 K over the whole field range [Fig. 5(b)].
Therefore, this transition is likely of a structural character,
given the thermal hysteresis [Fig. 3(d)] and small entropy
of this transition [Fig. 4(a)]. Additionally, the value of the
Debye temperature ®p, extracted from the high-temperature
specific heat fit [Fig. 4(a)], amounts to only &30 K. This
value is in good agreement with that obtained from the slope
of the C,/T vs T? data at low temperature: ®p = 47 K. Such
low value of the Debye temperature is comparable to that of
pure Hg (®p = 72 K [64]), attesting to the softness of the
U,3Hggg system and supporting the possibility of a structural
transition at 7. Not surprisingly, the application of pressure
p = 0.93 GPa [Fig. 4(e)], destroys this transition.

Contrary to the T; transition, the antiferromagnetic transi-
tion of Uj3Hgg, is rather strongly affected by the application
of a magnetic field, as shown in Fig. 3(c). The critical field,
necessary to completely suppress the antiferromagnetic order,
is estimated to be H. = 11.6 T, as evident from the H-T
phase diagram, shown in Fig. 5(b). The value of H, is rather
modest, especially considering critical fields of 20 T [65] and
33 T [66] for UCd;; and U,Zn,7, respectively. On the other
hand, the antiferromagnetic state of U3Hggg is robust against
the applied pressure of up to p = 0.93 GPa, as summarized
in Fig. 4(d). While the entropy involved in the transition is
reduced, the Néel temperature Ty increases from Ty = 2.2 K
(p=0) to Ty =2.4 K (p =0.93 GPa). The increase of the
antiferromagnetic ordering temperature with pressure has also
been observed for UCd;; [67] and U,Zn;7 [66]. The reason
behind such an enhancement is not yet known, calling for
additional investigations [68,69].

Surprisingly, among heavy-fermion systems with ex-
ceptionally high y values, the distance between neigh-
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FIG. 5. (a) Resistivity as a function of temperature for U,;Hggg.
The characteristic temperatures are marked by arrows, while the low-
temperature 72 behavior is shown in the inset, along with a linear fit.
(b) The H-T phase diagram of U,3Hggg: The values of 7y and T; are
extracted from M (T) (squares) and C,(T') (circles) data.

boring U atoms correlates with the value of y. The
value of dy.y for UysHggg (dyy = 4.67 A) is in between
that of U,Zn;; and UCd;; [see Fig. I(c)], and is also
above the Hill limit (dy.y = 3.5 A [30]). This is consistent
with ¥ (UsZny7) = 535 mJ mol;' K2 [17] <y (UyHgg) =
630 mJ molal K2 [see Fig. 4(a) of the present work] <
y(UCdy;) = 840 mJ mol[}1 K~2[19], signaling increased hy-
bridization between 5f and conduction electrons across the
series [70]. The relative correlation strength is also reflected in
the magnitude of the Weiss temperature 6y, extracted from the
magnetic susceptibility data: 6w (UZn;7) = —120 K [71] <
Ow(Uz3Hggg) = —90 K [see Fig. 3(a) of the present work] <
Ow(UCd ) = —42 K [71]. The estimates of the Kadowaki-
Woods A/y? = 0.6 4 Q cm molfJ K2J~% and Wilson 0.5 <
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xo/y <1 (50 K < Tx < 100 K) ratios of Uy3Hgge are com-
parable to UCd; and U,Zn,7. This once again highlights the
similarity of these peculiar heavy-fermion systems.

While several analogies exist between U;Zn;7, UyzHggg,
and UCd|, one major difference seems to be the state of the 5f
electrons. In UCd,;, the local moment scenario applies [72],
while evidence of itinerant magnetism has been observed in
U,Zn;7 [63]. UpsHggg displays signatures of both local (large
effective magnetic moment) and itinerant (small entropy of
the antiferromagnetic transition, reduction of y below Ty,
absence of a corresponding feature in resistivity) magnetism.

In this work, we propose several properties which em-
pirically lead to the significant effective mass enhancement,
providing a novel and reliable route in the search for new
uranium-based heavy-fermion materials. We postulate that
in order to find new uranium-based materials, the following

characteristics are beneficial: (i) mass percentage of U should
be low, (ii) coordination number of uranium should be high,
and (iii) the overall shortest uranium bond should be long.
Additionally, complex crystal structures, as evidenced by
the large number of atoms per primitive unit cell, should
be targeted. This approach was successfully implemented to
discover a novel heavy-fermion compound Up3Hggg. A very
large effective mass enhancement is observed in Uj3Hggg,
showcasing that its intricate crystallographic properties are
closely related to the fascinating physical phenomena it ex-
hibits.

We are grateful to Elena Hassinger, Manuel Brando,
Frank Steglich, Zachary Fisk, and Walter Schnelle for fruitful
discussions, and to Ralf Koban for his valuable technical
support.
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