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Abnormal specific heat enhancement and non-Fermi-liquid behavior
in the heavy-fermion system U2Cu17−xGax (5 � x � 8)
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In the antiferromagnetic heavy-fermion compound U2Zn17, the Sommerfeld coefficient γ can be enhanced
if all Zn atoms are replaced by a combination of Cu and Al or Cu and Ga. In the former ternary phase, glassy
behavior was observed, while for the latter, conflicting ground-state reports suggest material quality issues. In this
work, we investigate the U2Cu17−xGax substitutional series for 4.5 � x � 9.5. In the homogeneity range of the
phase with the Th2Zn17-type of crystal structure, all samples exhibit glassy behavior with 0.6 K � Tf � 1.8 K.
The value of the electronic specific heat coefficient γ in this system exceeds 900 mJ/molU K2. Such a drastic
effective-mass enhancement can possibly be attributed to the effects of structural disorder, since the role of
electron concentration and lattice compression is likely minimal. Crystallographic disorder is also responsible for
the emergence of non-Fermi-liquid behavior in these spin-glass materials, as evidenced by logarithmic divergence
of magnetic susceptibility, specific heat, and electrical resistivity.
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I. INTRODUCTION

Uranium intermetallic compounds exhibit a wide range
of exotic properties: unconventional superconductivity and
quantum criticality, complex magnetic configurations, as well
as heavy-fermion and non-Fermi-liquid behaviors [1–11]. The
coexistence of the latter two phenomena has been observed in
a number of materials, and while it has been noted that the
role of interaction between the local moments and conduction
electrons plays an important role, complete understanding of
the underlying mechanisms is still lacking. The majority of
uranium-based systems have a low concentration of 5f atoms
[2,3], which makes it possible to invoke the single-ion Kondo
description [6,12,13]. A multichannel Kondo scenario [14,15]
and proximity to a quantum critical point [16,17] have been
suggested as possible mechanisms for the breakdown of the
Fermi-liquid theory. However, experimentally, many systems
have been shown to exhibit a spin-glass state preempting the
onset of non-Fermi-liquid behavior: Pd-substituted UCu5 [18–
20], Y-substituted UAl2 [21], Y- [22–27] and Sc/B-substituted
[28,29] UPd3, Y- and La-substituted UPd2Al3 [30–32], as
well as stoichiometric URh2Ge2 [33,34]. This is more readily
understood within the disorder models, which suggest that the
Griffiths phase appears in these materials as a consequence
of Kondo disorder [19,35–42]. Careful analysis of novel
heavy-fermion compounds will help investigate the validity
of proposed theories and, perhaps, provide a unifying model
for the breakdown of Fermi-liquid theory in all classes of
heavy-fermion materials.

As mentioned above, compounds with low concentration,
and, therefore, high coordination of uranium atoms, provide
one avenue in the search for new heavy-fermion materials. This
approach has proved effective in the case of antiferromagnetic
U2Zn17 [43] and UCd11 [44], as well as superconducting
UBe13 [45]. Considering the fact that these systems exhibit the
highest values of the Sommerfeld coefficient γ among all U-

based heavy fermions, several attempts to further enhance the
electronic specific heat coefficient were performed. Pressure
experiments revealed that even though antiferromagnetic order
is suppressed, γ remains unaffected [46]. Given a large number
of R2Zn17 (R = La-Nd, Sm-Lu, Th, U, Pu) compounds, several
substitutions on the U site were previously reported [47–49].
Partial substitution of U with Th suppressed antiferromagnetic
order in U2Zn17 [47], while replacement with La resulted in an
emergence of the Kondo effect [48,49]. It was also noticed that
substitution on the Zn site, e.g., by Cu, is much more effective
in suppressing antiferromagnetism [47] in comparison with
substitution on the U site. Given that the combination of
Cu and Ga electronically mimics Zn, a ternary phase with
the Th2Zn17 type of the crystal structure (Fig. 1) should be
considered.

FIG. 1. Crystal structure of U2Cu17−xGax (space group R3̄m,
structure type Th2Zn17): (a) U atoms (large red spheres) are located
within hexagonal channels along [001], formed by Cu/Ga atoms
(small blue spheres). (b) Coordination of U atoms by 19 Cu/Ga atoms.
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Indeed, it was previously noted that a complete replacement
of Zn atoms is possible with a combination of Cu and Ga
[50–52] or Cu and Al [51,53–56]. Resultant materials exist in
only a limited composition range, with the lattice compression
between 6% and 9%, depending on the ratio of Cu to Ga or Al.
In the U2Cu17−xAlx (5 � x � 10) phase [55], dissimilarity
of atomic radii of Cu (rCu = 1.28 Å) and Al (rAl = 1.43 Å)
atoms gives rise to disorder effects. This disorder, along with
geometric frustration of U atoms, resulted in a spin-glass
behavior for several compositions [55]. For the U2Cu17−xGax

system, disorder effects are expected to be diminished, given
the similarity of atomic radii of Cu (rCu = 1.28 Å) and
Ga (rGa = 1.37 Å). However, one report indicates glassy
behavior [55], while another claims paramagnetism down to
T = 1.1 K [52].

In this work, we investigate the substitutional
series U2Cu17−xGax with 4.5 � x � 9.5. Single-
phase samples are obtainable only for 5.5 � x �
7.5. All of the materials exhibit values of the
Sommerfeld coefficient γ exceeding 900 mJ/molU

K2. A glassy transition, with freezing temperature
0.6 K � Tf � 1.8 K, is observed for all x. Additionally,
non-Fermi-liquid behavior is evident from magnetic
susceptibility, specific heat, and resistivity data. It is likely
that both the dramatic effective-mass enhancement and the
breakdown of the Fermi-liquid theory are brought on by the
effects of crystallographic disorder, which results from mixing
of Cu and Ga at the four crystallographic sites, as well as
twinning.

II. EXPERIMENTAL METHODS

Polycrystalline samples of U2Cu17−xGax (4.5 � x � 9.5)
were synthesized by arc melting U (sheet, Goodfellow,
99.98%), Cu (granules, Chempur, 99.95%), and Ga (pellets,
Chempur, 99.9999%) in stoichiometric ratios. Given mass
losses during the preparation of no more than 0.5%, nom-
inal compositions are used throughout the text. The as-cast
buttons were annealed for a week at 750 ◦C in an argon
atmosphere and then cooled slowly to room temperature.
All sample handling was performed in an argon-filled glove
box [p(O2/H2O) < 0.1 ppm], dedicated to the handling of
U-containing samples [57]. Small amounts of nitrogen are
typically present in the glove-box system, which lead to the
formation of UN. It was, however, noticed that both as-cast and
annealed samples did not exhibit any marked air or moisture
sensitivity.

Powder x-ray diffraction on the annealed samples was
performed on a HUBER G670 imaging plate Guinier cam-
era (CuKα1 radiation λ = 1.54056 Å). Phase identification
was done using the WINXPOW software [58]. Single-crystal
diffraction data were collected for the single crystals with x =
6.5, 7, and 7.5 on a Rigaku AFC7 diffractometer equipped
with a Saturn 724+ CCD detector, using MoKα radiation
(λ = 0.71073 Å). All crystallographic calculations (data eval-
uation, crystal structure refinements, etc.) were performed
with the WINCSD software [59]. The crystallographic infor-
mation for the investigated single crystals is presented in
Tables I–III.

TABLE I. Crystallographic data of U2Cu17−xGax (x = 6.5).

Crystal system, space group Trigonal, R3̄m (No. 166)
Formula units per unit cell Z = 3
Composition U2Cu10.5Ga6.5

2θmax 80◦

N (hkl)measured 5437
N (hkl)unique 791
N (hkl)observed [Fhkl > 4σ (F )] 630
Rint/Rσ 0.054/0.060
Refined parameters 23
RF /wR2

F
a 0.073/0.079

Residual electron density maximum 11.4/−6.0
Twin fraction refined 0.85/0.15

Atom Site x/a y/b z/c Beq
b Occ.c

U1 6c 0 0 0.34113(9) 1.16(2) 1
Cu/Ga1 9d 1/3 1/6 1/6 0.91(7) 0.61/0.39
Cu/Ga2 18h 0.3292(3) x/2 0.5154(2) 0.85(5) 0.61/0.39
Cu/Ga3 18f 0.2951(2) 0 0 0.73(6) 0.61/0.39
Cu/Ga4 6c 0 0 0.1025(3) 0.73(6) 0.61/0.39

awi = ln(F 4
obs)

−1.
bBeq = 1/3[B11a

∗2a2 + · · · + 2B23b
∗ c∗ b c cos(α)].

cCu/Ga ratio was fixed according to the nominal composition of the
sample.

Chemical composition of polished samples was studied us-
ing energy-dispersive x-ray spectroscopy with a Jeol JSM 6610
scanning electron microscope equipped with an UltraDry EDS
detector (ThermoFisher NSS7). The semiquantitative analysis
was performed with a 25 keV acceleration voltage and an
≈3 nA beam current. Quantitatively, the areas corresponding
to different phases were estimated using the OLYMPUS STREAM

software.

TABLE II. Crystallographic data of U2Cu17−xGax (x = 7).

Crystal system, space group Trigonal, R3̄m (No. 166)
Formula units per unit cell Z = 3
Composition U2Cu10Ga7

2θmax 80◦

N (hkl)measured 6044
N (hkl)unique 791
N (hkl)observed [Fhkl > 4σ (F )] 627
Rint/Rσ 0.049/0.025
Refined parameters 23
RF /wR2

F
a 0.047/0.053

Residual electron density maximum 0.38/−0.28
Twin fraction refined 0.66/0.34

Atom Site x/a y/b z/c Beq
b Occ.c

U1 6c 0 0 0.34089(6) 1.02(1) 1
Cu/Ga1 9d 1/3 1/6 1/6 0.79(4) 0.59/0.41
Cu/Ga2 18h 0.3291(3) x/2 0.5150(1) 0.77(3) 0.59/0.41
Cu/Ga3 18f 0.2948(2) 0 0 0.77(3) 0.59/0.41
Cu/Ga4 6c 0 0 0.1027(2) 0.72(4) 0.59/0.41

awi = ln(F 4
obs)

−1.
bBeq = 1/3[B11a

∗2a2 + · · · + 2B23b
∗c∗bccos(α)].

cCu/Ga ratio was fixed according to the nominal composition of the
sample.
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TABLE III. Crystallographic data of U2Cu17−xGax (x = 7.5).

Parameter Value

Crystal system, space group Trigonal, R3̄m (No. 166)
Formula units per unit cell Z = 3
Composition U2Cu9.5Ga7.5

2θmax 80◦

N (hkl)measured 5641
N (hkl)unique 791
N (hkl)observed [Fhkl > 4σ (F )] 647
Rint/Rσ 0.037/0.036
Refined parameters 23
RF /wR2

F
a 0.056/0.062

Residual electron density maximum 5.5/−3.6
Twin fraction refined 0.91/0.09

Atom Site x/a y/b z/c Beq
b Occ.c

U1 6c 0 0 0.34064(6) 0.98(3) 1
Cu/Ga1 9d 1/3 1/6 1/6 0.91(5) 0.56/0.44
Cu/Ga2 18h 0.3285(2) x/2 0.5151(1) 0.90(3) 0.56/0.44
Cu/Ga3 18f 0.2949(2) 0 0 0.95(3) 0.56/0.44
Cu/Ga4 6c 0 0 0.1031(2) 0.79(4) 0.56/0.44

awi = ln(F 4
obs)

−1.
bBeq = 1/3[B11a

∗2a2 + · · · + 2B23b
∗c∗bccos(α)].

cCu/Ga ratio was fixed according to the nominal composition of the
sample.

All thermodynamic and transport measurements were per-
formed on the annealed specimens in the 5.5 � x � 7.5
composition range, marked by colored symbols in Figs. 2(a)
and 2(b). Temperature- and field-dependent dc magnetization
measurements were carried out in a Quantum Design (QD)
magnetic property measurement system for temperatures be-
tween 2 and 300 K and for applied magnetic fields up to
H = 7 T. Heat capacity was measured from 0.4 to 10 K in
magnetic fields up to H = 9 T using a QD physical property
measurement system (PPMS). The dc resistivity measurements
in a temperature range from 0.4 K to 300 K were carried
out using the standard four-probe method in the QD PPMS
in H = 0 and H = 9 T. Platinum wires were attached to the
polished surfaces of a bar-shaped polycrystalline sample using
spot welding.

III. RESULTS AND DISCUSSION

The crystal structure of U2Cu17−xGax [Fig. 1(a)] can be
derived from the binary compound U2Zn17, which was reported
to form in the rhombohedral Th2Zn17 structure type (space
group R3̄m) [50,51,60]. Zinc can be replaced by a mixture
of Cu and Ga in the narrow composition range with 5 �
x � 8, as marked by the gray region in Figs. 2(a) and 2(b).
Uranium atoms (red) occupy the 6c position and are surrounded
by 19 Zn atoms (here Cu/Ga, blue) located in the 6c, 9d,
18f , and 18h crystallographic positions. The Cu/Ga sublattice
forms hexagonal channels along [001], which contain the U
atoms [Fig. 1(a)]. Similar hexagonal channels are also found

in the CaCu5 structure type. In the Th2Zn17 structure type,
every third Th atom in the CaCu5-like channel is replaced
by a pair of Zn atoms or, in the case of U2Cu17−xGax , Cu
and/or Ga atoms. The crystal structure was solved and refined
from single-crystal diffraction data recorded on crystals of the
compositions x = 6.5, 7, and 7.5 (Tables I–III, respectively).
Careful examination of the single-crystal diffraction data in
reciprocal space showed that the observed Laue class appears
to be higher than trigonal. This is indicative of the typical
obverse-reverse twinning tendency of rhombohedral structures
[61]. The twin law was described by the matrix (−1 0
0 0 −1 0 0 0 1). The obtained structure models confirm
the Th2Zn17 structure type for all investigated compositions,
where the refined atomic coordinates showed only minute
differences between the three compositions. Uranium atoms
in U2Cu17−xGax have a high coordination number of 19
[Fig. 1(b)], with Cu/Ga atoms at distances 3.11 Å � dU-Cu/Ga �
3.45 Å and one U atom at a larger distance dU-U = 4.32 Å. The
similar scattering strengths of Cu and Ga make it impossible to
distinguish between the two elements and determine whether
Cu and Ga are occupying the Zn sublattice of the Th2Zn17

structure type in a statistical distribution or whether ordering
of Cu and Ga takes place [62]. This issue was reported
previously for both U2Cu17−xGax and U2Cu17−xAlx systems
[51]. We have attempted to address this by examining the
single-crystal diffraction data and performing NMR analysis,
but neither approach was able to resolve possible Cu and
Ga ordering. Therefore, the occupancies of the (Cu, Ga)
positions were fixed in the ratio corresponding to the sample
composition.

Previously reported crystallographic data of the
U2Cu17−xGax phase are conflicting as one report claims
a lattice expansion of about 2% [51], while another notes that
the lattice parameters are virtually independent of x [52]. The
behavior of lattice parameters a and c, along with the unit
cell volume V as a function of x, obtained from the powder
x-ray diffraction data for U2Cu17−xGax (4.5 � x � 9.5) is
shown in Figs. 2(a) and 2(b). Lattice parameters for the
5.5 � x � 7.5 samples are given in Table IV: both a and c

increase continuously with x, expanding the volume by about
3.5%. The c/a ratio remains nearly constant over the whole
composition range of the phase. The lattice parameters show
negative (a) and positive (c) deviations from Vegard’s law
(rGa = 1.37 Å, rCu = 1.28 Å).

The multiphase nature of the samples outside of the 5.5 �
x � 7.5 composition range was confirmed by both x-ray pow-
der diffraction and energy-dispersive x-ray spectroscopy. The
phases in equilibrium with the U2Cu17−xGax phase include
UCu3+xGa2−x (antiferromagnet with TN = 5–15 K [63], γ

= 200–350 mJ/molU K2 [63], space group P 6/mmm [51]),
UGa3 (antiferromagnet with TN = 66 K [64], γ = 50 mJ/molU

K2 [65], space group Pm3̄m [66]), and U14Cu44+xGa7−x

(antiferromagnet with TN = 16 K [67], γ = 200 mJ/molU

K2 [67], space group P 6/m [51]). The presence of minority
phases can, perhaps, explain conflicting reports of the ground
state in the U2Cu17−xGax system [52,55].

For the 5.5 � x � 7.5 samples, the only impurities present
are UN and Cu9Ga4, in a total amount of less than 3%. These
samples are marked by colored symbols in Figs. 2(a) and
2(b), with the respective colors kept consistent throughout the
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FIG. 2. Crystallographic data and microstructure of U2Cu17−xGax for 4.5 � x � 9.5: (a) Evolution of lattice parameters a (left axis,
triangles) and c (right axis, circles). (b) Unit cell volume V as a function of x. The gray region marks the homogeneity range of the U2Cu17−xGax

phase. Colored symbols represent x values investigated in this work, while black symbols indicate multiphase samples. (c) Powder diffraction
pattern for the x = 7 sample: Iobs is represented by black circles, while Icalc and Iobs − Icalc are shown as a red and blue lines, respectively. The
black tick marks represent peak positions for the Th2Zn17 structure type. Reflections of the minority phases UN and Cu9Ga4 are marked by
asterisks. Inset: the backscatter electron micrograph of an annealed polycrystalline sample shows, besides the main phase (gray), the impurity
phases UN (white) and Cu9Ga4 (black), which amount to less than 3%.

rest of the paper. An example of a powder x-ray diffraction
pattern and a backscatter electron micrograph of the x = 7
sample is shown in Fig. 2(c). The reflections of minority phases
UN and Cu9Ga4 are marked by asterisks on the diffraction
pattern. They can be seen as white (UN) and black (Cu9Ga4)
regions in the microstructure pattern. These phases do not
affect the conclusions of this paper since Cu9Ga4 exhibits a
temperature-independent magnetic susceptibility, while UN
orders antiferromagnetically below TN = 51 K with a Som-
merfeld coefficient 33 mJ/molU K2 � γ � 49 mJ/molU K2

[68,69].
Temperature- and field-dependent magnetization of

U2Cu17−xGax (5.5 � x � 7.5) is shown in Fig. 3. Curie-Weiss
behavior is observed for all compositions, as evidenced by
the inverse magnetic susceptibility, shown in Fig. 3(a) (M0

is the temperature-independent contribution to the magnetic
susceptibility). As can be seen from the inset of Fig. 3(a),
no ordering is observed down to T = 2 K. However, we
believe a glassy transition takes place at lower temperatures,
0.6 K � Tf � 1.8 K, as evidenced by the specific heat
data presented below. Magnetic correlations are, indeed,
expected to occur in this material, given that the U-U distance
in U2Cu17−xGax (dU-U = 4.24–4.27 Å) is close to that of
U2Zn17 (dU-U = 4.39 Å) [43] and is above the Hill limit
(dU-U = 3.4 − 3.6 Å) [70].

Glassy ground states arise in systems for which both
frustration and disorder are present. Geometric frustration is
more readily realized on a triangular or Kagome lattice, with
the majority of glassy systems exhibiting antiferromagnetic
coupling [71,72]. Most uranium-based materials order an-
tiferromagnetically [2,3], suggesting that one condition for
glassiness is already fulfilled. Disorder, on the other hand,
can be brought on by chemical substitution. Among glassy
materials, two regimes are possible: spin- and cluster-glasses.
Cluster-glass materials are glassy systems in which the spins
exhibit short-range correlations within a cluster, while the clus-
ters themselves show the cooperative freezing characteristic
of spin-glasses [71,72]. A majority of uranium-based systems
are classified as spin-glasses, which can perhaps be explained
by the very low concentration of U atoms. Consequently, for
the case of U2Cu17−xGax , the overlap of zero-field-cooled and
field-cooled susceptibility data [inset of Fig. 3(a)] indicate that
these transitions are likely spin-glass, rather than cluster-glass.
For cluster-glass materials the irreversibility temperature Tirr

is typically higher than the freezing temperature Tf [71,72],
and, given the values of the freezing temperature Tf extracted
from the specific heat data [Fig. 4(d) and Table IV], one
would expect to see bifurcation of the zero-field-cooled and
field-cooled data in the cluster-glass scenario. However, more
concrete evidence for the cluster- vs spin-glass scheme can
be achieved only via ac susceptibility analysis, which is
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TABLE IV. Crystallographic data and physical properties of U2Cu17−xGax (5.5 � x � 7.5).

Quantity Units x = 5.5 x = 6 x = 6.5 x = 7 x = 7.5

a Å 8.6844(8) 8.6914(8) 8.7134(1) 8.7283(9) 8.7474(6)
c Å 12.7250(2) 12.7470(2) 12.7677(1) 12.7852(1) 12.7976(2)
M/H (2K) emu/molU 0.049±0.001 0.043±0.001 0.045±0.001 0.036±0.001 0.040±0.001
μeff μB/U 2.74±0.05 2.71±0.05 2.74±0.05 2.61±0.05 2.38±0.05
M(T = 2 K, H = 7 T) μB/U 0.41±0.01 0.42±0.01 0.44±0.01 0.36±0.01 0.40±0.01
θW K −34±5 −36±5 −35±5 −41±5 −15±5
Tf K 0.6±0.1 0.9±0.1 1.3±0.1 1.6±0.1 1.8±0.1
TK K 11.7±0.1 11.4±0.1 10.8±0.1 7.5±0.1 5.8±0.1
γ1(H = 0) mJ/molU K2 941±10 941±10 926±10 956±10 964±10
γ1(H = 9 T) mJ/molU K2 648±10 664±10 711±10 767±10 839±10
γ2(H = 0) mJ/molU K2 380±10 383±10 513±10 467±10 399±10
γ2(H = 9 T) mJ/molU K2 440±10 459±10 566±10 531±10 482±10
γ3(H = 0) mJ/molU K2 773±10 888±10 940±10 967±10 968±10

rendered problematic due to the very low temperature of the
transition.

As can be seen from Fig. 3(b), the low-temperature sus-
ceptibility follows M/H ∝ −log10T over roughly a decade
in temperature, a clear signature of non-Fermi-liquid behavior
[6]. This is reminiscent of what has been observed in other
diluted uranium-based systems, for which non-Fermi-liquid
behavior has been confirmed: Pd-substituted UCu5 [73,74], Y-
[73] and Np-substituted [75] UPd3, Y-substituted UAl2 [21],
and Th-substituted UPd2Al3 [12]. Magnetization parameters,
extracted from temperature- and field-dependent susceptibility
data, are summarized in Fig. 3(c) and in Table IV. The values of
the magnetic susceptibility at the lowest temperature M/H (2
K) are much higher than those of normal metals, signaling
effective-mass enhancement. Comparable enhancement has
been observed for U2Cu17−xAlx [55]; however, the values are
generally higher for the case of U2Cu17−xGax . This is consis-
tent with higher values of the electronic specific heat coefficient
γ , shown in Fig. 4(d). The magnitude of the effective magnetic
moment μeff decreases as a function of x, with the maximum
value of 2.74μB/U for the x = 5.5 sample; this value is
well below that expected for either 5f 3 (μeff = 3.68μB ) or
5f 2 (μeff = 3.52μB ) configurations, which can perhaps be
explained by the itinerant nature of U atoms. In contrast, the
value of the effective moment μeff = 3.6μB/U for U2Zn17

is consistent with the 5f 2 configuration [43]. The values of
the magnetic moment at lowest temperature and highest field
M(2 K, 7 T), extracted from field-dependent magnetization
data (not shown), are also lower than expected. The Weiss
temperature θW is negative for all values of x, which is
reminiscent of Kondo systems. Moreover, |θW| � Tf attests to
the presence of frustration in U2Cu17−xGax (5.5 � x � 7.5).

Specific heat measurements of the U2Cu17−xGax (5.5 �
x � 7.5) system are shown in Fig. 4. All of the U2Cu17−xGax

materials can be classified as heavy-fermion materials, with
γ > 900 mJ/molU K2. A low-temperature plateau is observed
for all compositions, as seen from Fig. 4(a), giving a value
for the Sommerfeld coefficient γ1(H = 0). Such a feature in
Cp/T is typically associated with freezing of the U magnetic
moments, analogous to what has been observed in the case
of Pd-substituted UCu5 [18–20], Y-substituted UAl2 [21],

La-substituted UPd2Ga3 [31,32], Y- [7,15,23,25,76] and Sc/B-
substituted [28] UPd3. Logarithmic divergence of the specific
heat C/T ∝ −log10T follows the plateau region, signaling
non-Fermi-liquid behavior [8]. The freezing temperature Tf is
estimated as the point at which the logarithmic divergence of
the specific heat data is succeeded by constant Cp/T , with an
example illustrated in Fig. 4(a) for the x = 6.5 sample. As can
be seen from Fig. 4(d), Cp/T (1.1 K) = γ3 values are higher
for U2Cu17−xGax (left axis, colored solid circles) compared to
previous reports (left axis, black solid circles), as well as the
U2Cu17−xAlx analogs (left axis, solid triangles). The values of
γ3 increase monotonically with x, which can be attributed to a
monotonically increasing Tf . This agrees well with the trend of
the M/H (2 K) values described above. However, freezing tem-
peratures Tf for the U2Cu17−xGax (5.5 � x � 7.5) series (right
axis, open circles) are lower than those for the U2Cu17−xAlx
analogs (right axis, open triangles). This can perhaps be ex-
plained by higher Weiss temperatures of the former [55], which
in turn correspond to stronger U-U correlations. It is evident
from Fig. 4(a) that the application of field (open symbols)
suppresses the glassy state, diminishing the effective mass
[γ1(H = 9 T)].

Another way of estimating the value of the electronic
specific heat coefficient γ2(H = 0) is to extrapolate the high-
temperature data for which conventional Fermi-liquid behavior
with phonon contribution Cp/T ∝ γ + βT 2 is recovered, with
fits shown in Fig. 4(b). In this case, application of magnetic
field (open symbols) enhances the value of the Sommerfeld
coefficient γ2(H = 9 T), as summarized in Fig. 4(c). Overall,
the values of the electronic specific heat coefficient γ seem
to be composition-independent. This signals that the dramatic
mass enhancement is likely not caused by a change in electron
concentration or lattice expansion, but rather crystallographic
disorder effects. The effect of Cu/Ga mixing disorder likely
arises from the atomic size difference, causing a local lattice
strain. This strain is smaller for the U2Cu17−xGax series than
for the U2Cu17−xAlx series, but bigger than that of U2Zn17.
The influence of grain and/or twin boundaries on the physical
properties should also be taken into consideration. As is evident
from Fig. 5, twinning locally breaks translational symmetry,
changing the environment of U atoms and their interaction
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FIG. 3. Magnetic behavior of U2Cu17−xGax for 5.5 � x � 7.5.
(a) Temperature-dependent inverse magnetic susceptibility. Inset:
zero-field-cooled (open symbols) and field-cooled (solid symbols)
data are identical for all compositions. (b) Semilogarithmic plot of
low-temperature susceptibility. The data are shifted vertically for
clarity. (c) Summary of parameters extracted from temperature- and
field-dependent magnetization data: magnetic susceptibility at the
lowest temperature M/H (T = 2 K), effective magnetic moment μeff,
magnetic moment at the lowest temperature and highest field M(2 K,
7 T), and Weiss temperature θW as a function of x.

FIG. 4. Specific heat of U2Cu17−xGax for 5.5 � x � 7.5. (a)
Semilogarithmic plot of the specific heat Cp/T as a function of T : γ1

values are taken as Cp/T at lowest T . Solid symbols correspond to
H = 0 data, while open symbols represent data taken in a magnetic
field H = 9 T. The freezing temperature Tf is determined as the
intersection of the plateau region and the region for which Cp/T ∝
log10T , with an example shown for the x = 6.5 sample. (b) Cp/T

as a function of T 2, with black lines representing high-temperature
fits from which the values of γ2 are extracted. (c) Evolution of γ1

(circles) and γ2 (triangles) as a function of field (H = 0 is shown as
solid symbols, while H = 9 T data are represented by open symbols).
(d) γ3 (left axis, solid symbols) and freezing temperature Tf (right axis,
open symbols) as a function of x in U2Cu17−xTx . T = Ga data are
shown by circles (black, Ref. [52]; colored, current work), while T =
Al data [55] are shown by triangles.
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(a)

(b)

[ ]

[1-10]

Cu/GaU

U
Cu/Ga

[ ]

[1-10]

FIG. 5. Projection of a part of the local atomic arrangement in
U2Cu17−xGax (a) without and (b) with a twin boundary present. The
twin boundary is highlighted in yellow.

strength. This type of crystallographic disorder can give rise to
phenomena such as enhanced effective mass and non-Fermi-
liquid behavior [77–80]. Deconvoluting the role of twinning-
produced disorder from that driven by Cu and Ga mixing
can be achieved only if investigations regarding the presence
of twinning are carried out for U2Zn17 and U2Cu17−xAlx
systems.

Resistivity of the U2Cu17−xGax (5.5 � x � 7.5) materials
is Kondo-like, increasing ρ with decreasing T , as is evident
from Fig. 6. It can be seen that the upturn in ρ(T ) is largest for
the x = 5.5 sample, which has the smallest unit cell volume.
This is similar to what has been reported for the case of
U1−xMxPd2Al3 (M = Y, La, and Th) [81]: both the La and
Th substitutions resulted in an expansion of the unit cell and
an upturn in ρ(T ) at low temperatures, while substitution
with Y shows no change in volume and a drop in ρ(T ) at
low temperatures. The overall evolution of resistivity with
temperature is similar to Pd-substituted UCu5 [82,83], Y/Th-
[7,15,73,76,84,85] and Sc/B-substituted [28,29] UPd3, Th-

FIG. 6. Resistivity data scaled by their room-temperature value
for U2Cu17−xGax (5.5 � x � 7.5). Inset: low-temperature data show
linearity over more than a decade in temperature. Values of n in 1 −
ρ(T )/ρ(0) = a(T/TK)n are listed for respective x. The values of TK

are marked by large symbols.

[12,86–89] and La-substituted [81] UPd2Al3, and URh2Ge2

[33,34]. From the inset of Fig. 6, non-Fermi-liquid behavior is
evident, as 1 − ρ(T )/ρ(0) = a(T/TK)n, with 0.6 � n � 1.3,
which is significantly different from the conventional Kondo
effect, for which n = 2 is expected [8]. Kondo temperatures
were taken as the point at which the resistivity data deviate
from the logarithmic behavior, akin to what has been done
for other uranium-based systems [32,42]. The values of the
Kondo temperature, 5.8 K � TK � 11.7 K, are comparable to
1/3|θW | (Table IV), which is what has been observed for many
other f -electron systems with non-Fermi-liquid behavior [6].
Gradual suppression of TK with x is consistent with reduced
mixing disorder as x → 8.5, corresponding to the 50 : 50
Cu-to-Ga ratio.

The maximum value of TK = 11.7 K is attained for the x =
5.5 composition, which has the smallest unit cell volume. This
can be understood from the fact that the Kondo temperature
TK is proportional to the s-f exchange interaction J and the
density of states at the Fermi level N (0) as TK ∝ e−1/|JN(0)|.
The exchange interaction J , in turn, is directly proportional
to the hybridization strength Vsf and inversely proportional
to the energy difference ε5f between the 5f and Fermi level
[85]. Since Vsf increases and ε5f decreases with decreasing
volume, J is enhanced. This enhancement is larger than the
decrease of the density of states at the Fermi level, caused by
the increased band overlap, resulting in an overall higher TK. A
similar effect has been achieved in Y-substituted UPd3 [85,90]
with application of pressure.

IV. CONCLUSIONS

In this work, a heavy-fermion phase U2Cu17−xGax (5.5 �
x � 7.5) was investigated. It was established that all materials
undergo a glassy transition at 0.6 K � Tf � 1.8 K. This is
comparable to the U2Cu17−xAlx system, for which spin-glass
behavior was observed below 1 K < Tf < 3 K. Within the
U2Cu17−xGax series, Tf increases as a function of x, which can
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perhaps be explained by the increase in electron concentration
as Cu atoms are substituted by Ga, which in turn enhances U-U
correlations [given the itinerant nature of U atoms, an increase
in N (0) will likely enhance J ]. On the other hand, the Kondo
temperature TK decreases as a function of x, which is likely
caused by diminished disorder effects and lattice expansion,
which, in turn, decreases the hybridization between the 5f

states and the conduction electrons.
All samples of the U2Cu17−xGax (5.5 � x � 7.5) series

exhibit remarkably high values of the Sommerfeld coefficient
γ � 900 mJ/molU K2. The values of γ are higher than those
for U2Zn17 and U2Cu17−xAlx systems, which can likely be
explained by intermediate crystallographic disorder effects in
the U2Cu17−xGax system. Within the U2Cu17−xGax series, the
electronic specific heat coefficient γ is virtually independent
of x, indicating that the role of lattice compression as well as
electron concentration is likely minimal.

Moreover, a breakdown of Fermi-liquid theory is observed
for all compositions, as evidenced by logarithmic divergence
of magnetic susceptibility, specific heat, and electrical re-

sistivity. Typically, non-Fermi-liquid behavior is observed
close to a quantum critical point, which can be induced by
pressure, chemical substitution, or magnetic field. However,
in dilute f -electron systems, disorder can be the source of
the non-Fermi-liquid behavior, which is the case here. The
U2Cu17−xGax materials are similar to diluted heavy-fermion
systems like substituted UCu5, UAl2, UPd3, and UPd2Al3,
for which antiferromagnetism is distant in the phase diagram.
The U2Cu17−xGax system provides a convenient way to in-
vestigate the role that disorder, electron concentration, and
lattice compression play in governing the physical proper-
ties of heavy-fermion materials that exhibit non-Fermi-liquid
behavior.
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