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The term Fermi liquid is almost synonymous with the metal-
lic state. The association is known to break down at quantum
critical points (QCPs), but these require precise values of tuning
parameters, such as pressure and applied magnetic field, to ex-
actly suppress a continuous phase transition temperature to the
absolute zero. Three-dimensional non-Fermi liquid states, apart
from superconductivity, that are unshackled from a QCP are much
rarer and are not currently well understood. Here, we report that
the triangular lattice system uranium diauride (UAu2) forms such
a state with a non-Fermi liquid low-temperature heat capacity
C/T ∼ log(1/T) and electrical resistivity ρ(T)− ρ(0)∝ T1.35 far
below its Néel temperature. The magnetic order itself has a novel
structure and is accompanied by weak charge modulation that
is not simply due to magnetostriction. The charge modulation
continues to grow in amplitude with decreasing temperature,
suggesting that charge degrees of freedom play an important
role in the non-Fermi liquid behavior. In contrast with QCPs, the
heat capacity and resistivity we find are unusually resilient in
magnetic field. Our results suggest that a combination of magnetic
frustration and Kondo physics may result in the emergence of this
novel state.

non-Fermi liquid | quantum criticality | Kondo physics | magnetic frustration
| charge density wave

The understanding of metals and superconductors rests on
the paradigm that their low-energy excitations are governed

by quasiparticle excitations around a stable Fermi surface. This
paradigm breaks down at quantum critical points (QCPs) in a
metal (1, 2), where the emergent spatial- and temporal-scale
invariance results in spectral functions that no longer exhibit
quasiparticle poles. As the temperature is increased, a region
opens up about a QCP in which various quantities, such as the
heat capacity and electrical resistivity, change with temperature
in different ways from a Fermi liquid. A prominent example of
such a non-Fermi liquid (NFL) is the “strange metal” in the
copper-oxide superconductors (3), which has a T-linear resistivity
instead of a leading T 2 dependence characteristic of a Fermi
liquid. A QCP is in this case hidden under a superconducting
dome (4). Very recently, angle-resolved photoemission spec-
troscopy in the high-Tc cuprate family Bi2212 has challenged this
picture. It revealed an abrupt recovery of quasiparticles above
a temperature-independent doping level (5) coinciding with the
discontinuous vanishing of the pseudogap. This suggests that the
strange metal might not emerge from a QCP but could instead
be a distinct NFL state of matter, and this begs the question as to
whether such states occur more widely.

Itinerant magnets and heavy-fermion metals exhibit QCPs and
NFLs that are easier to study than the copper oxides owing to
lower characteristic temperatures and the ease with which they
can be tuned with pressure and magnetic fields (6). However,
very few NFL states (not counting superconductivity) have been
found that do not emanate from a QCP (1, 7). One rare ex-
ample occurs in the high-pressure partially ordered phase of

the helimagnet MnSi. It is stable over a wide pressure range
and has a T 3/2 electrical resistivity power law below ∼ 6 K
down to millikelvin temperatures (8, 9). The presence of a large
topological Hall signal suggests that a partially ordered magnetic
structure with nontrivial topology may underlie the NFL (10, 11).
β-YbAlB4 is magnetically unordered and provides an example

of NFL behavior without tuning in zero field. This NFL may be
the result of a very unusual QCP at exactly zero field or instead,
represent a unique quantum critical phase that is driven into a
Fermi liquid state by an infinitesimal magnetic field (12). How-
ever, resistivity measurements have indicated that the NFL may
still be attached to a QCP that can be reached with pressure (13).

There are two well-known theoretical ways to get a three-
dimensional (3D) NFL not emanating from QCPs, both based on
local physics. The first is the two-channel Kondo effect, requiring
an exact balance between two screening channels (14), that like
a QCP, could be thought of as a point of precise tuning. NFL
behavior for the two-channel Kondo model has recently been
seen above quadrupole ordering temperatures in a series of cubic
Pr materials with non-Kramers doublet ground states (15) and in
related dilute systems with small concentrations of Pr replacing
Y (16), as well as in earlier studies of Y1−x Ux Pd3 (17). These
local NFLs are predicted to have a temperature dependence of
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their electrical resistivity ρ(T )− ρ(0)∝
√
T and be sensitive to

magnetic field (18). The second way requires a range of single-
channel Kondo energy scales extending to zero energy, generated
by disorder (19), and results in an approximately T-linear resis-
tivity. The NFL state we report in UAu2 is robust over a wide
range of magnetic fields and has signatures that are too strong
to be attributed to impurities. UAu2 is also crystallographically
well ordered with a low residual electrical resistivity, ruling out
explanations based solely on chemical disorder. We also do not
see the entropy release in magnetic field that would be expected
for the usual two-channel Kondo effect.

For MnSi, reported thermodynamic measurements in the NFL
state at high pressure are restricted to the lattice constant (20,
21). The measurements show that the thermal expansion has
a low temperature dependence α∝ T (20), which follows the
same power law as a conventional Fermi-liquid. Here, the NFL
we report in UAu2 is manifest in thermodynamic measurements
extending to very low temperature, and unlike for β-YbAlB4, this
is in a fully magnetically ordered state.

UAu2 is a little-studied heavy fermion metal known to order
magnetically at 43 K (22). It has a simple AlB2-type hexagonal
crystal structure (23) comprising a vertical stacking of flat sheets
of a triangular lattice of U atoms, separated by sheets of gold
atoms (Fig. 1A). The calculated paramagnetic band structure
is shown in Fig. 1B (calculation details and band dispersions
are given in the SI Appendix). The magnetic phase diagram and
magnetic structure we find are shown in Fig. 1C. After discussing
magnetic and charge ordering (Fig. 2), we present our thermody-
namic and transport measurements showing NFL behavior (Figs.
3 to 5), and then, we discuss these and present our conclusions.

Magnetic Phase Diagram and Charge Order

Theoretically, a two-dimensional (2D) triangular lattice with only
nearest neighbor antiferromagnetic interactions adopts three-
site order defined by the moment direction on three nearest
neighbor sites. The magnetic unit cell then has dimensions

√
3×√

3 compared with the atomic cell (24) (Fig. 1A). For an Ising
magnet, where the moments are constrained to be parallel or
antiparallel to a fixed direction, it is impossible to align adjacent
moments on the three sites antiparallel, leading to the phe-
nomena of geometric frustration with a ground-state degeneracy
that depends exponentially on the system size, giving a finite
ground-state entropy per volume. The inclusion of higher than
quadratic-order spin fluctuations in the antiferromagnetic Ising–
Heisenberg model (25) or of interactions that have a range
beyond nearest neighbor (26) lifts this degeneracy. The low-
temperature state is then predicted to be ferrimagnetic with spins
on the three nearest neighbor sites {↑, ↑, ↓} (27, 28). A partially
ordered {↑, ↓, 0} state may occur at higher temperature where
higher-entropy states are favored (29). In UAu2, the triangular
lattice is stacked along the third direction, forming columns of U
atoms. Isostructural materials are known to exhibit a wide range
of complex magnetic structures (30).

We performed elastic neutron scattering measurements on
a finely powdered sample and individual single crystals from
two Czochralski growths to determine the magnetic order in
UAu2. The experimentally determined temperature–magnetic
field phase diagram for field H ‖ c is shown in Fig. 1C. At low
temperature (2 K), a magnetic field above 6 T (along the c axis)
induces a strongly polarized commensurate

√
3×

√
3 state with

A

A

B

B

B

C

C

A C

B

C

A

band 2bands 1 & 3

B

A

C

D

706050403020100

Temperature (K)

9

8

7

6

5

4

3

2

1

0

H
||c

 (
T

)

-state

F-state

paramagnet

symbols
 M(H)

(T)

a (H )

a (H )
 neutrons

-state

Fig. 1. (A) The crystal structure of UAu2 viewed along the c axis showing 2 × 2 unit cells in the ab plane. Au atoms (colored gold) are at c = 1/2, and
U atoms (blue) are at c = 0. There is only a single crystallographic inequivalent site for each atom. The U atoms lie on a triangular lattice in the plane. In
the magnetic unit cell, U atoms in the plane labeled A, B, and C are no longer equivalent to each other. Geometric frustration occurs for Ising moments
with antiferromagnetic nearest neighbor interactions. To see this, consider the case where the A sites have spin ↑ and C sites have spin ↓; the energy is
then the same for either choice of spin direction at every B site. (B) The calculated Fermi surface. The “crown” in blue is a hole band (band 1), and the
“button” (maroon) is an electron band (band 3). Band 2 has two electron pockets: the “propeller” at the zone center and the “doughnut” at the zone edge.
The orange arrows connecting menisci of the crown are nesting vectors (0, 0, 0.14) responsible for a peak in the static Lindhard function. Band dispersions
and the density of states, decomposed into orbital contributions, are shown in SI Appendix, Fig. S1. (C) The temperature–magnetic field phase diagram
determined from our measurements of intermediate- and high-quality single crystals. The transitions are detected in magnetization measurements (M) and
resistivity (ρ) and with neutron scattering (SI Appendix has details). In the ferrimagnetic state (F state), A =↑, B =↓, and C is aligned with the magnetic field
with no modulation along the c axis. The ordered state that occupies most of the figure is incommensurately modulated along the c direction (δ state). This
magnetic structure is shown in D, which depicts seven–unit cell lengths along the c direction (vertical). The moments (red arrows) are �m ∝�c cos(2πδ.z + θ).
The phase angle θ differs by ±2π/3 between adjacent columns. In the region labeled δ state, a small trace of the F state was still found. For high-quality
crystals, the corresponding volume fraction was below 0.6%.
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Fig. 2. (A) The zero-field temperature dependence of the SDW and CDW
amplitudes squared, normalized to their values at low temperature propor-
tional to the integrated neutron and X-ray scattering at Bragg peaks with
modulation vectors δ (neutrons, SDW) and 2δ (X-rays, CDW). Both neutron
and X-ray measurements were performed on the same high-quality single
crystals that contained less than 0.6% of the F state (SI Appendix). The
lines through the points are guides to the eye. The SDW amplitude clearly
saturates at low temperatures below 15 K and has a globally convex shape,
which are conventional features. In contrast, the CDW amplitude continues
to grow with decreasing temperature at the lowest temperatures and has a
concave shape. The dashed line shows the square of the SDW intensity, which
is the expected form for a charge modulation due to magnetostriction. The
CDW in UAu2 clearly has a very different temperature dependence, showing
that it is not principally caused by magnetostriction. B shows that the value
of δ is the same for both the CDW and SDW (the line is a guide to the eye).

Bragg peaks at ( 1
3
, 1
3
, 0) (reflection indices are given relative to

the crystal structure). This state is identified as the ferrimagnetic
state {↑, ↑, ↓} with no modulation along the columns (hereon
referred to as the F state). The ordered uranium moments have
magnitude ∼ 1.0 μB, deduced from magnetometer measure-
ments and the neutron data. In the rest of this work, we focus
on the δ state present at lower fields. This state exists alongside
a residual fraction of F state. For high-quality single crystals,
the volume fraction of F state at zero field is less than ∼ 0.6%
over the complete temperature range studied. A more significant
volume fraction of powdered and polycrystalline samples trans-
forms to the F state at low temperature in zero applied field, most
likely as a result of internal strain. A comprehensive description
of the fraction of F state and sample quality is provided in the
SI Appendix.

The δ state is a
√
3×

√
3 magnetic state that is sinusoidally

modulated along the c direction with magnetic Bragg reflections
at ( 1

3
, 1
3
, δ). The modulation period δ is incommensurate with

the lattice, and it changes continuously from δ ∼ 1/8 at TN to
δ ∼ 0.138 at 2 K (Fig. 2B) and is insensitive to the magnetic
field along c. The magnetic moments are aligned with the c axis
(SI Appendix). This is consistent with the magnetic susceptibility,
which shows a much more pronounced kink at TN in the c-axis
component than for the a-axis (SI Appendix, Fig. S6), and the
near-vertical transition line between the δ state and paramagnetic
state in the magnetic field temperature phase diagram (Fig. 1C).
The magnetic moments on the three sites in a triangle have to

sum to zero at all temperatures in the δ state since any ferri-
magnetic component would lead to additional reflections such
as (1, 0, δ), where no intensity was seen.

States consistent with the above observations can be built from
any combination of two states, one with the phase of the modu-
lation differing by 2π/3 between neighboring columns A→ B →
C (Fig. 1D) denoted δ+ and the other with phase differences of
−2π/3 denoted δ−. The transition from δ to F induced by an
applied field is strongly first order (hysteretic) and accompanied
by a sharp drop in the electrical resistivity (SI Appendix, Fig. S7).
The δ state in UAu2 is similar to the magnetic state observed
below TN in the rhombohedral insulator Ca3Co2O6 (31). How-
ever, at lower temperature, the magnetic structure in Ca3Co2O6

transforms slowly to an antiferromagnetic striped state that no
longer preserves the

√
3×

√
3 arrangement (32).

We performed zero-field X-ray scattering measurements on
the same single crystals studied with neutrons. Resonant scatter-
ing at the U M4 edge identified the same magnetic peaks seen
with neutrons in the δ state, and azimuthal scans with polarization
analysis confirmed the moments are directed along the c axis.
We also made measurements with 11.2-keV X-ray photons and a
much higher X-ray intensity. These measurements revealed the
presence of charge peaks below TN at ( 1

3
, 1
3
, 2δ) and equivalent

positions. The identical temperature dependence of δ(T ) for
the charge density modulation (charge density wave [CDW])
and the magnetic modulation (spin density wave [SDW]) shows
they are related (Fig. 2B). A careful search was made at 2 K
and close to TN for diffraction peaks at ( 1

3
, 1
3
, 0) and related

positions; none were found. Given that the CDW is linked to the
magnetic structure, peaks at these positions would be expected
for magnetic states made from superpositions of opposite helicity
δ+ and δ−. The absence of these peaks, therefore, implies that
locally the δ state is pure δ+ or δ− at both temperatures. This
rules out an entropy-driven transformation to a partially ordered
state. To see if we could understand the origin of the magnetic
δ structure, we examined a simple theoretical model with fixed
Ising moments. For long-range exchange parameters along the
c-axis that fix the period of the modulation and a weak nearest
neighbor antiferromagnetic exchange in the plane, we confirmed
that the spin arrangement observed experimentally and shown in
Fig. 1D minimizes the free energy (SI Appendix). The modulation
along the c-axis may result from nesting features of the Fermi
surfaces (Fig. 1B).

We found no evidence for higher harmonics of the SDW or
CDW order that would accompany a squaring up of the modula-
tion in either the neutron or X-ray studies (SI Appendix, Figs. S9
and S11). The temperature dependence of the intensity of the
SDW and CDW is shown in Fig. 2A. A CDW at q = 2δ can be
induced by magnetostriction, as found for the SDW in chromium
(33), with charge peak intensities proportional to the square
of the magnetic intensities and with additional higher multiple
CDW harmonics at q = 2nδ (for integer n). In contrast, the
temperature dependence of the CDW for UAu2 is not a sim-
ple power of the magnetic intensity ISDW (Fig. 2A), and there
are no higher harmonics. While the magnetic intensity changes
very little below T ∗ ∼ 15 K, the intensity of the CDW in UAu2

increases strongly as the temperature is reduced belowT ∗, with a
strong temperature dependence down to the lowest temperature
measured (2 K). Combined CDW/SDW order with a charge
modulation vector that is twice the magnetic modulation vector
has also been reported in stripe phases (34) in cuprate supercon-
ductors and closely related nickelates. In these systems, rivers of
high charge density act as antiphase domain boundaries between
antiferromagnetic regions. However, unlike in UAu2, the charge
ordering is always observed at a higher temperature than the
magnetic ordering, characteristic of a transition that is driven by
charge (34). For UAu2, the CDW develops below the magnetic
ordering temperature, suggesting it has a different origin from
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the cuprates. The strong low-temperature dependence suggests
the CDW may be linked with the NFL behavior that we describe
next.

Thermodynamic and Transport Measurements
We find that the heat capacity has an NFL behavior C/T =
A log(Θ/T ) with A= 68 mJ mol−1 K−2 and Θ = 69 K (Fig. 3A)
over at least a decade in temperature below 4 K. Other contribu-
tions, including from phonons, make it difficult to determine an
upper limit above 4 K. A natural temperature scale over which
this behavior might persist is deduced from the c-axis resistivity,
which shows a decrease in slope in the range from 10 to 20
K (Fig. 3C) and the susceptibility that starts to increase with
decreasing temperature in the same temperature range (Fig. 3B).
The change in entropy due to the log(Θ/T ) term between 0 and
20 K equates to 0.5R log(2) per uranium. The low-temperature
differential susceptibility in the δ state follows χ(0)− χ(T )∝
logT (Fig. 3B). The ratio of the coefficients of the log(T ) terms

A

B

C

Fig. 3. Low-temperature macroscopic properties of UAu2 in zero field. A–C
show (A) the heat capacity divided by temperature C/T , (B) the susceptibility
χ, and (C) the resistivity ρ plotted against temperature on a logarithmic
scale. There are clear signatures at the magnetic ordering temperature
TN = 43 K and a cross-over in behavior around T∗ ≈ 20 K. In A, the solid
line shows a fit to A − B log(T) between 0.5 and 4 K. In B, the solid line is
a fit to A − B log(T) for T < 9 K. In C, the resistivity is normalized to the
value at 100 K. Inset shows the low-temperature resistivity against T1.35. The
straight dashed lines indicate that the T1.35 dependence persists to ∼ 300
mK. A gradual increase in the exponent of resistivity to T2 occurs below 300
mK. All measurements were performed on high-quality single crystals that
contain less than 0.6% of the F state (SI Appendix).

Fig. 4. Temperature dependence of the heat capacity divided by temper-
ature for high-quality single crystals of UAu2 at low temperature. There
is only a very weak magnetic field dependence of the heat capacity for
fields of a few teslas in this temperature range, where the sample is in the
δ state. The solid line (black) is a fit at zero field to C/T = a/T3 + b − c
log(T) (a, b, and c are constants). The first term in this expression arises
from the nuclear hyperfine states of gold and uranium nuclei (SI Appendix
has details). The dashed line (black) shows the electronic contribution from
the other two terms. A log(T) behavior is characteristic of an NFL. For a field
H ‖ c = 8 T, the sample is transformed into the commensurate ferrimagnetic
F state (the high-quality single crystals studied have less than 0.6% of the
F state present in the δ-phase) (SI Appendix). The temperature dependence
in this case is C/T = a′/T3 + b′ (red solid line). There is no log(T) term, and
the electronic contribution is constant (red dashed line), characteristic of a
normal Fermi liquid. For intermediate c-axis fields, the sample transforms
abruptly and hysteretically between the two states. Some crystals have an
additional bump in C/T of height less than 20 mJ mol−1 K−2 located in
the temperature range from 300 to 500 mK with a sample-dependent width
(SI Appendix, Fig. S3). The bump is suppressed with field and absent in fields
of several teslas. The sample dependence of this feature suggests that it has
an extrinsic origin (SI Appendix). It makes an insignificant contribution to
the entropy compared with the log(T) term.

for C/T (in units of joule kelvin−2 mole−1) and χ (in units
of μB per tesla) is close to the Wilson ratio (π2/3)(RkB/μB ).
The NFL behavior is, therefore, consistent with a renormaliza-
tion of the quasiparticle effective mass. This contrasts with the
case of β-YbAlB4, where the Wilson ratio diverges toward low
temperature, consistent with strong and increasing ferromagnetic
fluctuations with decreasing temperature (12).

The heat capacity measured at very low temperature is shown
in Fig. 4. Gold nuclei have an extremely small dipole moment
but significant quadrupole moment. This leads to a C/T ∼ 1/T 3

quadrupolar Schottky contribution to C/T that dominates the
heat capacity below ∼ 0.1 K. The electric field gradient at the
gold site was calculated from the band structure and splits the
gold nuclear levels into two doublets separated by ΔE/kB ∼
9mK. There is additionally a small contribution from 235U (the
depleted uranium in our samples contains ∼ 0.2% 235U), which
also has a quadrupole moment. The observed magnitude of
the 1/T 3 coefficient may be fully accounted for by these terms
(SI Appendix has details). The strong Ising anisotropy of UAu2

would mean any transverse spin-wave fluctuations are gapped,
and therefore, no T 3 contribution from magnons is expected.

As well as the log(T ) term and nuclear Schottky contribution
in zero magnetic field, in some crystals there is a weak
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additional contribution to the heat capacity below 500 mK
(SI Appendix, Fig. S3) associated with only a very tiny change
of entropy [∼ 0.02R log(2)]. Unlike the log(T ) term, this extra
contribution is suppressed in a small magnetic field and is
attributed to defects (SI Appendix, Fig. S3). No change in the
magnetic Bragg peak intensity or modulation vector was seen
in the δ state between 1 K and 40 mK with neutron scattering,
shown in SI Appendix, Fig. S10; therefore, we can rule out any
bulk magnetic transition at low temperature and zero field.
C/T = A log(Θ/T ) has only a very weak field dependence

in fields of up to several teslas, shown in Fig. 4. In field, after
removing the 1/T 3 contribution, C/T ∼ log(1/T ) appears to
persist to the lowest temperature for which the Schottky term
can be reliably subtracted ∼ 0.1 K (SI Appendix, Fig. S15). For
larger fields along c, above 4 T, the δ state can be obtained by
zero-field cooling, but it is metastable and transits to the F state
abruptly and irreversibly as the temperature is increased. At 8 T,
the sample is in the F state irrespective of the field history, and
C/T = γ is a constant, characteristic of a standard Fermi liquid
(plus a 1/T 3 nuclear Schottky contribution). Thus, in summary,
the δ state has an electronic heat capacity C/T ∼ log(1/T )
dependence from ∼ 0.1 to above 4 K that survives in magnetic
fields of several teslas.

The thermal expansion determined from the X-ray scattering
measurements is shown in Fig. 5, where it is compared with that
calculated fromC/T and a temperature-independent Grüneisen
parameter, Γ. The consistency of the two curves below 10 K does
not suggest any low-temperature divergence of Γ.

We will now discuss the electrical resistivity. The low-
temperature resistivity of UAu2 has an NFL ρ(T )− ρ(0)∝
T 1.35 dependence down to a temperature below ∼ 300 mK
(Fig. 3 C, Inset). Below this temperature, there is a gradual
increase in exponent that at the very lowest temperatures can
be described by ρ(T )− ρ(0)∝ T 2, the expected dependence
for a correlated Fermi liquid. This may indicate that the energy
scale for intersite coherence is 200− 400mK, or it may be a
cross-over to another lower-temperature regime. Analogous
to the heat capacity, the NFL behavior and the cross-over
temperature in resistivity are insensitive to magnetic field in
the δ state (SI Appendix, Fig. S8). The resistivity is distinctly

Fig. 5. The relative change in the a and c lattice parameter as a function of
temperature in zero field deduced from X-ray diffraction for the (3,0,0) and
(3,0,1) diffraction peaks of high-quality single crystals that contain less than
0.6% of the F state. The solid lines are fits to Δa ∝ Δc ∝

∫
C(T)dT , with

C/T ∼ log(69/T) (the only free parameter is a constant of proportionality
for each direction). This analysis is valid for a constant Grüneisen parameter.

different from that in the NFL of the partially ordered phase
of MnSi, where the T 3/2 dependence exists to a much lower
temperature (8, 9). Based on the cross-over in the resistivity,
the log(T ) term in C/T might also be expected to saturate at a
low temperature below 300 mK. The analysis of C/T below 300
mK depends on the accurate subtraction of the 1/T 3 tail from
the nuclear Schottky contributions. A modification of the nuclear
contribution could potentially obscure the identification of such a
saturation.

Discussion
We now discuss possible explanations of our findings. In a metal,
uranium usually has a valence somewhere between U4+ (electron
configuration 5f 2) and U3+ (5f 3). Crystal symmetry imposes
that the lowest states of the former configuration have total
angular momentum quantum number J = 4 and are split into
three non-Kramers doublets and three singlets (35). The non-
Kramers doublets have a quadrupole moment but can addi-
tionally carry a dipole moment. The lowest-energy states for
U3+ have J = 9/2 and are split by the crystal field into five
Kramers doublets. The heat capacity in Fig. 2 would be ex-
ceeded if there was a Schottky contribution from the crystalline
electric field (CEF) levels with a lowest-level splitting less than
∼ 40 K or a phonon term with a Debye temperature below
∼ 170 K. It is, however, possible to accommodate within the
measured heat capacity a Schottky term with a larger splitting
as might arise from the CEF acting on U moments (and a
larger Debye temperature). These contributions to the heat ca-
pacity are insignificant below ∼ 4 K, where C/T ∼ log(1/T ) is
observed.

We now turn to discuss the origin of C/T ∼ log(1/T ) ; this
particular dependence is referred to with the abbreviation MFL
(marginal Fermi liquid) in the following. Although a rigid den-
sity of states with a 2D Van Hove singularity can give C/T ∼
log(1/T ), this cannot account for the magnitude of the constant
of proportionality observed and would be sensitive to magnetic
field.

An explanation based on the proximity to a QCP between
the δ state and high-field F state can be ruled out; the field-
induced transition is strongly first order, whereas a continuous
transition is required for a QCP. Additionally, approaching the
δ − F transition with an increasing magnetic field does not lead
to strengthening of the log(T ) term in the heat capacity, an
enhancement of the zero temperature T 2 contribution in the
resistivity, or a lowering of the cross-over temperature to T 1.35

(SI Appendix, Fig. S8), all of which would be expected approach-
ing a quantum critical transition.

For magnetically unordered ground states, standard explana-
tions for an MFL are based on a proximity to a magnetic QCP.
Considering only magnetic degrees of freedom, an MFL is found
for Hertz–Millis QCPs (36) between paramagnetism and either
3D ferromagnetism or 2D antiferromagnetism (37). The key
point is that this is restricted to temperatures above TN . Below
TN , the magnetic fluctuations linked to the order cannot give
rise to quantum critical behavior since the fermion spectrum is
gapped at the ordering vector, and the only excitations within
this gap are Goldstone modes that are undamped and cannot give
the required divergence of the self-energy (38). Thus, while there
are many magnetically unordered materials that are MFLs, UAu2

provides a unique example where such a behavior is found within
a magnetically ordered state. A different degree of freedom is,
therefore, required to explain NFL behavior below TN .

Quadrupole order, linked to a non-Kramers U4+ doublet
single-ion ground state, provides a natural candidate for a second
degree of freedom. One possibility is that this degree of freedom
is close to ordering at a QCP below TN . Ce3Pd20Si6 provides an
example of the opposite case, where an antiferromagnetic QCP
occurs within a quadrupolar-ordered state (39, 40). A proximity
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to a QCP can, however, be ruled out for UAu2 from the thermal
expansion below 10 K, shown in Fig. 5. Below 10 K, the thermal
expansion is proportional to the heat capacity, corresponding to
a temperature-independent Grüneisen parameter Γ. This con-
trasts sharply with a divergence of Γ that would be expected
approaching a QCP. The same conclusion also applies to QCPs
from extensions (41) of the Doniach phase diagram (42) or for a
quantum critical valence transition (43). While we have ruled out
a QCP, the nonmonotonic variation of the thermal expansion βa

between 10 and 20 K and a change in anisotropy from βc/βa < 2
below 10 K to βc/βa ∼ 10 above 20 K, nevertheless, suggest
that valence changes occur away from zero temperature. The
temperature dependences of the CDW and SDW intensities and
resistivity all show changes in this temperature range, the origin
of which remains an open question.

Without magnetic order, a non-Kramers U4+ doublet ground
state can form a two-channel Kondo state (44) (2CK) giving an
MFL. Indeed, the calculated 2CK heat capacity (45, 46) scaled
to the lattice density of UAu2 can reproduce the measured low-
temperature heat capacity well (SI Appendix, Fig. S15A). The
zero-temperature residual entropy 0.5R log(2) inherent in the
2CK state is, however, released on a temperature scale Ts when
the degeneracy of the two channels is broken. The degeneracy
is broken by an effective field (47) coming from both magnetic
order and an applied field. A field of a tesla would give an
easily visible increase of C/T (a detailed calculation is given
in SI Appendix). Such an increase is not seen experimentally,
implying that a uniform 2CK does not provide a straightforward
explanation for our findings. We now examine whether the en-
tropy release due to the magnetic order itself may result in an
MFL.

The incommensurate nature of the modulated order means
that there will be some ions that are located close to nodes of
the total effective field comprising the sum of the field due to
the modulated order and applied field. The two-channel Kondo
analysis could still apply for these sites. For the sample as a
whole, incommensurate order will result in a distribution of
temperature scales Ts over which the 2CK residual entropy is
released, with Ts extending down to zero temperature at the
nodes. An MFL would result if the distribution of Ts values
was constant as Ts → 0 or more precisely, constant to below
the lowest temperature measured (SI Appendix, Fig. S15B). This
idea is similar to one used to explain an MFL and linear in
temperature resistivity in Th0.93 U0.07 Ru2 Si2 (48), based on a
distribution of single-channel Kondo temperatures (19, 49) (in
that case, the distribution was attributed to chemical disorder).
We now briefly consider the distribution of Ts predicted the-
oretically. In the 2CK model, Ts is proportional to the square
of the difference of the coupling strength for the two screening
channels. For an isolated ion and no order, this results in Ts ∝
H 2, where H is the magnetic field (47). This relation and a
sinusoidal spatial variation for H due to magnetic order do not
give the required flat distribution of Ts (Ts ∝ H is required
for this). A related problem was encountered when trying to
explain the field dependence of the susceptibility and C/T in
Th0.93U0.07Ru2Si2 starting from the 2CK model. To get Ts ∝ H
for Th0.93U0.07Ru2Si2, models start from more complex crystal
field schemes such as the accidental degeneracy of two singlets
(50) or a combination of a non-Kramers doublet and two singlet
levels (51, 52). These models move the sweet spot field at which
the balanced 2CK response occurs from zero field to a finite field.
The field distribution from the incommensurate order plus an
applied field could continue to encompass the sweet spot over
a wide range of applied fields. This would naturally explain the
resilience of the MFL in an applied field. Also, since there is no
longer a continuous field distribution in the F state, which is not
modulated, this would also naturally account for the disappear-
ance of the MFL. None of the above analyses consider coherence

between Kondo sites, which is a formidable theoretical challenge
but essential to explain, for example, the behavior of the electrical
resistivity.

Conclusions
Although its crystal structure is incredibly simple, UAu2 has
very unusual properties. The triangular lattice is a well-known
source of magnetic frustration, and UAu2’s Néel temperature is
indeed less than the magnitude of its Curie–Weiss temperature
(SI Appendix), consistent with a modest suppression of the order-
ing temperature due to frustration. The low-temperature mag-
netic structure we report is unique to UAu2, but we have shown
that it can be accounted for in a straightforward way. Frustration
in this case resists the tendency for the modulation to square up
as the temperature is reduced, so that other mechanisms that
stabilize or quench the remaining fluctuating moments, such as
Kondo screening, have an increased opportunity to play a role.
At temperatures well below TN , we found an NFL heat capacity
that is surprisingly robust in magnetic field. Frustration and
potential valence fluctuations invite comparisons with the NFL
in β-YbAlB4 (12); however, the presence of magnetic ordering
and robustness in magnetic field clearly distinguish UAu2 from
β-YbAlB4. Additionally, below TN , a charge modulation was
detected that is locked to the magnetic order but cannot be
explained by simple magnetostriction. The intensity of charge
modulation increases dramatically at low temperatures mirroring
the NFL C/T , suggesting that these two features may be related.
Charge transfer connected with the Anderson impurity descrip-
tion of Kondo physics is well established theoretically (53, 54) but
has not, as far as we are aware, been observed experimentally
in bulk materials. The incommensurate long-period nature of
the magnetic order in UAu2, however, means that this transfer
may be observed in our case via diffraction, which coherently
amplifies the signal, affording a possible explanation of the CDW
we observe. The lack of saturation of the charge signal with
decreasing temperature is then direct evidence for a range of
Kondo scales Ts , extending to zero temperature, that would also
explain C/T ∼ log(T ). The range is inherent to the modulated
magnetism and does not necessarily require chemical disorder.
While encouraging, this analysis does not include the coherence
between Kondo sites and requires further development to ac-
count for the actual distribution of Ts . Our findings show that
UAu2 forms an unusually robust NFL state in a clean material
with a high residual resistivity ratio that is not anchored to a
QCP. The simplicity of the material makes it more amenable
to study than other 3D systems such as NFL states in high-Tc

superconductors, where QCPs are also present, and MnSi, where
a robust NFL state is only attained at high pressure.

Materials and Methods
Samples of UAu2 were obtained by the Czochralski method with a rotat-
ing tungsten seed from a radio frequency–levitated stoichiometric molten
mixture of electrotransported depleted uranium (Ames Laboratories) and
high-purity gold (99.999% Au; Alfa Aesar) contained by a water-cooled
high-conductivity copper crucible under a purified argon atmosphere. Sin-
gle crystalline grains within the sample were identified with Laue X-ray
diffraction and cut with a spark eroder. Measurements of resistivity were
performed by the standard four-point method on a Cryogenics Ltd closed
cycle refrigerator (2 to 300 K) and Cryogenics Ltd/Leiden dilution refrigerator
(0.05 and 1.4 K). A Quantum Design magnetic property measurement system
Magnetometer was used to measure magnetization in fields up to 7 T, and
a physical property measurement system was used to measure heat capacity
above 500 mK (Fig. 3). Heat capacity measurements in Fig. 4 were performed
by the relaxation method in a dilution refrigerator. Time-of-flight neutron
diffraction data were taken on the WISH time-of-flight diffractometer at
ISIS, Rutherford Appleton Lab, United Kingdom on both powder and single
crystals. Resonant and nonresonant X-ray measurements were made at the
UK Materials Science facility bending magnet 28 beamline at the European
Synchrotron Radiation Facility, Grenoble, France. Further details on the
experimental methods and materials are given in the SI Appendix.
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DataShare digital repository (https://doi.org/10.7488/ds/3133).
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