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Low-dimensional antiferromagnetic fluctuations in the heavy-fermion
paramagnetic ladder compound UTe,
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Inelastic-neutron-scattering measurements were performed on a single crystal of the heavy-fermion paramag-
net UTe, above its superconducting temperature. We confirm the presence of antiferromagnetic fluctuations with
the incommensurate wave-vector k; = (0, 0.57, 0). A quasielastic signal is found, whose momentum-transfer
dependence is compatible with fluctuations of magnetic moments p || a with a sine-wave modulation of wave-
vector K; and in-phase moments on the nearest U atoms. Low dimensionality of the magnetic fluctuations,
consequence of the ladder structure, is indicated by weak correlations along the direction c. These fluctuations
saturate below the temperature 7" ~ 15 K, in possible relation with anomalies observed in thermodynamic,
electrical-transport, and nuclear-magnetic-resonance measurements. The absence or weakness of ferromagnetic
fluctuations in our data collected at temperatures down to 2.1 K and energy transfers from 0.6 to 7.5 meV
is emphasized. These results constitute constraints for models of magnetically mediated superconductivity in

UTCz .
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The discovery of superconductivity at temperatures be-
low T, >~ 1.6 K in the heavy-fermion paramagnet UTe, [1,2]
opened a breach in correlated-electron physics. UTe, was
presented as a candidate for topological superconductivity,
whose triplet and chiral characters have been proposed [1-11].
It turned rapidly out that this system is a unique model
to study the electronic correlations and their feedback on
magnetism and superconductivity [12—-16]. A competition
between different superconducting pairing mechanisms was
indicated from the observation of multiple superconducting
phases stabilized near quantum magnetic instabilities under
pressure and magnetic field [17-27]. UTe, was first suspected
to be a nearly ferromagnet in which ferromagnetic fluctua-
tions were thought to lead to triplet superconductivity [13].
Longitudinal magnetic fluctuations were evidenced by NMR
[28] and muon-spin relaxation measurements [29], but these
studies could not unambiguously distinguish ferromagnetic
and antiferromagnetic fluctuations. The nature of magnetic
order induced under pressure [17] also constitutes an open
question: Ferromagnetism was first suggested [23,24], but
antiferromagnetism was proposed from more recent studies
[22,27,30,31]. In addition, UTe, crystallizes in an Immm
orthorhombic structure, where the U atoms form a two-leg
ladder structure with legs along a and rungs along ¢ [see
Figs. 1(a) and 1(b)] [15,26,32]. Therefore, one could suspect
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that low dimensionality may impact superconducting pairing
too.

Inelastic neutron scattering is wave-vector-resolved and
allows directly determining whether magnetic fluctuations are
ferromagnetic or antiferromagnetic. A first neutron-scattering
study of UTe, by time-of-flight spectroscopy on an assembly
of 61 crystals offering a total mass of 700 mg and mosaicity
of ~15° led to the identification of antiferromagnetic fluctua-
tions with the incommensurate wave-vectors k; = (0, 0.57, 0)
and k, = (0,0.43,0) [expressed in reciprocal lattice units
(rlu) and defined within the first Brillouin zone] [33]. Here,
we present a neutron-scattering study using the triple-axis
spectrometer Thales at the Institut Laue Langevin in Greno-
ble. A large single crystal of UTe, with a mass of 241 mg
and a mosaicity of <2° allowed a fine experimental resolu-
tion (see the Supplemental Material [34]). We confirm the
presence of magnetic fluctuations with wave-vector k; and
do not see clear signatures of ferromagnetic fluctuations with
wave-vector kK = 0. A low-dimensional character related with
the ladder structure of the U atoms is emphasized, and the
temperature evolution of the antiferromagnetic fluctuations
with wave-vector K; is carefully investigated.

Figure 2 presents energy scans measured at different mo-
mentum transfers Q and 7 = 2.1 K for energy transfers
0.6 < E < 7.5 meV. A large signal at the momentum transfer

©2021 American Physical Society
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FIG. 1. (a) Orthorhombic cell and Wigner-Seitz primitive cell,
and identification of the four shortest distances (from neutron
diffraction at T = 2.7 K [32]), (b) extended structure emphasiz-
ing the ladder structure of U atoms, and (c) Brillouin zone of
UTe,. A phenomenological magnetic-exchange scheme implied in
the magnetic-fluctuations mode with wave-vector k; is indicated in
(b) (details are given in the text).

Q; = (0, 1.43,0) indicates the presence of strong antifer-
romagnetic fluctuations at the incommensurate wave-vector
k; = (0,0.57,0) [from Q; = 7 — k;, where T = (0, 2, 0) is
a nuclear Bragg position]. k; is close to the Brillouin-
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FIG. 2. Energy scans measured at the temperature 7 = 2.1 K
and the momentum transfers Q; = (0, 1.43,0) characteristic of
antiferromagnetic fluctuations (red squares), Q = (0,2.1,0), Q =
(0,1.07,1.07), and Q = (0, 1.07, 3.07) characteristic of ferromag-
netic fluctuations (circles), and Q = (0, 1.16, 1.9) characteristic of
the background (gray triangles). A few points are shown at 7 = 60 K
and the momentum transfers Q = (0, 2.1, 0) and Q = (0, 1.16, 1.9)
(open symbols). Lines correspond to a fit to the data by a quasielastic
Lorentzian shape at the momentum transfer Q, to a fit to the data by
a linear shape at the momentum transfer Q = (0, 1.16, 1.9) and to
guides to the eyes at the other momentum transfers.
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FIG. 3. (a) (0, O, 0) and (b) (0, 1.43, Q;) scans at the energy
transfer £ = 3 meV and the temperature 7 = 2.1 K. Gray dashed
lines correspond to the estimated background. Gray double arrows
in panels (a) and (b) indicate the full width at half maximum of
Oy and Q, elastic scans around the Bragg peaks at positions (0,2,0)
and (0,0,4), respectively. Red lines correspond to fit to the data as
described in the Supplemental Material [34].

zone boundary [see Fig. 1(c)]. The momentum transfer Q =
(0, 1.16, 1.9), chosen far from Q; (and with the same mod-
ulus), is characteristic of a background without magnetic
fluctuations. A few points collected at T = 60 K indicate a
nearly temperature-independent background. Spectra at three
momentum transfers Q = (0, 2.1, 0), (0, 1.07,1.07), and
(0, 1.07, 3.07), expected to characterize ferromagnetic fluc-
tuations with wave-vector k =~ 0, present intensities near to
the background level [35]. At Q = (0, 2.1, 0), the intensity
is slightly higher than at the two other ferromagnetic posi-
tions, but similar intensities measured at 7 = 2.1 and 60 K
indicate a presumably nonmagnetic signal. Within the experi-
mental window investigated here (T > 2.1 Kand 0.6 < E <
7.5 meV), we do not identify, thus, any clear signature of
ferromagnetic fluctuations in UTe,.

Q dependences of the antiferromagnetic signal centered at
Q,, measured at the energy transfer E = 3 meV and at the
temperature 7 = 2.1 K, are presented in Fig. 3. The (0, Ok, 0)
scan shown in Fig. 3(a) indicates an asymmetric anomaly of
maximal intensity near Q; = (0, 1.43, 0) with a shoulder for
Oy > 1.43. Tt can be fitted by two Gaussian contributions of
same full width at half maximum « = 0.24 rlu, corresponding
to a correlation length &, ~ 4b, where b = 6.09 A [32], along
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FIG. 4. (a) Energy scans measured at Q; = (0, 1.43, 0) and temperatures 7' from 2.1 to 60 K. Full lines are fits to the data assuming a
Lorentzian shape, and the dashed line indicates the estimated background. Temperature dependence, on log-log scales, (b) of the relaxation
rate I'(K;), (c) of the real part of the static susceptibility x’(k;) and the bulk magnetic susceptibility x, = M/H measured in a magnetic-field
woH || aof 0.1 T, and (d) of the ratio x’(k;)/T"(k;) and of the NMR relaxation rate 1/7;T measured on the Tel and Te2 sites in a magnetic-field
H || b (from Ref. [28]). In panels (c) and (d), left and right log scales have the same number of decades to allow direct comparison between
plotted data, and the two scales were adjusted together so that the two sets of data merge at high temperatures.

the direction b. The contribution centered at the momentum
transfer Q; = (0, 1.43, 0), corresponding to the wave-vector
k; = (0,0.57,0), is twice more intense than that centered
at the momentum transfer Q, = (0, 1.58, 0), corresponding
to the wave-vector k, = (0, 0.42, 0). In the following, focus
will be given to the dominant magnetic-fluctuations mode at
wave-vector Kk;. (0, Oy, 0) scans at different energy transfers
E, shown in the Supplemental Material [34], further indi-
cate that the magnetic fluctuations signal at the wave-vector
k; = (0,0.57,0) is weakly or not dispersive. In Fig. 3(b),
a (0, 1.43, O;) scan presents a damped sine-wave evolution
of the scattered intensity. Best fit to the data is performed
assuming (i) fluctuating magnetic moments u || a and (ii) in-
phase magnetic moments on the two U’s of the primitive cell
(see Fig. 1(a) and the Supplemental Material [34]). The sine-
wave modulation indicates that, within first approximation,
the correlations along ¢ can be neglected, i.e., that the inter-
ladder magnetic coupling along ¢ is weak. A first component
k1. = 0 of the propagation vector k; is implicitly assumed
here and in Ref. [33]. Indeed, strong correlations along the
ladder direction a are expected from the short-distance d, =
4.12 A between U atoms along a. For these reasons, one can
safely expect that the fluctuations with wave-vector k; imply
correlations with in-phase fluctuating moments along a. We
can further conclude that the antiferromagnetic fluctuations
investigated here are low dimensional and that they are char-

acterized by a set of equivalent or nearly equivalent lines
of wave-vectors ky, = (0, 0.43, §) and (0, 0.57, §), which in-
clude k; and k; (see the Supplemental Material [34]).

Figure 4(a) shows spectra measured at the momentum
transfer Q; = (0, 1.43, 0) for a large set of temperatures T
from 2.1 to 60 K. The increase in 7 leads to a progres-
sive decrease and broadening of the antiferromagnetic signal.
We fitted data shown in Fig. 4(a) assuming a quasielastic
Lorentzian variation of the imaginary part of the dynami-
cal susceptibility x”(Qq, E) (see the Supplemental Material
[34]). The temperature variations of the relaxation rate I'(k;)
and of the real part of the static susceptibility x’'(k;) ex-
tracted from these fits are plotted within log-log scales
in Figs. 4(b) and 4(c). When the temperature is lowered,
the strengthening of antiferromagnetic fluctuations is evi-
denced by the decrease in I'(ky) and the increase in x’(k;),
which both saturate at temperatures below 7" ~ 15 K. T}*
and the low-temperature value I'(k;) >~ 2.5 meV =~ 2kpT}*
are characteristic of the antiferromagnetic fluctuations with
wave-vector Kk;.

Anomalies are observed at temperatures near 7;* in various
physical properties. The bulk magnetic susceptibility x, =
M/H, where M is the magnetization and uoH =0.1T, a
magnetic field applied along the easy magnetic axis a, is com-
pared to x’(k;) in Fig. 4(c). Knowing that x, = x,(k = 0)
and x'(k;) = x,/(k;) (since the magnetic fluctuations with
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wave-vector k; were attributed to magnetic moments p || a),
both quantities are expected to converge at temperatures at
which intersite magnetic correlations have vanished, i.e., pre-
sumably 7' 2 100 K. A broad kink in x, is observed at the
temperature TX]‘E‘L]; ~ 15 K >~ T}*. Maxima in the electronic
heat capacity [36] and electrical resistivity measured with
a current I || ¢ [37] and minima in the thermal expansion
measured with lengths L || b, ¢ [36,38], and thermoelectric
power measured with a current I || a [39] were also observed
at a temperature of >~ 15 K. These anomalies may result from
the development of antiferromagnetic fluctuations with wave-
vector k; and their possible feedbacks on the Fermi surface.
Figure 4(d) presents a comparison of x’(k;)/T'(k;) extracted
here and the NMR relaxation rate 1/77, measured in a mag-
netic field H || b by Tokunaga et al. (for the two sites Tel and
Te2) [28]. These two quantities are dominated by fluctuations
of magnetic moments w || a and vary similarly, increasing
with decreasing temperatures before saturating at low temper-
ature. 1/TT saturates below a temperature of >~ 15 K near 7}*.
Knowing that 1/T7T consists of a sum of x’(k)/T'(k) over
the reciprocal space (see Supplemental Material [34]), the
magnetic fluctuations at k; (and its equivalent positions Kk;)
may contribute significantly to 1/7;T. The slower T variation
of 1/T1T, in comparison with that of x'(k;)/I"(k;) may be
due to the contribution of fluctuations at wave vectors far from
k;. The question of low-energy ferromagnetic fluctuations
(not observed here) and, thus, of their possible contribution
to 1/T1T, which is sensitive to energies E — 0, remains
open.

A similar relationship between anomalies in bulk prop-
erties and magnetic fluctuations was observed in other
heavy-fermion paramagnets [40]. In the prototypical heavy-
fermion paramagnet CeRu,Si,, the characteristic temperature
T ~ 10 K of longitudinal antiferromagnetic fluctuations [41]
is comparable to those of anomalies in the magnetic suscepti-
bility [42], thermal expansion [43], and NMR relaxation rate
[44]. The situation in UTe; is more complex. In addition to
the temperature scale of ~ 15 K considered earlier, a second
temperature scale of ~35 K can be identified from max-
ima in the magnetic susceptibility x, measured with H || b
(hard magnetic axis) [45] in the Hall coefficient [39] and
electrical resistivity [18] measured with a current I || a. Fur-
ther experiments are needed to determine the relationship
between the 15-K and 35-K anomalies and to test if a sec-
ond and higher-energy magnetic-fluctuations mode could be
present.

The possible coexistence of ferromagnetic and antifer-
romagnetic couplings in the ladder structure of UTe, was
theoretically discussed in Ref. [15], and a first report of
antiferromagnetic fluctuations was performed in Ref. [33].
Thanks to a careful investigation of this antiferromagnetic-
fluctuations mode, we emphasize here its quasielastic and
low-dimensional characteristics. It can be visualized as fluc-
tuations of magnetic moments w || a with the following
phenomenological scheme: (i) an interladder antiferromag-
netic coupling J2, . (AF) along b ending in sine-wave
modulation with wave-vector k; of the moments, (ii) intral-
adder ferromagnetic couplings J{(FM) along ¢ and J5(FM)
along a, and (iii) a weak interladder magnetic coupling J¢ ..
along ¢ [see Fig. 1(a)] [46]. As shown in Fig. 1(a), the two

nearest-neighbor interactions correspond to the intraladder ex-
changes J{ and J§ (U-U distances d; = 3.72and d, = 4.12 A,
respectively). The third shortest U-U distance d3 = 4.86 A
is along a tilted direction with components along the three
crystallographic axes a, b, and c. Since the fourth shortest
distance d; = 6.09 A, along direction b, is much bigger than
the three previous ones, the magnetic exchange J? . leading
to a modulation along b may result from a subtle combination
of exchange paths, possibly implying electronic processes
along the tilted direction. A theory describing microscopically
the magnetic exchange interactions may help understanding
how low dimensionality affects the magnetic fluctuations and
how it is related to the large-energy scale I'(k;) >~ 2.5 meV
reported here.

Q modulations of a magnetic-fluctuations signal similar
to those reported here for UTe, were observed by inelastic
neutron scattering in other low-dimensional magnets whose
primitive cell contains several magnetic ions as the mag-
netic ladder Sri4Cuy4Oy4; [47,48], the layered paramagnet
Sr3Ru, 07 [49], the antiferromagnet YBa;Cu3O¢, [50], and
superconductors YBa,Cu3Og g5 [S1] and CaKFesAsy [52]. It
has been argued that a more robust superconducting pairing is
expected for two-dimensional rather than three-dimensional
itinerant magnets [53]. A low-dimensional character of the
magnetic fluctuations may, thus, be of importance for the
development of superconductivity in UTe,. The question of
the role of ferromagnetic fluctuations for the development of
a superconducting phase, often suspected to be triplet, needs
to be clarified. Ferromagnetic fluctuations were not observed
here, within the investigated experimental window 0.6 < E <
7.5meV at T = 2.1 K, but Duan et al. reported a small sig-
nal at the ferromagnetic momentum transfer Q = (0, 1, 1)
at £ ~0.4meV and T =300 mK [33]. Unambiguous ex-
perimental evidence for ferromagnetic fluctuations is now
needed. We note that, in the paramagnet Sr,RuQy, a former
candidate for triplet superconductivity, intense incommensu-
rate antiferromagnetic fluctuations were found to coexist with
weak and broad in Q space quasiferromagnetic fluctuations
[54,55]. Conversely, triplet superconductivity was proposed
to occur in UPt; where only antiferromagnetic fluctuations
were observed [56,57]. Our finding that the antiferromag-
netic fluctuations imply ferromagnetically coupled U atoms
on the ladders may be of importance. Indeed, it is compat-
ible with the proposition of pseudotriplet superconductivity
induced by a ferromagnetic interaction between U atoms
of the ladder rungs without necessarily implying ferromag-
netic fluctuations [8,15,58]. In the future, challenges will be
to determine precisely the respective roles of antiferromag-
netic and ferromagnetic fluctuations and low dimensionality
for the stabilization of different superconducting phases in
UTe,. The topology and possible low dimensionality of
some Fermi-surface sheets, which set in at low tempera-
tures, also play a role for superconductivity [8,14,15] and
would merit further consideration too. We note that, dur-
ing the publication process of this Letter, the opening of
a gap in the magnetic-excitations spectrum with the wave-
vector k; was reported in the superconducting phase [59,60],
confirming that the low-dimensional antiferromagnetic fluc-
tuations reported here play a role for superconductivity in
UTCQ.
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