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We present different transport measurements up to fields of 29 T in the recently discovered
heavy-fermion superconductor UTes with magnetic field H applied along the easy magnetization
a~axis of the body-centered orthorhombic structure. The thermoelectric power varies linearly with
temperature above the superconducting transition, Tsc = 1.5 K, indicating that superconductivity
develops in a Fermi liquid regime. As a function of field the thermolelectric power shows successive
anomalies which are attributed to field-induced Fermi surface instabilities. These Fermi-surface
instabilities appear at critical values of the magnetic polarization. Remarkably, the lowest magnetic
field instability for H || a occurs for the same critical value of the magnetization (0.4 ug) than the
first order metamagnetic transition at 35 T for field applied along the b-axis. The estimated number
of charge carriers at low temperature reveals a metallic ground state distinct from LDA calculations
indicating that strong electronic correlations are a major issue in this compound.

PACS numbers: 71.18.+y, 71.27.4a, 72.15.Jf, 74.70.Tx

Unconventional superconductivity (SC) in heavy-
fermion systems is the consequence of the delicate in-
terplay between competing magnetic and non-magnetic
ground states. Recent studies on uranium based ferro-
magnetic superconductors have pointed out the interplay
between magnetic fluctuations and a Fermi surface (FS)
reconstruction on crossing the quantum phase transition
at the ferromagnetic to paramagnetic instability @] The
emergent picture is that the change of the amplitude of
the ferromagnetic correlations and even the switch of the
direction of the magnetic fluctuations are directly as-
sociated with a FS instability. A reinforcement of SC
(RSC) has been observed in the three uranium based fer-
romagnetic superconductors URhGe E], UCoGe B] and
UGes M] In particular, in URhGe and UCoGe RSC
appears when a magnetic field is applied along the hard-
magnetization b-axis and it is linked to the increase of
magnetic and electronic fluctuations due to the collapse
of the Curie temperature in a field transverse to the easy
magnetization axis. FS instabilities induced by a mag-
netic field, such as Lifshitz transitions ﬂa , have been ob-
served in these heavy fermion materials é—@] underlining
the importance of the Zeeman splitting of the flat bands
crossing the Fermi level. The respective role of such FSs
instabilities on the mechanism of RSC and the sole mag-
netic fluctuations is still an open questionﬂa, @]

The recently discovered heavy-fermion superconductor
UTesy , ] with Ts.=1.6 K, is one of the rare examples
of heavy-fermion materials with a superconducting tran-
sition temperature above 1 K. In contrast to ferromag-
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netic UCoGe and URhGe, UTe, is a paramagnetic mate-
rial but nevertheless it exhibits RSC [11,[13,[14] up to un-
rivalled magnetic field strengths among this class of ma-
terials. UTey has an orthorhombic crystal structure. The
easy magnetization axis is the a-axis, and the c-axis is the
hard axis above 20 K [L1]. For H || b, there is a max-
imum of the magnetic susceptibility at T\ pe. ~ 35 K,
so that at T" = 2 K the susceptibility is lowest for the
b-axis. This maximum of the susceptibility is related to
the first order metamagnetic transition at H,, = 35 T,
which has been observed in recent high field magnetiza-
tion [14, [15] and resistivity experiments [14, [16] for field
applied along the hard magnetization b-axis. The super-
conducting upper critical field H.o is very anisotropic:

o =6T, H, = 12 T, and H% = H,, = 35 T for
a magnetic field applied along the a, ¢, and b axis, re-
spectively. The values of H.o for all directions highly
exceed the Pauli limit. Spectacularly, when a magnetic
field is applied along the b-axis, the H.o(T') exhibits S-
shape curves with a strong reinforcement on approaching
H,, ﬂﬂ] The unconventional shape of H.o can be mod-
elled assuming a field-induced enhancement of the pairing
strength in the strong coupling limit ﬂﬂ, ]

The connection of a FS instability with the field-
enhancement of SC has been most conclusively docu-
mented for URhGe ﬂa, B] In UCoGe FS instabilities
have been reported for the easy magnetization c-axis
which have been identified as Lifshitz transitions linked
to a critical value of the magnetization [J]. However,
RSC appears along the b-axis in this system possibly also
linked to another F'S instability ﬂﬁ] The FS of UTey has
not been determined up to now. No quantum oscilla-
tions have been observed and recent photoemission spec-
troscopy experiments were not able to resolve the elec-
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tronic band structure close to the Fermi level ﬂﬁ] The
first LDA band structure calculation obtained a Kondo
semiconducting ground state with very flat bands near
the Fermi energy ﬂﬂ] These results do not correspond
to the real metallic electronic states observed at low tem-
perature in UTey. By shifting the 5f level upward by
0.2 Ry in the LDA calculations, small F'Ss which occupy
only 5% of the Brillouin zone appear @], suggesting that
UTes would be a semi-metallic system with heavy elec-
tronic states. In this Letter, we focus on the transport
properties of UTes under magnetic field applied along the
easy magnetization a-axis. In this direction, the magne-
tization above T, increases nonlinearly with the field,
showing a tiny change of slope around 6.5 T, and starts
to saturate above H ~ 21 T (reaching 1.05 up at 40 T)
ﬂﬁ] We observe in the different transport properties a
series of anomalies as a function of magnetic field ap-
plied along the a axis which can be assigned to Lifshitz
transitions. The first Lifshitz transition, H;, occurs at
same value of magnetization, 0.4 pp, at which the meta-
magnetism occurs for H || b. Our experiments show that
UTes is a good metal with about one charge carrier per
U atom.

Single crystals of UTes were grown by chemical vapor
transport with iodine as transport agent. The orienta-
tion of the crystals has been verified by Laue diffraction.
In order to study the field dependence of the FS, we
performed thermoelectric power (S) resistivity (p) and
thermal conductivity (k) measurements on three differ-
ent samples (labeled S1, S2, S3) with residual resistivity

ratios (%) of 30, 16 and 38. They have been pre-

pared for experiments with heat or electric current along
the a-axis. S, k and p were measured with field along the
a-axis. The Hall effect was determined by applying the
field along the b and c-axis, respectively. The tempera-
ture and field dependence of the different transport prop-
erties have been measured on sample S1 in CEA Grenoble
using a home-made dilution refrigerator with a base tem-
perature of 100 mK and a superconducting magnet with
field up to 16 T and on sample S2 in a standard PPMS
above 4K with field up to 9T. Furthermore, we performed
measurements at LNCMI Grenoble using a 3He cryostat
up to 29 T on sample S1. S and k have been measured
using a standard ”one heater-two thermometers” setup
compatible with dc resistivity measurements. The Hall
effect was measured on S2 (H || b) and S3 (H || ¢) in a
PPMS.

Figure[llcompares the magnetic field dependence of the
different transport coefficients S, p and k/T at 800 mK
for H || a. Different successive anomalies occur. Ho
defined by S = 0 or p = 0 corresponds to a sharp kink
in k/T, and the onset of SC in S and p coincides per-
fectly. Above H.o, S(H) is negative and exhibits a sharp
peak at H; = 5.6 T. At that field x/T'(H) has a dis-
tinct change of slope, only a tiny change of the magnetic

UTe,
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FIG. 1. (color online) Comparison of the magnetic field de-
pendence of S, p and /T at 800 mK in UTes (S1). The dif-
ferent critical fields are represented by dashed vertical lines.

susceptibility has been observed around 6.6 T ] For
even higher fields additional anomalies appear, most pro-
nounced in S(H) at Hy = 10.5 T and Hs = 21 T. The
anomaly at Hs, corresponding to a tiny increase of p, has
been already identified previously HE] Hs is only visible
in S but appears to be linked to the entrance into the
saturating regime of magnetization under field ]

Figure 2 focuses on the thermoelectric power for H || a:
panel (a) shows the field dependence of S up to 16 T and
panel (b) up to 29 T for different temperatures. Three
anomalies can be observed above the superconducting
critical field and followed as a function of temperature:
the marked minimum at H; = 5.6 T is independent of
temperature and merges with H.o at very low temper-
ature. The anomaly at Hs and the broad one at Hjs
depends more on temperature. They can be followed up
to 3 K, but get less pronounced. Above 3 K we observe
a broad maximum around 4 T and a minimum around
12 T.

Ho(T) and the different anomalies Hy, Hy and Hj
are displayed in the magnetic-field temperature phase
diagram in Fig. Using magnetization from Ref. ,
the corresponding magnetization scale, measured just
above Ty, is represented on the right axis. The key phe-
nomenon is that F'S changes are induced by crossing some
critical values of magnetic polarization. We see that H;
occurs when the magnetization reaches M =~ 0.4 upg/f.u.
Remarkably, for H || b the magnetization is of the same
order just below the magnetization jump at H,, =35 T
ﬂﬁ] which may indicate a critical magnetization value.
At Hs, M(H) starts to saturate.

The temperature dependence of S is represented in
Fig. l(a). For H =0, S is positive at high temperature,
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FIG. 2. (color online) Field dependence of S in UTez (S1)
for H || a, (a) below 2 K up to 16 T measured using a super-
conducting magnet by averaging every point, and (b) below
6 K up to 29 T by sweeping continuously the magnetic field
at LNCMI on sample S1. The arrows indicate the onset of
the superconducting state and the position of the electronic
instabilities .
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FIG. 3. (color online) Magnetic-field temperature phase di-
agram of UTez (S1) for H || a. The upper superconducting
critical field H.2 determined by S = 0, the onset of the su-
perconducting transition (crosses), and the different critical
fields, H1, H2 and Hs, observed in S (full symbol), x (open
symbol) and p (crosses) are represented. These critical fields
correspond to specific values of magnetization (right scale)
measured at Ts. at 1.4 K from Ref. .

changes sign at 25 K, where the hardest magnetization
axis changes from ¢ to b axis and the longitudinal mag-
netic fluctuations start to develop along the a-axis [26].
Decreasing temperature, S shows a broad minimum at
around 12 K and goes linearly to zero below 10 K, as
shown by the constant value of S/T = —1uV/K? (see
inset of Fig. ). A constant S/T strongly supports a
Fermi liquid regime at low temperature in UTey as al-
ready observed in resistivity measurements , ] In
contrast, it is not sufficient to explain the singular tem-
perature dependence of the magnetization measured for
H || a [11, [15], notably the strong increase at low tem-
perature. Thus, as in many 5f compounds, a decoupling
appears between the magnetic response dominated by
the local U moments and the quasiparticles at the Fermi
level. The field dependence of S(T') is very weak, at least
up to 9 T in this temperature range. S(T)/T below 6 K
is represented in Fig. @(b). In zero-field, S/T extrapo-
lated to 0 K gives -1uV/K?. For H = H, = 5.6 T, S/T
shows a downward curvature exhibiting the T3 depen-

S/T(H:‘q.g) . . o
STTinze expected for a Lifshitz transition [27).

The fit, a+ (T*/T)~% which gives a characteristic energy
T* = 150 mK, is represented by a black line. Lifshitz
transitions ﬂﬂ] correspond to the appearance or disap-
pearance of small F'S pockets inside the Brillouin zone.
It is now agreed that the main consequence on transport
properties is not the change in the density of states but
the change of the scattering rate m, @] Such a topolog-
ical change of the F'S will act as a trap for electrons in the
scattering process from main land FS (large k) to small
pockets (small k) through impurities. So, the peak in S
is most probably a field-induced Lifshitz transition oc-
curring at Hy. For H = 6 T, just above Hy, S/T is again
constant at low temperature. In many heavy fermion
systems field-induced Lifshitz transitions have now been
identified ﬂﬂ, ], but not in every case they are related
to a metamagnetic transition. The case of UTes can be
compared to the series of F'S reconstructions observed in
the ferromagnetic superconductor UCoGe when applying
a field along the easy magnetization c-axis, where up to
five anomalies (H;-Hs) have been detected. The Lifshitz
character of the transitions in UCoGe has been confirmed
by the observation of changes in the quantum oscillations
frequencies E] In UCoGe, magnetization measurements
for H || a do not show any detectable metamagnetic tran-
sition, especially not at the most marked anomaly at Hy,
where the Hall effect changes sign from positive to neg-
ative. However, this anomaly in UCoGe occurs also for
a magnetization of M =~ 0.4 pp/fu.. For H || b,which
is the hardest axis in UCoGe, metamagnetism occurs at
the same value of magnetization at H =45 T.

dence in

In many correlated ”good” metals, the absolute value
of the dimensionless ratio ¢ = % (v is the Som-
merfeld coefficient of the specific heat, e the elemen-

tary charge, and N4, the Avogadro number) is of the
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FIG. 4. (a) Temperature dependence of S at H=0 and 9 T
above 4 K (S2). The inset shows the temperature dependence
of S/T for H =0 T. (b) Temperature dependence of S/T for
different magnetic field below 6 K (S1). S/T at 5.6 T is
fitted using a temperature dependence expected for a Lifshitz

.. 1
transition, T 2.

order of unity m] It has been argued that, in the
zero-temperature limit, for scattering both in the Born
and unitary limits, S/T becomes inversely proportional
to the renormalized Fermi energy, and this leads to the
observed correlation @] Let us recall that when the
carrier density is much lower than one itinerant electron
per formula unit, a proportionally larger |q| is expected.
S/T ~ —1 pV/K? and v ~ 0.12 J/(K2mol) [12] yield
q ~ —0.8, giving ny = ﬁ ~ 1.2 carriers (electrons) per
formula unit. This simple argument indicates that, as
regards the value of S/T extrapolated at 0 K, the zero
field ground state of UTes is an heavy fermion metal with
a significant number of charge carriers.

To further check the number of carriers in UTes, we
have measured the Hall resistivity ps,. In Fig. Bl psy/H
as a function of temperature measured at 9 T is repre-
sented for two magnetic field orientations, H | b and
H || ¢. For both field directions, p.,/H shows a pro-
nounced maximum around 7Ty .. ~ 35 K and changes
sign below 5 K, see inset of Fig.[Bl For H || ¢, the Hall ef-
fect is much smaller, but the low temperature value at 2 K
is similar, p,, &~ —36 nQ) cmT 1. The extrapolated value

3.0
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FIG. 5. pzy/H as a function of temperature measured at 9 T
for H || b (S2) and H || ¢ (S3). The inset shows a zoom of Ry
in the low temperature region.

of the Hall resistance at Ty = 1.5 K, Ry = —3.8 x 1074
cm?/C (corresponding to pzy = 39 nQemT ') where the
influence of the skew scattering at T\ 4. can be ne-
glected, gives a density of electrons n = 1.6 x 10%2cm 3.
Using a volume per formula unit of Vi = 88.9 A3, this
yields a number of carriers (electrons) per formula unit
of ny = 1.4. Another way to estimate the carrier number
is to use thermodynamic data. The Sommerfeld coefli-
cient ~ is proportional to % and kp o< n'/3. The Fermi
velocity vp can be estimated from the slope of H.o at

Tse and we get vp (M%FEFT“))_%, and thus the charge

carrier number n = (’}/’UF)%. The slope of H.o at T,
and in consequence vp is sensitive to the field orienta-
tion, vp = 11000, 5500 and 9500 m/s for H || a,b,c
respectively ﬂﬁ] Taking the average value of vp and
v &~ 0.12 J/(K?mol) yields ny = 0.51 carriers per ura-
nium atom. This value is slightly lower than the values
estimated from the transport but still classifies UTey as
a good metal.

However, UTes is a compensated metal, and we expect
equal number of holes and electrons. Band structure cal-
culations predict FSs from the hole and electron bands
ﬂﬁ, ], and the valence of U-atoms is very sensitive to
the Coulomb interaction U M] As the initial slope of
H_5 is determined from the heaviest charge carriers and
the transport properties are equally sensitive to the light
charge carriers, we expect that the FS is created from
heavy holes and light electrons. Recently, photoemis-
sion spectroscopy experiments have been reported ﬂﬁ]
Part of these experiments agree with the calculated band-
structure, however, the details of the band structure close
to the Fermi level could not be resolved. The observa-
tion of an incoherent peak in the photoemission spectra
has not been predicted. This indicates the importance
of strong correlation effects which require to be treated
beyond the LDA approach to resolve the paradigm of a
large number of charge carriers.



In conclusion, the number of charge carriers in UTe,
extracted from S, pg, and from the link between Ho
and ~y establishes a metallic and highly correlated ground
state distinct from a Kondo insulator (= le™ /U). A se-
ries of FS instabilities have been identified in different
transport properties for field along the a-axis. The tem-
perature dependence of the anomaly in S at H; confirms
clearly the topological nature of this transition. The val-
ues of the critical polarization at which H; occurs for
H || @ and at which H,,, occurs for H || b are remarkably
similar indicating the strong interplay between magnetic
polarization and electronic instabilities in this system.
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