
Metamagnetic Transition in UCoAl Probed by Thermoelectric Measurements

A. Palacio-Morales,1,* A. Pourret,1,† G. Knebel,1 T. Combier,1 D. Aoki,1,2 H. Harima,3 and J. Flouquet1

1SPSMS, UMR-E CEA/UJF-Grenoble 1, INAC, Grenoble F-38054, France
2IMR, Tohoku University, Oarai, Ibaraki 311-1313, Japan

3Department of Physics, Graduate School of Science, Kobe University, Kobe 657-8501, Japan
(Received 19 October 2012; published 12 March 2013)

We report field and temperature dependent measurements of the thermoelectric power (TEP) and the

Nernst effect in the itinerant metamagnet UCoAl. The magnetic field is applied along the easy

magnetization c axis in the hexagonal crystal structure. The metamagnetic transition from the paramag-

netic phase at zero field to the field induced ferromagnetic state is of first order at low temperatures and

becomes a broad crossover above the critical temperature T?
M � 11 K. The field dependence of the TEP

reveals that the effective mass of the hole carriers changes significantly at the metamagnetic transition.

The TEP experiment reflects the existence of different carrier types in good agreement with band structure

calculations and previous Hall effect experiments. According to the temperature dependence of the TEP,

no Fermi liquid behavior appears in the paramagnetic state down to 150 mK, but is achieved only in the

field induced ferromagnetic state.
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The study of the quantum phase transitions in interme-
tallic strongly correlated electron systems such as the
transition from an antiferromagnetic ordered state to a
paramagnetic (PM), or from a ferromagnetic (FM) to PM
ground states has recently motivated a large variety of
experimental and theoretical studies [1–3]. In the case of
an antiferromagnetic instability, the restoration of a PM
ground state at the quantum phase transition is often in-
duced by application of pressure or magnetic field [4]. For
FM materials at zero magnetic field the phase transition
from PM to FM states changes from second order to first
order at finite temperature before collapsing at the critical
pressure pc [5]. Furthermore, the FM domain is extended
above pc through the FM wings under external magnetic
field [6–8]. These three FM first order planes define the
location of the tricritical point at which the first order
FM-PM transition ends up. A recent example is the FM
compound UGe2 which at zero magnetic field has a tricrit-
ical point at pc � 1:46 GPa [9]. Under magnetic field the
FM wings have been identified and they collapse at a
quantum critical end point (QCEP) located around
pQCEP � 3:5 GPa and H � 16 T [7,8].

Here we focus on the paramagnetic 5f system UCoAl
which is located on the proximity of a FM quantum critical
point, but the critical pressure from the FM to PM state is
expected to be negative, pc ��0:2 GPa [10]. At a mag-
netic field HM � 0:7 T along the easy magnetization, axis
c, for T ! 0 K, a first-order metamagnetic transition from
the PM to a FM ground state occurs [11]. The spontaneous
field-induced magnetization is near 0:3�B=U in the FM
state [12,13], much smaller than the effective moment from
the Curie-Weiss law above 30 K (1:8�B=U) indicating the
itinerant character of the 5f electrons [14–16]. The first
order transition line HMðTÞ of this Ising type material

terminates at a critical end point (CEP) with H?
M � 1:0 T

and T?
M � 11 K. Above this CEP a crossover regime

appears [10]. It is worthwhile to notice that for p < pc

the ground state of UCoAl may not be a pure FM state as it
crystallizes in the hexagonal ZrNiAl-type structure (space
group P�62m) with lack of inversion symmetry [17]. In this
structure the U ions are in a triangular coordination form-
ing a quasikagome lattice within the a-b plane. Thus a
complicated magnetic structure, as, e.g., the one for MnSi
[18,19], can be expected.
In order to study in detail the electronic properties of

UCoAl, we performed precise thermoelectric power (TEP)
experiments, extending previous measurements [20] from
T ¼ 4 K down to 150 mK. We carefully analyzed the TEP
in the different field and temperature regimes of the (T, H)
phase diagram in order to draw the signature of HMðTÞ
below the CEP (H?

M, T
?
M) and of the PM-FM crossover

domain above the CEP. TEP measurements far above the
Fermi liquid regime of the PM phase show that the ratio
S=T (TEP divided by temperature) has a relative stronger
drop compared to the jump of the specific heat C=T at HM.
Our results allow us to estimate the field variation of S=T at
very low temperatures and thus to give a key comparison of
the interplay between thermal transport and thermody-
namic properties.
Single crystals of UCoAl were grown by the Czochralski

method in a tetra-arc furnace. The residual resistivity ratio
of the studied crystals is around 10. Two bar-shaped
samples from the same batch are cut by spark cutter and
oriented by x-ray Laue diffractometer displaying very sharp
spots. TEP measurements were performed applying the
magnetic field along the c axis and thermal gradients
along the a axis (transverse case) and c axis (longitudinal
case).
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The measurements are performed at low temperatures
down to 150 mK and under magnetic fields up to 5 T. All
data shown are obtained by sweeping the field upwards.
Seebeck and Nernst coefficients were measured using a
‘‘one heater and two thermometers’’ setup. Thermometers
and heater are thermally decoupled from the sample holder
by manganin wires.

Figures 1(a) and 1(b) show the temperature dependence
of the TEP (S) at constant field for the transverse and
longitudinal configurations, respectively. The entrance in
a low temperature domain where a Fermi liquid state is
expected, is achieved below the temperature Tcoh defined
as the maximum of SðTÞ in the transversal and a change of
slope in the longitudinal configurations as indicated in
Figs. 1(a) and 1(b). Figures 1(c) and 1(d) show the tem-
perature dependence of S=T for J k a and J k c configu-
rations, respectively. At H ¼ 0, a continuous increase of
S=T is observed down to the lowest temperature for both
configurations. For the transverse configuration, the
increase of S=T is more pronounced and seems to diverge
to low temperatures. From the strong increase of S=T on
cooling at a constant fieldH <HMð0Þ it is clear that at least
down to 150 mK, a constant S=T Fermi-liquid regime is
not observed [21], either for the longitudinal or for the
transverse configuration. By contrast for H >HMð0Þ, a
Fermi-liquid behavior is observed in the temperature

dependence of S=T. The non-Fermi liquid behavior in
the low field regime is also confirmed in resistivity mea-
surements down to 50 mK (not shown). Previous resistivity
experiments above 2 K reported in Ref. [22] showed a

T3=2 dependence in the PM state while a Fermi liquid T2

dependence occurs in the high field FM state. Similar
behavior had been found in MnSi under high pressure. In
that case, the resistivity has a T2 dependence only in the

ordered phase (p < pc) while for p > pc � 1:4 GPa a T3=2

is observed over a large pressure range in the low field
domain [23,24]. This unusual temperature dependence of
the resistivity in MnSi has been attributed to a partial
ordering observed in neutron scattering. It is interesting
to notice for further pressure experiments on UCoAl that in

MnSi up to P� 3pc, the T
3=2 dependence seems a robust

pressure property of the low field ground state [24]. The
very low temperature transport properties of UCoAl point
at the formation of an exotic PM phase. This may be
related to the peculiar quasikagome lattice structure in
this compound which can give rise to frustration as it has
been stressed, e.g., for YbAgGe [25].
Figure 2 displays the isothermal TEP S=TðHÞ as a

function of increasing field H for the (a) tranverse and

(a)

(c) (d)

(b)

FIG. 1 (color online). T dependence of the TEP SðTÞ at differ-
ent magnetic fields, (a) for transverse and (b) longitudinal
thermal flow configurations. S drops drastically at the metamag-
netic transition and Tcoh defined as the maximum of S, marks
the entrance in the low temperature electronic regime where a
Fermi liquid state is expected. (c) and (d) T dependence of the
TEP divided by temperature S=T, for transverse and longitudinal
configuration, respectively. For both configurations, S=T contin-
ues to increase down to 170 mK in the PM state for H <H?

Mð0Þ
and gets constant above H?

Mð0Þ in the FM state.

FIG. 2 (color online). Isothermal TEP measured as a function
of increasing magnetic field at different temperatures in
(a) transverse and (b) longitudinal configurations. The inset of
panel (a) indicates the location of the metamagnetic transition
lines: HM (first order transition), Hm (crossover); the two arrows
delimit the broadness of the crossover. The inset of panel (b)
shows the field dependence of the TEP at the lowest temperature
�170 mK for J k a and J k c configurations.
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(b) longitudinal configurations. The inset in Fig. 2(a)
shows the determination of the first order transition at
HM and of Hm (crossover) as well as the width of the
crossover regime for J k a indicated by the arrows. The
critical field of the samples used for the transversal con-
figuration, HM ¼ 0:75 T, is slightly higher than that used
for longitudinal configuration where we find HM ¼ 0:7 T.
In both configurations, at the metamagnetic transition a
strong hysteresis between up and down sweeps of the
magnetic field due to the first order nature of the transition
has been observed (not shown). The width of this hysteresis
increases towards low temperatures (e.g., 40 mT at 0.85 K
and 70 mT at 0.25 K for J k a).

In order to estimate the discontinuity of SðHÞ through
the metamagnetic transition (HM), we represent in the inset
of Fig. 2(b) the field dependence of S=T at the lowest
temperature achieved (170 mK) for both configurations.
For J k c, S=T is almost field independent on both sides
ofHM, while for J k a in the PM phase S=T decreases with
H belowHM and becomes constant aboveHM. This differ-
ent behavior of S=T is clearly associated with the quite
unusual strong increase of S=T preserved at H ¼ 0 T for
J k a. For J k a, the drop of S=T as a function of field
at T ¼ 170 mK is at least 2:8 �VK�2 at HM while for
J k c it is 2 �VK�2. The step of the specific heat coeffi-
cient (� ¼ C=T) is only 15 mJmol�1 K�2 decreasing
from �ðH <HMÞ � 75 mJmol�1 K�2 to �ðH >HMÞ �
60 mJmol�1 K�2 [10,20]. The relative drop in the TEP is
68% and 100% for J k a and J k c configurations, respec-
tively, while it is only 20% for �.

In Fig. 3, the Nernst coefficient � ¼ N=H is plotted as
a function of magnetic field for temperatures around T?

M.
The Nernst coefficient is almost constant at low magnetic

fields which is consistent with the normal response of the
Nernst effect in a PM state under magnetic field. At the
metamagnetic transition for T < T?

M, the Nernst coefficient
presents a sharp increase attributed to the presence of an
anomalous Nernst effect (ANE) [26–28]. The transition
becomes a pronounced minimum for T > T?

M which broad-
ens as the temperature increases. The broadening range is
consistent with the phase diagram determined by the TEP
measurements (see Fig. 4). The observation of an anoma-
lous Hall effect (AHE) is well known in ferromagnets [29].
It is the appearance of a spontaneous Hall current flowing
parallel to E�M, where E is the electric field and M the
magnetization. Karplus and Luttinger proposed that the
AHE current is originated from an anomalous velocity
term which is nonvanishing in a ferromagnet [30]. The
topological nature of the Karplus-Luttinger theory has
been of considerable interest recently [31]. Similarly, the
Nernst signal is also sensitive to the anomalous velocity
term generating a dissipationless thermoelectric current,
i.e., an anomalous Nernst effect. The abrupt change of
the Nernst signal in UCoAl atHM is similar to the anomaly
observed in the Hall signal attributed to the AHE.
Moreover, the negative sign of the ANE is in good agree-
ment with previous measurements of ANE, e.g., in the
ferromagnet CuCr2Se4�xBrx [32].
The anomalies observed in the temperature and field

dependence of the TEP are displayed in the (T, H) phase
diagram shown in Fig. 4. From the temperature dependent
measurements at fixed field (see Fig. 1), we extract the
crossover to the low temperature coherence regime. From
field dependence measurements (Fig. 2), the lines HM

FIG. 3 (color online). Isothermal Nernst coefficient � as a
function of increasing field H. �ðHÞ presents an abrupt step at
HM for T < T?

M which becomes at T > T?
M a pronounced mini-

mum. This minimum broadens as the temperature increases in
agreement with the increase of the broad crossover regime as
shown in the phase diagram, see Fig. 4.

FIG. 4 (color online). Combined (T, H) phase diagram drawn
for J k a (black symbols) and J k c (blue symbols or dark gray)
configurations; the observed critical field is slightly sample
dependent. Open circles and open squares corresponds to the
crossover field Hm. The gray dashed line and triangles indicate
the crossover and the stars mark the entrance in a coherent low
temperature regime. A simple Fermi liquid response [S=TðTÞ ¼
const] is observed only for H >H?

M below Tcoh.

PRL 110, 116404 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 MARCH 2013

116404-3



and Hm correspond to the first order metamagnetic
transition and the middle of the crossover, respectively.
In addition the width of the crossover is shown in Fig. 4.
Let us notice that, despite the complex T dependence of
SðTÞ at fixed field, crossover lines can also be drawn from
the T dependences with, of course, slight differences
from those determined from the field dependence of
SðHÞ. However, the first order line coincides perfectly
for the two determinations. The crossover regime collap-
ses on approaching the CEP (H?

M, T
?
M). The entrance in

a coherent regime appears at low temperatures and a
simple Fermi-liquid state [constant S=TðTÞ [21]] occurs
only for H >HM. Above 1 K, the phase diagram is in
good agreement with those previously drawn from mag-
netization, NMR, and Hall effect measurements [33–35].
Below T � 1 K, a change of the sign in @TM=@H is
due to the increase of the hysteresis of the first order
transition.

The interest of TEP measurements is to probe the evo-
lution of the topology of the Fermi surface, and the
enhancement of the effective mass of the different types
of carriers, electrons, and holes. It is a rather difficult
analysis in this multiband system. At first glance, it is usual
to compare at very low temperature TEP and specific heat
experiments. In a crude one-band model with a spherical
Fermi surface, the TEP is directly linked to the entropy Se
per charge carrier while the specific heat gives the entropy
per mole. The ratio of both quantities defines the q factor
[q ¼ SNAe=ð�TÞ where NA is Avogadro’s number and
�e < 0 is the electronic charge] which is inversely pro-
portional to the number of heat carriers per formula unit
[36]. Taking the � value below and aboveHM, forH <HM

the q factor is qa ¼ 0:12 and qc ¼ 0:36 for J k a and J k
c, respectively. Above HM, qa jumps to 0.57 and qc seems
to change its sign becoming �3:32. These results suggest
an important change through the metamagnetic transition
and point out the irrelevance of a one-band description in
this complex system.

In order to improve previous full potential band structure
calculation (FLAPW) [15], we have performed a more
precise calculation by using 592 sampling k points in the
irreducible Brillouin zone in the PM phase for this mod-
erated heavy fermion compound. UCoAl is a compensated
metal where the number of hole carriers, near 0.05 holes
per UCoAl formula, comes from the 78 hole band and the
electron carriers are distributed among the electron bands
79 and 80. Although the local-density approximation
(LDA) calculation cannot treat completely the electronic
correlations, it will give a good estimation of the relative
mass enhancement between hole and electron quasipar-
ticles. The density of states of hole band is 260 states/Ry/
(primitive cell) corresponding to 15 mJmol�1 K�2, while
the density of states of the electron bands is 122 states/Ry/
(primitive cell) corresponding to 7 mJmol�1 K�2, show-
ing nearly twice heavier hole band than electron band.

In a two band model with spherical Fermi surfaces
the contribution of each band will be weighted by their
respective electric conductivity (�), i.e., S ¼ ð�hSh þ
�e�Se�Þ=ð�h þ �e�Þ [37]. In a first approximation, we
assume the invariance of the Fermi surface through HM.
The hole carrier with an average effective massm?

h � 2m?
e

will dominate the TEP response at low field in good
agreement with the observed positive sign of the TEP.
Entering in the FM domain through HM will lead to a
drastic decrease of m?

h , while the carrier concentration

stays almost constant on crossing HM according to the
Hall effect [20,35]. The opposite sign of the hole and
electron response in S=T leads to magnify the reduction
of the TEP on entering in the FM domain and thus to a drop
of S=T quite stronger than the drop of C=T. However, a
quantitative description is difficult as electron and hole
Fermi surfaces are far to be spherical. Furthermore, in
the FM polarized phase with a rather large FM component
(0:3�B per U atom), the spin up and spin down Fermi
surfaces will differ.
In the future, an issue will be to test the validity of the

Fermi surface invariance through HM via the direct obser-
vation of quantum oscillations or photoemission spectros-
copy. Recently, the interplay between Fermi surface
topology and quantum singularities studied by TEP has
also been under debate in other heavy fermion systems
(see, e.g., the metamagnetic transition in CeRu2Si2 [38],
the antiferromagnetic quantum critical point in YbRh2Si2
[39], or the hidden order in URu2Si2 [40]).
In conclusion, TEP is a powerful probe to determine

the (T, H) phase diagram of UCoAl down to very low
temperature and far above the CEP at T?

M ¼ 11 K and

H?
M � 1:0 T. The metamagnetic transition is directly

linked to the itinerant character of the quasiparticles. The
comparison with Hall effect measurements below HM

indicates that UCoAl is a multiband compound with a
heavy hole band and a light electron band, in good agree-
ment with band structure calculations. The main drop in
the effective mass at the metamagnetic transition occurs
in the hole channel. A singular point is that due
to its quasikagome crystal structure with a lack of inversion
symmetry, the low field PM phase does not show
Fermi-liquid properties even down to 150 mK. The present
data on the TEP in UCoAl with a rather simple Fermi
surface may allow quantitative theoretical developments.
It can serve as a reference for the recent TEP measure-
ments made in strongly correlated electron systems. A
clear route is now to realize measurements through the
QCEP by tuning pressure and magnetic field.
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Mod. Phys. 79, 1015 (2007).

[3] Q. Si and F. Steglich, Science 329, 1161 (2010).
[4] G. R. Stewart, Rev. Mod. Phys. 78, 743 (2006).
[5] D. Belitz, T. R. Kirkpatrick, and T. Vojta, Phys. Rev. Lett.

82, 4707 (1999).
[6] D. Belitz, T. R. Kirkpatrick, and J. Rollbühler, Phys. Rev.

Lett. 94, 247205 (2005).
[7] V. Taufour, D. Aoki, G. Knebel, and J. Flouquet, Phys.

Rev. Lett. 105, 217201 (2010).
[8] H. Kotegawa, V. Taufour, D. Aoki, G. Knebel, and J.

Flouquet, J. Phys. Soc. Jpn. 80, 083703 (2011).
[9] C. Pfleiderer and A.D. Huxley, Phys. Rev. Lett. 89,

147005 (2002).
[10] D. Aoki, T. Combier, V. Taufour, T. D. Matsuda, G.

Knebel, H. Kotegawa, and J. Flouquet, J. Phys. Soc. Jpn.
80, 094711 (2011).

[11] A. Andreev, R. Levitin, Y. Popov, and R. Yumaguzhin,
Sov. Phys. Solid State 27, 1145 (1985).

[12] O. Eriksson, B. Johansson, and M. S. S. Brooks, J. Phys.
Condens. Matter 1, 4005 (1989).

[13] M. Kucera, J. Kunes, A. Kolomiets, M. Divis, A.V.
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[14] P. Javorský, V. Sechovský, J. Schweizer, F. Bourdarot, E.
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