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We report ambient-pressure magnetization, heat capacity, and thermal-expansion measurements of the fer-
romagnetic superconductor UGe2 in high magnetic fields. An analysis of the magnetic heat capacity derived
from both magnetization and specific-heat data shows that UGe2 is well described in the framework of the
molecular-field theory. Our heat-capacity and thermal-expansion results reveal a clear crossover regime, a
feature that illustrates the proximity to the quantum critical end point of a first-order boundary between two
different ferromagnetic phases. Furthermore, we show that the ferromagnetic contribution to these thermody-
namic quantities can be split into two terms with distinct Grüneisen parameters.
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I. INTRODUCTION

The ferromagnet UGe2 is the first compound that exhibits
superconductivity �SC� within its ferromagnetic phase.1,2 In
this material, the transition from ferromagnetism to paramag-
netism �PM� at the critical pressure, pc�16 kbar, is first
order at zero temperature.2,3 The emergence of superconduc-
tivity is clearly related to an additional boundary, Tx�p�,
which splits the ferromagnetic phase into a low-pressure
FM2 and a high-pressure FM1 region �see Fig. 1�. At T=0,
the transition from FM2 to FM1 is also first order and occurs
at a pressure px�12 kbar where the ordered moment M0�p�
drops from 1.4 to 0.9 �B and where the electronic
specific-heat coefficient � �proportional to the effective
mass m� of the quasiparticles� jumps from 50 to about
100 mJ mol−1 K−2.3–7 The sharp discontinuity of the ordered
moment, a first-order derivative of the Gibbs energy, is un-
equivocal proof that the transition is thermodynamic first or-
der. Although it is well established that the transition at px is
first order at zero temperature with px�12 kbar, specific-
heat anomalies were interpreted both as first order7 and sec-
ond order4 in a narrow pressure range pcr� p� px �see Fig.
1�. The precise location of pcr is not yet determined
exactly.2–4,8,9 Nevertheless, no discontinuity was detected in
neutron scattering, resistivity, magnetization, and NMR/
nuclear quadrupole resonance �NQR� measurements below
the Curie point at ambient pressure.2,10 Theoretical works
suggest that Tx�p� can arise from a coupling between spin-
density wave �SDW� and charge-density wave �CDW�
order11 or, phenomenologically from a peak structure in the
electronic density of states.12

Furthermore, it was recently suggested that the FM2 re-
gion corresponds to a fully polarized state with only a
spin-up component because M�T�, derived from neutron-
scattering measurements, can be fitted in an extended tem-
perature range by an expression given by Stoner.14 Clearly,

more work needs to be done to understand the exact nature
of the FM1-FM2 transition. In this article, we present a de-
tailed thermodynamic investigation of UGe2 at ambient pres-
sure in which we combine magnetization, specific heat, and
thermal-expansion measurements up to 8 T.

Our data clearly demonstrate that the change between
FM1 and FM2 is a crossover instead of a sharp thermody-
namic phase transition in agreement with earlier results.
However, the existence of this crossover also clearly indi-
cates that UGe2, at p=0, already feels the proximity of the
critical end point �Tcr , pcr�. We also show that the squared
magnetization follows the usual T2 dependence characteristic
of a weak itinerant ferromagnet in the FM2 phase, excluding

FIG. 1. �Color online� The schematic �p ,T� phase diagram of
UGe2 �Ref. 13�. Thick lines represent first-order transitions and thin
lines denote second-order transitions. The dashed line indicates a
crossover while the dots mark the positions of critical points. The
superconducting region is represented in red �black area at bottom�.
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a fully polarized state at low temperature. In addition, the
molecular-field approximation �MFA� gives an excellent de-
scription of both the specific-heat and thermal-expansion
data; a sound test is the ability to extract the phonon contri-
bution to the specific heat.

II. EXPERIMENTAL DETAILS

A parallelepiped-shaped single crystal �a�b�c�3.4
�1.9�0.9 mm3� was used in the present experiments. Ad-
ditional information about the crystal synthesis and the sub-
sequent thermal treatments are given elsewhere.2 The heat-
capacity measurements were performed with the relaxation
method using the 4He-PPMS �physical property measure-
ments system, quantum design� between 2 and 300 K in mag-
netic fields up to 8 T. Thermal-expansion measurements were
carried out, in the same temperature and field ranges, with a
home-built capacitive dilatometer,15,16 along the a, b, and c
axes. The magnetization was determined using the PPMS-
vibrating-sample magnetometer option. For all measure-
ments the magnetic field was applied parallel to the easy
direction a.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Magnetization

Figure 2�a� shows the temperature dependence of the
field-cooled magnetization M�T� for several applied mag-
netic fields above the saturation field which renders the
sample monodomain. The ferromagnetic transition at Tc
�55 K is clearly seen. The signature of Tx is hardly discern-
ible, in contrast with measurements performed at higher
pressure, where a phase transition occurs on the Tx�p�
line.14,17 At low temperature, i.e., T�Tc /3, the ordered mo-
ment is strongly temperature dependent, and M2�T�−M2�0�

closely follows the usual T2 law �Fig. 2�b��. This law is
obeyed for all fields. In the Stoner theory,18 this low-
temperature behavior is characteristic of a weak itinerant fer-
romagnet for which both spin bands are populated. For com-
parison, Fig. 2�b� also shows the fit of the 0.5 T data �dashed
line� to the Stoner expression M =M0�1−�T3/2e−�/T� for a
fully polarized ferromagnet, using a fixed gap value, �
=40 K, derived from neutron measurements.14 This fit
clearly fails to reproduce the temperature dependence of the
magnetization at low temperatures although it describes the
data quite well between �15 and 25 K. It must be pointed
out that M decreases only by 1% between 0 and 10 K and
this change is well outside the resolution of the neutron mea-
surements. Hence, our results contradict the conclusion of
Aso et al.14 that the FM2 region corresponds to a fully po-
larized state.

B. Heat capacity

Figure 3 shows the measured specific-heat C�T� as a func-
tion of temperature for various magnetic fields. As expected,
the ferromagnetic anomaly is shifted to higher temperatures
and becomes broadened with increasing field. In agreement
with previous studies,2 the signature of the crossover Tx
separating the FM1 and FM2 regions is not very pronounced
in the raw data at ambient pressure. In the same figure, the
solid line represents the estimated phonon background
Clat�T� �which is described in more detail in Sec. III B 2�,
while the inset illustrates the field dependence of the elec-
tronic linear term �. The magnetic �and electronic� heat ca-
pacity, C�T�−Clat�T�, obtained by subtracting the lattice con-
tribution from the measured specific-heat C�T� is shown in
Fig. 4�a�: the crossover at Tx is now clearly observed as a
broad peak. In the following, we compare this magnetic con-
tribution to the one derived from the magnetization data in
the framework of the molecular-field theory.

1. Magnetic specific heat and the molecular-field approximation

In the framework of the MFA, the magnetic heat capacity
can be derived from magnetization data. The spins are

FIG. 2. �Color online� �a� Temperature dependence of the mag-
netization M�T� of UGe2 for fields up to 8 T. �b� M2 as a function of
T2 for temperatures below 20 K. The dashed line is a fit to the
Stoner expression M =M0�1−�T3/2e−�/T�, using the gap value, �
=40 K, derived from neutron measurements �Ref. 14�.

FIG. 3. �Color online� Temperature dependence of C /T of UGe2

for several fields. The lattice contribution �full line, see Sec. III B 2�
is also represented. The inset illustrates the field dependence of the
low-temperature linear term �.
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coupled through a positive exchange interaction via a
molecular-field Hm=	mM, where 	m is the molecular-field
constant. This approximation can be applied to itinerant
�Stoner model�18,19 or localized moments �Weiss model�.
Therefore, in the presence of an applied magnetic field H, the
molar magnetic contribution to the specific heat can be writ-
ten as

CMFA�T� = − �0Vm
�m

2
� �M2

�T
�

CM�T�

− �0VmH� �M

�T
�

CH�T�

, �1�

where Vm is the molar volume while CM�T� and CH�T� are
the molecular-field and Zeeman terms, respectively. In most
itinerant ferromagnets �such as Co and Fe� this approxima-
tion fails because the low temperature decrease in the mag-
netization is due to spin-wave excitations, which are not
taken into account in this simple model. However, UGe2 is
not akin to these familiar 3d metals due to its huge uniaxial

magnetic anisotropy,20 and, consequently, longitudinal fluc-
tuations of the magnetization dominate the excitation
spectrum.13 In the low-temperature itinerant FM2 region, the
possible excitations are indeed the spin-flip single-particle
excitations �Stoner excitations� as observed in the weak itin-
erant ferromagnet ZrZn2.21 Hence, this Ising anisotropy to-
gether with the relative large ordered moment �M0
=1.4 �B� support the relevance of this approximation for
UGe2. Figure 4�b� shows the magnetic specific heat CMFA�T�
obtained by applying Eq. �1� to the magnetization data with a
field independent 	m�155. The crossover anomaly between
the two magnetic regions FM1 and FM2 is clearly visible
and corresponds to a broad specific-heat peak. The fact that
the magnetic heat capacities displayed in Figs. 4�a� and 4�b�
are nearly identical clearly demonstrates that: �i� the anomaly
at Tx is of magnetic origin and �ii�, the MFA is a good ap-
proximation for UGe2. Surprisingly, even for T→0, CMFA /T
does not tend to zero but to a finite value �m which is, within
experimental accuracy, equal to the value obtained from the
direct measurement of C�T�. Consequently, the bare elec-
tronic term �e must be rather small for UGe2 at ambient
pressure. The existence of a nonzero �m confirms that the
FM2 region has a delocalized character. Indeed, in the Stoner
theory,18,19 the molecular field causes the splitting of the
spin-up and spin-down Fermi surfaces by an amount 
� pro-
portional to M. The molecular-field energy EM � �
��2�M2.
As shown in Sec. III A, M2�T2 and the low-temperature
magnetic heat capacity is proportional to T as dEM /dT
��mT.

The value of 	m is somewhat smaller than
Tc

Ccw
�170

�where Ccw is the Curie-Weiss constant� expected for a fully

TABLE I. Fit parameters for the lattice specific heat and volume
thermal expansion.

Branch



�K� p
�

�10−3 kbar−1�

Debye �D� 165 3 1

Einstein �E1� 129 1.8 6.8

Einstein �E2� 245 4.7 0.3

FIG. 4. �Color online� �a� Magnetic and electronic heat capacity obtained by subtracting the lattice contribution Clat /T �see Sec. III B 2�
from the measured heat capacity C /T. �b� Magnetic specific heat CMFA /T calculated in the MFA by applying Eq. �1� to the magnetization
data.

FIG. 5. �Color online� Temperature dependence of �C
−CMFA� /T for several magnetic fields. The lattice fit �full line� is
also represented together with its Debye �dashed line� and Einstein
components �dotted and dash-dotted lines�.
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localized ferromagnet. This difference, which is just outside
the error, can be attributed to 5f-electron delocalization. The
rather weak itinerancy is also corroborated by the value of
the magnetic entropy �Smag=0.8R ln 2� which is only 20%
lower than R ln 2. Smag of UGe2 is at least twice as large as
the entropy observed for the well established itinerant ferro-
magnets URhGe and UCoGe, which have significantly

smaller ordered moments22,23 �0.4 and 0.07 �B, respectively�
than that of UGe2.

2. Lattice heat capacity

The lattice specific-heat Clat�T� �see Fig. 3� is obtained by
subtracting CMFA�T� from the total specific heat for each
magnetic field. As illustrated in Fig. 5, we obtain a lattice
contribution Clat�T� which is field independent; again sup-
porting the validity of the MFA. We analyze Clat�T� using an
empirical model that describes both the acoustic and optical
branches of the lattice spectrum. The lattice specific heat is
decomposed into a single Debye function CD�T� and two
Einstein terms CE1�T� and CE2�T�. The electronic term �eT is
quite small and can be neglected. The model is:

Clat�T� = CD�pD,
D� + �
i=1

2

CEi
�pEi

,
Ei
� , �2�

where pD and pEi
are, respectively, the number of acoustic

and optical branches of frequency �Ei
=kB
Ei

/�. In Fig. 5,
we show Clat /T for several magnetic fields with the results of
fitting the data to Eq. �2� with the restriction pD=3.

The fit parameters are given in Table I. Clat�T� is very well
reproduced by our model over the entire temperature range,
confirming that the bare electronic contribution �e is indeed
negligible. In addition, the energies of the two dispersionless
Einstein terms are in good agreement with Born-von Karman
calculations, that have revealed the existence of low-lying
optical phonons around 10–15 and 20 meV, respectively.24

C. Thermal expansion

1. Uniaxial pressure dependences of Tc

In Fig. 6, the three linear expansion coefficients �i�T�
�along the a, b, and c axes� are shown together with the
resulting volume expansion �v as a function of temperature
for fields up to 8 T. In zero field, a marked step is observed
at Tc for all three directions. These steps are negative in sign
along the b and c axis while a positive step is observed along
a. The uniaxial and hydrostatic pressure dependences of the
Curie temperature are determined using the Ehrenfest rela-
tion,

�Tc

�pi
=

Vm��i

��C/T�
, �3�

where the index i refers to the orthorhombic axes and/or to
the volume, Vm=37.34 cm3 /mol is the molar volume while
��i and ��C /T� are the sizes of the anomalies in �i and
C /T, respectively.

The resulting values of
�Tc

�pi
are given in Table II where we

also list the corresponding Grüneisen parameters of the FM1
state as

�i�FM1
i =

1

Tc

�Tc

�pi
, �4�

where the �i’s are the uniaxial isothermal compressibilities.
Since we do not have the exact values for the �i’s, we cal-

FIG. 6. �Color online� Temperature dependence of the coeffi-
cients of linear thermal expansion along the a, b, and c axes and
volume for fields up to 8 T. The anomaly at Tx is clearly visible. The
lattice contribution for each direction is also shown �dashed line�.
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culate the products, �i�FM1
i and �i�FM1

i �see Sec. III C 3�,
which nevertheless allows us to compute the ratio of the
Grüneisen parameters related to FM1 and FM2.

As illustrated in Fig. 6, the thermal-expansion curves ex-
hibit a large anomaly related to Tx that is very well resolved
in comparison with the heat capacity. For a genuine phase
transition, as observed at Tc, the three expansivities must
exhibit an anomaly at exactly the same temperature. The
value of Tx, taken as the position of the extremum of �i�T�,
is, however, different for the three directions with deviations
of a few kelvin. Therefore, our measurements unambigu-
ously rule out the possibility that Tx corresponds to a ther-
modynamic phase transition somewhat broadened by sample
defects or internal stress at ambient pressure. Thus, the Tx�p�
line, observed at large pressures, has to end at a critical pres-
sure pcr where Tx�pcr�=Tcr.

2. Lattice thermal expansion

Using the specific-heats CD�T�, CE1�T�, and CE2�T� ob-
tained above �see Table I�, the lattice contribution �v

lat�T� to
the thermal expansion is estimated by fitting the volume ex-
pansion above Tc to the expression

�v
lat�T� = �DCD�T� + �E1

CE1
�T� + �E2

CE2
�T� , �5�

where �D, �E1
, and �E2

represent Grüneisen-like parameters
related to the Debye and the two Einstein temperatures, re-
spectively. These values, also listed in Table I, are the only fit
parameters. As shown in Fig. 6, we obtain reasonable lattice
expansion coefficients for all axes and the volume.

3. Magnetic contribution to the thermal expansion

The magnetic thermal expansion �v
mag�T�, shown in Fig.

7, is obtained by subtracting �v
lat�T� from the measured vol-

ume expansion �v�T�. We note that its temperature depen-
dence is very similar to its heat-capacity counterpart. As
shown in Fig. 6, the anomalies at Tx and Tc have opposite
signs along the a and b axes while the same signs are ob-
served along c and the volume. These opposite behaviors of
Tc and Tx with uniaxial stress can be simply explained if the
ferromagnetic contribution to �i�T� consists of two distinct
contributions.

Indeed, if the entropy of the system is governed by a
single energy scale such as the Fermi-liquid temperature in
ordinary metals or the Néel temperature in classical localized
antiferromagnets, the thermal expansion is directly propor-
tional to the specific heat. The proportionality constant is the

Grüneisen parameter which is independent of temperature.
Figure 8 shows that CMFA is effectively proportional to �v

mag

but only in a restricted temperature range below Tx. This
clearly indicates that there are two Grüneisen parameters,
one being related to FM1 by Eq. �4� and the other to FM2 by

�i�FM2
i =

1

Tx

�Tx

�pi
. �6�

The volume Grüneisen parameter �v�FM2
v is equal to

−37�10−3 kbar−1 which is the scale factor between CMFA
and �v

mag inferred from Fig. 8 in the low-temperature region.
It follows that �FM2

v /�FM1
v �2 just like Tc /Tx within experi-

mental error. According to Eqs. �4� and �6�, we conclude that

�Tx

�p
�

�Tc

�p
, �7�

in the zero-pressure limit. This is in agreement with the
pressure-temperature phase diagrams put forward by differ-

TABLE II. Uniaxial and hydrostatic pressure dependences of Tc

and Tx and Grüneisen parameters for UGe2 in zero field. The
Grüneisen parameters are calculated according to Eqs. �4� and �6�.

a b c v

�Tc /�pi �K kbar−1� 0.27 −1.05 −0.47 −1.17

�i�FM1
i �10−3 kbar−1� 5 −20 −9 −21

�Tx /�pi �K kbar−1� −0.36 0.33 −1 −1.04

�i�FM2
i �10−3 kbar−1� −13 12 −36 −37

FIG. 7. �Color online� Temperature dependence of the volume
magnetic thermal expansion �v

mag�T� for fields up to 8 T.

FIG. 8. �Color online� Temperature dependence of the volume
magnetic thermal expansion �v

mag�T� �full lines� together with the
scaled magnetic specific heat �dashed lines� for 0 and 8 T. We
observe that �v

mag�T� is proportional to CMFA�T� only in a restricted
temperature range below Tx.
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ent authors25,26 and thus confirms the consistency of our
analysis.

IV. DISCUSSION

The existence of two distinct energy scales implies that
the magnetic heat capacity and thermal expansion can be
written as the sum of two contributions,

CMFA�T� = CFM1�T� + CFM2�T�

�mag
v �T� = �FM1

v · CFM1�T�

�FM1
v �T�

+ �FM2
v · CFM2�T�

�FM2
v �T�

,

,

�8�

where CFM1�T� and CFM2�T� are the specific heats related to
FM1 and FM2, respectively. This simple decomposition is
valid if �FM1

v and �FM2
v are temperature independent. By

solving this system of equations, we obtain the curves given
in Fig. 9. The red curves are directly related to the onset of
ferromagnetism at Tc. The Grüneisen parameter derived from
the ratio of these two curves gives

�Tc

�p . Interestingly, the con-
tribution related to FM2 �blue curves� sets in just at Tc as if
it was triggered by the onset of ferromagnetic order. It then
develops a maximum at Tx and finally leads to the low-

temperature linear terms in C�T�, ��T� and M2 vs T2. Thus,
the Grüneisen parameter derived by the ratio of the blue
curves provides

�Tx

�p �
��
�p .

To corroborate our analysis, we compare �FM1
v �T� with

thermal-expansion measurements performed at 13 kbar �us-
ing a strain gauge�,27 i.e., above the critical pressure px at
which the FM2 state collapses �see Fig. 10�. Although shifted
due to the pressure dependence of Tc, these two curves have
a very similar behavior �i.e., no hump related to FM2�. This
indicates that only the FM1 �red� contribution persists above
px and that ��p� no longer increases above this pressure. This
is consistent with specific-heat measurements C�p ,T� under
pressure, which shows that ��p� increases with pressure and
levels off above px at a value of �FM1�p� px�
�100 mJ mol−1 K−2.5 In addition, our results are compatible
with magnetization measurements under pressure �for p
� px�17 which reveal that FM1 is distinguished from FM2 by
�i� a smaller magnetic moment M0=0.9 �B, �ii� a huge in-
crease in the magnetic anisotropy, and �iii� a flatter tempera-
ture dependence of the low-temperature magnetization.

Our results indicate that the linear terms of C�T�, ��T�,
and the T2 dependence of M2 have a common 5f electronic
origin in the FM2 region. On the other hand, the large value
of � observed in the FM1 phase, which develops from the
suppression of FM2, appears not to have the same origin
�mainly changes in band mass renormalization and not in the
spin fluctuation dynamics� as shown by the weak value of
the linear term in ��T� related to the very low-pressure de-
pendence of �. Further specific-heat and thermal-expansion
measurements extended above the critical pressure pc, where
ferromagnetism vanishes, would be useful.

V. CONCLUSIONS

From magnetization data, we find that, at ambient pres-
sure, the itinerant phase FM2 of UGe2 does not correspond
to a fully polarized state for which only one spin direction
contributes to the magnetic polarization. We have demon-
strated that the magnetic and thermodynamic properties of

FIG. 9. �Color online� Temperature dependence of the magnetic
heat capacity �a� and magnetic thermal expansion �b� in zero field.
These two quantities are decomposed into two contributions related
to FM1 �red� and FM2 �blue�.

FIG. 10. �Color online� Temperature dependence of the
ambient-pressure FM1 magnetic thermal expansion. It is compared
to the thermal expansion measured along the b axis at 13 kbar �Ref.
27�. Because of its small lattice contribution, �b�T� is almost en-
tirely of magnetic origin.
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UGe2 can be understood in the simple context of the
molecular-field theory. Based on a detailed analysis, the lat-
tice and magnetic contributions to the specific heat and the
thermal expansion were determined. Moreover, we confirm
that Tx is not the signature of a thermodynamic phase tran-
sition as it is the case at TCurie. Thus, the first-order Tx�p� line
ends at a critical end point �Tcr , pcr� while the zero tempera-
ture limit is reached at px. In addition, the change from FM1
to FM2 upon cooling is clearly given by the magnetic prop-
erties of the uranium 5f electrons. The open question is
whether this change is driven by changes in the degree of
localization of these heavy quasiparticles. Similarly to the
pressure-induced superconductor CeIn3,28 superconductivity,
in UGe2, is observed at the point where the FM2 phase col-
lapses, i.e., where, at least, changes of the Fermi surface have
been detected.29 In order to distinguish between band-

structure and correlation effects, a careful determination of
the superconducting phase diagram on crossing the �Tx , px�
first-order line is required. UGe2 appears as a perfect ex-
ample for the studies of quantum critical end points as it is
now highly discussed for valence transitions30 and metamag-
netic transitions in ferromagnets and antiferromagnets.31–33
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