ARTICLE IN PRESS

Journal of Magnetism and Magnetic Materials 272–276 (2004) e15–e16

Thermal expansion measurements on a ferromagnetically
ordered single-crystal URhGe
S. Sakaryaa,*, N.H. van Dijka, A. de Visserb, E. Bruck
. b
b

a
Interfaculty Reactor Institute, Delft University of Technology, Mekelweg 15, Delft 2629 JB, The Netherlands
Van der Waals–Zeeman Institute, University of Amsterdam, Valckenierstraat 65, Amsterdam 1018 XE, The Netherlands

Abstract
We have carried out thermal expansion measurements on single-crystalline URhGe in the temperature range from 2
to 200 K: The hydrostatic pressure dependence dTC =dp at ambient pressure was found to be þ0:12 K=kbar: The lowtemperature electronic Gruneisen
.
parameter Gsf ¼ 14 indicates an enhanced volume dependence of the ferromagnetic
spin ﬂuctuations at low temperatures.
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Recently, the intermetallic compound URhGe has
attracted much attention because superconductivity
(Tc ¼ 0:25 K) was found to coexist with ferromagnetism
(Curie temperature TC ¼ 9:5 K) [1]. URhGe crystallizes
in the orthorhombic TiNiSi-type structure (space group
(
Pnma ). The unit cell, with dimensions a ¼ 6:87 A,
( and c ¼ 7:51 A,
( contains 4 formula units.
b ¼ 4:33 A,
Neutron-diffraction experiments on single-crystalline
URhGe [2] revealed a collinear ferromagnetic order
below TC ¼ 9:6 K with ordered U moments of 0:3 mB
conﬁned to the b2c plane. No component of the ordered
moment was observed along the a-axis, which acts as the
hard magnetization direction.
In this paper, we report thermal expansion measurements on single-crystalline URhGe in the temperature
range from T ¼ 2 to 200 K: Our principal aim was to
determine the pressure dependence of the ferromagnetic
transition temperature TC : For a second-order phase
transition, the pressure dependence of TC (at ambient
pressure) can be determined with the Ehrenfest relation
from the anomalies in the linear coefﬁcient of thermal
expansion and the speciﬁc heat. The initial pressure
*Corresponding author. Tel.: +31-15-278-4702; fax: +3115-278-8303.
E-mail address: s.sakarya@iri.tudelft.nl (S. Sakarya).

dependence may give an estimate of the critical pressure
needed to suppress the ferromagnetic order and reach
the quantum critical point at TC = 0. In addition, we
have determined the electronic Gruneisen
.
parameter,
which characterizes the volume dependence of the
ferromagnetic spin ﬂuctuations at low temperatures.
The linear thermal expansion coefﬁcient aðTÞ ¼
ð1=LÞðdL=dTÞ was measured with a parallel-plate
capacitance dilatometer along the orthorhombic a-, b-,
and c-axis of a single crystalline sample of dimensions
a  b  c ¼ 2:4  5:0  2:4 mm3 : From these measurements the volume expansion av ¼ aa þ ab þ ac was
determined.
In Fig. 1 the linear thermal expansion coefﬁcient a
along the a-, b-, and c-axis is shown as a function of
temperature for T ¼ 2–200 K: The temperature dependence of the volume expansion av ¼ aa þ ab þ ac is
shown for comparison. At high temperatures the
thermal expansion is governed by the phonon contribution, closely resembling a Debye curve with estimated
Debye temperature of yD E200 K: Around a temperature of 25 K a remarkable crossing of the three curves
and a clear deviation of the expected T 3 behavior of
low-temperature phonons is observed. This is a clear
sign for the development of an additional contribution from ferromagnetic spin ﬂuctuations at low
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Fig. 1. The coefﬁcients of linear thermal expansion a as a
function of temperature T along the orthorhombic a-, b-, and caxis, and the volume expansion divided by three (av =3).

Table 1
Step anomalies in the coefﬁcients of linear thermal expansion
along the orthorhombic a-, b-, and c-axis and the corresponding
pressure dependence of TC

6

1

Da (10 K )
dTC =dp (K/kbar)

a-axis

b-axis

c-axis

Volume

3.4(1)
0.052(3)

1.7(1)
0.026(2)

2.7(1)
0.041(2)

7.8(2)
0.119(6)

temperatures. It is interesting to note that this contribution mainly affects the anisotropy of the thermal
expansion in the b2c plane, which acts as the easy
plane for the magnetization. At TC ¼ 9:7 K the ferromagnetic order sets in and a peak is observed for all
three directions. The values of the steps are listed in
Table 1.
In order to determine the uniaxial and hydrostatic
pressure dependence of the ferromagnetic transition
temperature we have applied the Ehrenfest relation:
dTC =dpi ¼ Vm Dai =Dðc=TÞ; where the index i refers to
5
3
the orthorhombic axis, Vm ¼
is the
 3:36  10 m =mol
molar volume and D c=T ¼ 0:22ð1Þ J=mol K2 is the
anomaly in the speciﬁc heat divided by temperature [2].
These calculated values are listed in Table 1. The
different pressure dependencies of TC are all positive,
which strongly suggests that the ferromagnetic order
cannot be suppressed by moderate mechanical hydrostatic or uniaxial pressures, but instead a negative
uniaxial pressure is needed to suppress TC for all
crystallographic directions or a hydrostatic pressure of
pcr E  80 kbar: It is important to note that this value
should be regarded as an upper bound for the negative
critical pressure as the pressure dependence of TC is
expected to show signiﬁcant non-linear corrections to
the initial pressure dependence at ambient pressure. A

negative critical pressure of the order of pcr E  80 kbar
might be achieved by suitable chemical substitutions.
In the ferromagnetically ordered state three different
contributions to the thermal expansion can be identiﬁed,
namely contributions due to phonons, ferromagnetic
spin waves, and ferromagnetic spin ﬂuctuations. The
phonon contribution shows a T 3 power-law behavior at
low temperatures. The ferromagnetic spin-wave contribution is expected to obey a T 3=2 power-law behavior,
while the ferromagnetic spin ﬂuctuations lead to an
enhanced linear electronic term at low temperatures.
Both the phonon and spin-wave contributions to the
volume expansion divided by temperature av =T vanish
at low temperatures and, as a consequence, the
extrapolated value of av =T ¼ 5:8ð2Þ  107 K 2 at T ¼
0 is solely due to the contribution of the ferromagnetic
spin ﬂuctuations.
In order to characterize the volume dependence of the
electron correlations we have calculated the effective
Gruneisen
.
parameter by Geff ðTÞ ¼ Vm av ðTÞ=kcðTÞ
where k ¼ ð1=V ÞðdV =dpÞ is the isothermal compressibility. As the compressibility of URhGe is unknown we
will use an estimated value k ¼ 0:8 Mbar1 because k for
other UTX compounds vary from k ¼ 0:6 to 1:0 Mbar1
[3]. At high temperatures Geff shows a small constant
value of Gph ¼ 2; describing the volume dependence of
the characteristic energy scale for phonons. Below 30 K
Geff rapidly increases and reaches a value of Geff E14 just
above TC : In the low temperature limit Geff corresponds
to the enhanced electronic Gruneisen
.
parameter Gsf ¼
d lng=d ln V E14 of the ferromagnetic spin ﬂuctuations.
Comparing the volume dependence of the energy
scales for the ferromagnetic order (TC ) and the
ferromagnetic spin ﬂuctuations (Tsf ), it turns out that
GF ¼ d ln TC =d ln V E16 is of the same order of
magnitude and has the same sign as Gsf ¼
d ln Tsf =d lnV E14: This situation is in strong contrast
to pressure-induced antiferromagnetic superconductors
like CePd2 Si2 [4] where the antiferromagnetic order
competes with the spin ﬂuctuations with an opposite
scaling behavior with volume. It can, therefore, be
expected that the spin-mediated superconductivity of
URhGe exists over a wide pressure range, as observed
for the ferromagnetic superconductor ZrZn2 [5].
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