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Dilatometry study of the ferromagnetic order in single-crystalline URhGe
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Thermal expansion measurements have been carried out on single-crystalline URhGe in the temperature
range from 2 to 200 K. At the ferromagnetic transiti@urie temperaturd -=9.7 K), the coefficients of
linear thermal expansion along the three principal orthorhombic axes all exhibit pronounced positive peaks.
This implies that the uniaxial pressure dependencies of the Curie temperature, determined by the Ehrenfest
relation, are all positive. Consequently, the calculated hydrostatic pressure depeth@iehdp is positive and
amounts to 0.12 K/kbar. In addition, the effective @eisen parameter was determined. The low-temperature
electronic Grmeisen parametdry; = 14 indicates an enhanced volume dependence of the ferromagnetic spin
fluctuations at low temperatures. Moreover, the volume dependencies of the energy scales for ferromagnetic
order and ferromagnetic spin fluctuations were found to be identical.
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I. INTRODUCTION netic order in single-crystalline URhGe was studied by spe-
cific heat, magnetization, and electrical resistivfty> which
Recently, the intermetallic compound URhGe has atshowed a sizeable influence of applied magnetic fields on the
tracted much attention because superconductivif, ( ferromagnetic order and on the ferromagnetic spin fluctua-
=0.25 K) was found to coexist with ferromagnetig@urie  tions in theb-c plane. In the low-temperature limit, the spe-
temperaturd .= 9.5 K).! The surprising discovery of super- cific heat is characterized by the electronic contribution of
conductivity at ambient pressure in this itinerant ferromagnethe ferromagnetic spin fluctuations with a moderately en-
was preceded by the discovery (@ressure-induc@dsuper- hanced linear term ofy=164 mJ/mol K. The magnetic
conductivity in the itinerant ferromagnets UG@ef. 2 and  properties of single-crystalline URhGe are in good agree-
ZrZn, (Ref. 3. Until these discoveries, it was generally be- ment with the results from earlier measurements on poly-
lieved that ferromagnetic order excludes superconductivitycrystalline and powder sampl&,*® which have been re-
This is nicely demonstrated by the experiments on EBRh  viewed by Sechovsky and HavefaRecently, band-structure
(Refs. 4 and 5 and HoMgS; (Ref. 6, where standard calculations were performed by Divis and co-workémnd
BCS singlet-type superconductivity is suppressed when ferShick to study the origin of the magnetic order in URhGe.
romagnetic order sets in. The most likely explanation for theThese calculations suggest a substantial hybridization be-
appearance of superconductivity in these weak itinerant fetween the U-$ and Rh-4l states and a relatively small Ura-
romagnets is that the superconducting state is mediated byum magnetic moment of 0.3g due to a partial cancella-
ferromagnetic spin fluctuations, giving rise to Cooper pairgtion of the spin and orbital components. The calculated
with parallel spins $=1).”72° This type of pairing is rela- moments are in good agreement with the measured values.
tively insensitive to a local magnetic field and can therefore In this paper we report thermal expansion measurements
coexist with ferromagnetic order. The pressure-depender@if single-crystalline URhGe in the temperature range from
experiments on UGeand ZrZn, suggest that in these sys- T=2 to 200 K. Our principal aim was to determine the pres-
tems superconductivity emerges near a ferromagnetic quasure dependence of the ferromagnetic transition temperature
tum critical point, i.e., when the ferromagnetic transition Tc. For a second-order phase transition, the uniaxial pres-
temperature is tuned fB:.=0. At the quantum critical point sure dependence dfc (at ambient pressuyecan be deter-
the ferromagnetic spin fluctuations are strongly enhancednined with the Ehrenfest relation from the anomalies in the
One may therefore expect that ferromagnetic order irinear coefficient of thermal expansion and the specific heat.
URhOGe is also very sensitive to pressure. The initial pressure dependence may give an estimate of the
URhGe crystallizes in the orthorhombic TiNiSi-type critical pressure needed to suppress the ferromagnetic order
structure(space grougP,m2).** The unit cell, with dimen- and reach the quantum critical point B¢=0. In addition,
sionsa=6.87 A, b=4.33 A, andc=7.51 A, contains four Wwe have determined the electronic Geisen parameter,
formula units. Neutron-diffraction experiments on single-which characterizes the volume dependence of the ferromag-
crystalline URhGeRef. 12 revealed a collinear ferromag- netic spin fluctuations at low temperatures.
netic order belowT-=9.6 K with ordered U moments of
0.35ug confined to theb-c plane. No component of the or-
dered moment was observed along ¢haxis, which acts as
the hard magnetic direction for the magnetization. In addi- The dilatometry experiments were performed on a single-
tion to the neutron-diffraction experiments, the ferromag-crystalline URhGe sample with dimensioas<bXxc=2.4
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FIG. 1. The coefficients of linear thermal expansiaen of N—
URhGe as a function of temperatufelong the orthorhombie, b, d':’
and ¢ axis. For comparison the volume expansion divided by a 1k
factor 3 («,/3) is also shown. The high-temperature behavior is
governed by the phonon contribution, while the anomalyTat
=9.7 K reflects the onset of ferromagnetic order. 0
X 5.0 2.4 mn¥. The sample was cut from the material used 4+

in earlier specific-heat measurements performed by Hagmus
and co-workerd® The crystal has been grown from a sto- £ [
ichiometric melt of at least 99.95% pure materials by means M 3
of a modified tetra-arc Czochralski technique in a continuous'%
gettered Ar atmosphere. No subsequent heat treatment we e—— 2
given to the crystal. Due to the relatively high residual resis- ‘3
tivity at low temperatures no superconductivity was observed &
in this particular crystal? The coefficient of linear thermal 1t
expansionx(T)=(1/L)(dL/dT) was measured, using a sen- L
sitive parallel-plate capacitance dilatométerlong the 0
orthorhombica, b, and ¢ axis of the crystal. From these 0
measurements the volume expansigjF a,+ ap+ @, was

determined. T (K)

FIG. 2. The coefficients of linear thermal expansiaen of
Ill. RESULTS URhGe as a function of temperatufealong the orthorhombig, b,

In Fig. 1 the coefficient of linear thermal expansien andc axis at low tempera_ltures. The anomaly_'l’@t= 9.7 K reflects
along thea, b, and c axis of single-crystalline URhGe is the onset Qf ferromagpetlc order. The large linear term at low tem-
shown as a function of temperature in the range ffom2  PEralures is due to spin fluctuations.
to 200 K. The temperature dependence of the volume expan-
sion a,= a,+ ap+ a; is shown for comparisofinotice the  pansion in théd-c plane, which acts as the easy plane for the
figure showsx,/3). At high temperatures the thermal expan- magnetization. ATT-=9.7 K the ferromagnetic order sets in
sion is governed by the phonon contribution for all threeand a peak in the coefficient of linear thermal expansion is
orientations. Around a temperature 05 X a remarkable observed for all three directions.
crossing of the curves for the thermal expansion alongathe  The low-temperature behavior of the coefficients of linear
b, andc axis is observed. This crossing is a clear sign for thethermal expansion along thee b, and ¢ axis is shown in
development of an additional contribution from ferromag-more detail in Fig. 2. The observed steps in the coefficients
netic spin fluctuations at low temperatures. It is interesting t@f linear thermal expansion have the same sign but different
note that this additional contribution from ferromagnetic spinsizes for the three orthorhombic axes of single-crystalline
fluctuations mainly affects the anisotropy of the thermal ex-URhGe. The values of the steps are listed in Table I. In Fig.
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TABLE |. Step anomalies in the coefficients of linear thermal 1.5 ' . ' .
expansion of single-crystalline URhGe along the orthorhorabix - .
and ¢ axis. The corresponding pressure dependence of the Curie - URhGe 7
temperatured T /dp, was deduced from the Ehrenfest relatiesae ~~ i 7]

~ B
text). M 1.0}
% 5
ia B dTc/dp o i
(10°°K™9) (K/kbar) N -
a axis 3.41) 0.0523) t 0.5+
b axis 1.71) 0.0262) 5>
C axis 2.11) 0.0412) i
\olume 7.82) 0.1196) L | |
0.0 —_—
3 the low-temperature volume expansion divided by tem- 0.4L ee? |
perature ¢, /T) is shown as a function of temperature and N’\ : .
compared with the specific heat divided by temperature g ; o *
(c/T) measured on a sample prepared from the same single 0.3F . . .
crystalline batch? é . -
S 02f e .
IV. DISCUSSION -
~

The temperature dependence of the thermal expansion ¢ ¢ (.1 | -
high temperatures is governed by the phonon contribution
and closely resembles a Debye curve. The estimated Deby 0

temperature off=~200 K is in good agreement with the
specific heat dat&*3 At low temperatures the Debye curve [
for the phonon contribution is expected to showl atem- 15F
perature dependence. Beldw- 30 K the thermal expansion

along thea axis shows a clear deviation of this behavior, L
which is even more pronounced along thaxis. This devia- = 10 [
tion indicates the development of an additional contribution o

due to ferromagnetic spin fluctuations. This additional con- [
tribution was also observed in the specific heat measure 51
ments and described in terms of an enhanced electroni
contribution!? In the ferromagnetically ordered state below [
Tc=9.7 K, the temperature dependence of the volume ex- 0 i ) . . A .
pansion closely resembles that of the specific heat, as show 0 10 20 30

in Fig. 3. In line with the analysis of the specific heat

measurements, three different contributions to the thermal T (K)

expansion can be identified in the ferromagnetically ordered

state, namely, contributions due to phonons, ferromagnetic FIG. 3. The volume expansion divided by temperaturg /(T)
spin waves, and ferromagnetic spin fluctuations. As disof URhGe as a function of temperatufeat low temperatures. For
cussed, the phonon contribution show3 hpower-law be- ~comparison the specific heat divided by temperatwi, of a
havior at low temperatures. The ferromagnetic spin-waveéample prepared from the same single-Frys.,taIIine batch is shbwn.
contribution is expected to obey T2 power-law behavior, The bottom frame shows the effective @eisen parameterey,
while the ferromagnetic spin fluctuations lead to an enhanceflétérmined from the experimental data of the volume expansion
linear term at low temperatures. Both the phonon and spin2"d the specific hedtee text

wave contributions to the volume expansion divided by tem- . .
perature &, /T) [and the specific heat divided by tempera- have applied the Ehrenfest relation. For a second-order phase

ture (/T)] vanish at low temperatures and, as atransmon, the uniaxial pressure dependence of the transition

consequence, the extrapolated value of /T=5.8(2) temperature is directly related to the step anomalies in the
%107 K2 at T=0 is solely due to the contribution of the coefficient of linear thermal expansion and the specific heat

ferromagnetic spin fluctuations. As expected for an itineranPy the Ehrenfest relation:

ferromagnetic system, no indications of a crystal field con- dTe VoAw

. . . m |
tribution were observed in the temperature dependence of the = )
. X . dpi  A(c/T)
coefficients of linear thermal expansion.
In order to determine the uniaxial and hydrostatic pressurevhere the indexi refers to the orthorhombic axisy,,
dependence of the ferromagnetic transition temperature, we 3.36x 10 °> m®/mol is the molar volume and\(c/T)

@
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=0.22(1) J/molK is the anomaly in the specific heat di- corresponds to the enhanced electronicr@isen parameter
vided by temperatur¥ By applying this relation to the ex- I's/=dIn y/dInV~14 of the ferromagnetic spin fluctuations.
perimental step anomalies in the coefficients of linear therThe corresponding relative pressure dependence of the elec-
mal expansion, the uniaxial pressure dependende @flong  tronic Sp_ef'f'c heat amounts tod In y/dp=—«T's~

the a, b, and ¢ axis is obtained. The calculated values are— 18 Mbar .

listed in Table I. The hydrostatic pressure dependenci.of . The relation between _magnetic orde_r and the spin fluctua-
can be obtained by inserting the volume expansion for th&ions can further be studied by comparing the volume depen-

coefficient of linear expansion in E€1), or by summing the ~dence of the energy scales for the ferromagnetic ordej (
three contributions of the uniaxial pressure dependence. THad the ferromagnetic spin fluctuationiy. It turns out that
different pressure dependenciesTof as listed in Table | are  the Grneisen parameter for the ferromagnetic orifge=

all positive. This strongly suggests that the ferromagnetic”dInTc/dInV=(1/xTc)(dTc/dp)~16 is of the same order
order cannot be suppressed by moderate mechanical hydr8f magnitude and has the same sign as then@een param-
static or uniaxial pressures, like in the case of Y@ad ©ter for the ferromagnetic spin fluctuationd’s=
ZrZn,. Instead anegativeuniaxial pressure is needed to sup- — 41N Ts/dInV=dIn y/dInV~=14. This situation is in
pressT. for all crystallographic directions. Using a simple Strong contrast to pressure-induced antiferromagnetic super-
linear extrapolation of the initial pressure dependence calcygonductors such as CefSl, (Ref. 24, where the antiferro-
lated from the Ehrenfest relation, we arrive at a negativén@gnetic order competes with the spin fluctuations with an
critical hydrostatic pressure gf,,~— 80 kbar. It is impor- opposite scaling behawor \_Nlth volume. It can t_herefore be
tant to note that this value should be regarded as an upp&Pected that the spin-mediated superconductivity of URhGe
bound for the negative critical pressure as the pressure d&XISts Over a wide pressure range, as observed for the ferro-
pendence ofT¢ is expected to show significant nonlinear Magnetic superconductor ZrZiiRef. 3. This in contrast to
corrections to the initial pressure dependence at ambieff€ Situation in the ferromagnetic superconductor YGRef.
pressure. A negative critical pressure of the ordepgk 2), where superconductivity is only observed in a small pres-

—80 kbar might be achieved by suitable chemical substituSUre region close to the critical pressure where the ferromag-
tions. netic order is suppressed.

In order to characterize the volume dependence of the

electron correlations, we have calculated the effectivenGru V. CONCLUSIONS

eisen parameter of URhGe. The effective @isen param- We have performed thermal expansion measurements on a
eter I'¢; is calculated from the temperature-dependent volsingle-crystalline sample of the ferromagnet URhGe. Below
ume expansion,(T) and specific heat(T): the ferromagnetic ordering temperatureTef=9.7 K an in-
crease in the coefficient of linear thermal expansion was ob-
Ve, (T) served along all three orthorhombic axes. The uniaxial pres-
Ler(T)= o) (2)  sure dependence of the ferromagnetic transition temperature

was determined by the Ehrenfest relation from the anomalies

wherex = — (1\)(dV/dp) is the isothermal compressibility. iq lthe coefﬁciepts of Ii.n.ear thermal expansion and _thg spe-
As the compressibility of URhGe is unknown we will use an Cific heat. We find positive values afTc/dp for all princi-
estimated valug=0.8 Mbar 1. Experimental values for the Pal @xes. Consequently, the hydrostatic pressure dependence
compressibility of other UTX compounds vary from=0.6 1S also positive and amounts bl /dp=0.12 K/kbar. This
to 1.0 Mbar* (Ref. 23. In Fig. 3 the effective Gmeisen CONtrasts the behavior reported for UGend ZrZn. In ad-
parametel ., calculated from the experimental volume ex- dition, the.effectlve Groeisen parameter was determined.
pansion and the reported specific htsis shown as a func- The resulting low-temperature behavior points to an en-
tion of temperature. At high temperatures the effectivérgru hanced volume dependence of the ferromagnetic spin fluc-
eisen parameter shows a small constant valué.g&2 and tuations at low temperatures and an equal volume scaling of
p

describes the volume dependence of the characteristic enerﬁ})e energy scales for the ferromagnetic order and the ferro-
scale for the phonons. Below 30 K the effective Gaisen ~magnetic spin fluctuations.

parameter rapidly increases and reaches a vallé,gf 14
just aboveT . Below T a weak suppression of the effective
Grineisen parameter is observed with a slow increase for We thank B. Fa and P. C. M. Gubbens for stimulating
decreasing temperatures. In the low-temperature limjt  discussions.
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