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Dc magnetization measurements have been performed on the orthorhombic Ising ferromagnet URhGe with 
high-precision control of the magnetic field direction near the hard b axis. The ferromagnetic moment of this 
compound, which aligns along the c axis in zero field, is known to exhibit a reorientation transition in the 
b-axis magnetic field Hb. We observed a clear first-order reorientation transition with a small hysteresis, and 
estimated that the tricritical point TCP is located above 4 K at least, at 0Hb~10.5 T and the wing quantum 
critical points exist at 0(Hb, Hc) ~ (13.5 T, 1 T). We have also measured the longitudinal magnetostriction 
and thermal expansion of URhGe with H along the b axis, and observed that the lattice shrinks along the b 
axis upon the transition. The magnetization and the thermal expansion data indicate the presence of a 
characteristic temperature ~1 K. 

Keywords: quantum phase transition; ferromagnetic superconductor; pairing mechanism; magnetization 
measurement; metamagnetism 

 
 

1. Introduction1 

Recently, a ferromagnetic (FM) quantum phase 
transition (QPT) in clean metals has attracted much 
interest because a first-order QPT is commonly observed 
at low temperatures below a tricritical point (TCP) [1]. 
Below the TCP temperature TTCP, FM first-order planes 
(“wings”) appear in the three-dimensional phase 
diagram [2]. This type of “T-p-H phase diagram” with 
pressure p as a tuning parameter has been studied in 
itinerant FM compounds, such as UGe2, URhAl, UCoGa, 
and ZrZn2 [3-6]. Whereas much theoretical work has 
been conducted, experiments on the wing structure 
phase diagram have so far been performed to much less 
extent because a high pressure is normally required to 
access the FM QPT. By contrast, as a magnetic field 
perpendicular to the magnetic easy axis being the tuning 
parameter, URhGe provides a good opportunity to 
investigate the whole FM phase diagram, in particular 
the wing structure [7,8].  

We focus in this paper on the magnetic properties of 
the itinerant Ising ferromagnet URhGe, which has the 
orthorhombic TiNiSi type crystal structure with the 
space group Pnma. The magnetic moment M of 0.4 B/U 
aligns along the c axis, the magnetization easy axis, 
below the Curie temperature TC of 9.5 K [9,10]. The TC 
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of this compound can be tuned to zero by applying a 
magnetic field along the b axis, perpendicular to the 
spontaneous moment. Under the b-axis field Hb, the 
"ferromagnetic transition" is such that the c-axis 
component of the moment appears below TC(Hb). This 
spin reorientation transition becomes first order below 
TTCP, and TC(Hb) decreases to zero at the critical field 
HR(T = 0) ~ 12 T [9,10]. On cooling below TTCP, the 
second-order transition line bifurcates into two by an 
application of a c-axis field Hc, and a wing structure 
appears in the T- Hc- Hb phase diagram [8]. Very 
interestingly, re-entrant superconductivity (RSC) 
emerges around the “wings” below the critical 
temperature TRSC ~ 0.42 K [7]. The origin of RSC has 
been discussed in the light of FM fluctuations near the 
spin reorientation transition [8] with an assumption of 
very low TTCP [7]. Experimentally, however, the location 
of TCP in URhGe has been controversial [11,12]. In the 
present paper, we have performed low temperature dc 
magnetization and thermal expansion measurements on 
URhGe under a precise control of the field angle to 
investigate the wing structure, in particular the location 
of the TCP in the three-dimensional T- Hc- Hb phase 
diagram. 
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2. Experimental procedures 

Single-crystalline sample of URhGe was grown by 
Czochralski method and cut into a rectangular shape 
with dimentions a×b×c = 0.7×1.0×0.5 mm3 with 4.4 
mg mass at JAEA. The present sample does not exhibit 
superconductivity. Whereas superconductivity can be 
observed only in stoichiometric samples of URhGe with 
a very small residual resistivity [13], the FM transition is 
known to be much more robust and does not change 
even in doped systems, URh0.9Co0.1Ge and URhxIr1-xGe 
[8,14].  

Dc magnetization measurements were performed by 
means of capacitively-detected Faraday magnetometer 
[15]. In this method, we detect a magnetic force 
MdHz/dz that the sample experiences in a field gradient 
dHz/dz, where the z axis denotes the vertical axis along  
which magnetic fields are generated by superconducting 
solenoid. Normally, a magnetic torque contribution 
appears in the output of the capacitance transducer, and 
is subtracted by measuring the torque background by 
setting dHz/dz=0. The details of this method can be 
found in Ref. [15]. The magnetrostriction measurements 
have been performed by using capasitive dilatometer. 

We have developed a two-axis rotation device, 
consisting of a piezo-stepper-driven goniometer 
combined with a home-made tilting stage [16]. 
Installation of the device into the magnetometer has 
achieved an in-situ alignment of the sample within an 
accuracy of 0.1 deg. The details of the rotation device 
will be published elsewhere. In this paper, we measured 
 dependence of the magnetization in the bc plane in the 
range |°, where is the angle of the magnetic field 
measured from the b axis. A 3He-4He dilution 
refrigerator is used for cooling the sample. 

3. Results 

3.1. Magnetization  

Figure 1 shows the magnetization curves M(H) of 
URhGe near HR() at 0.25, 1, 2, 3, 4.2, and 6 K, 
measured at  of (b) 1.65° and (c) 5.64°, together with 
their differential curves dM/dH for (e) 1.65° and (f) 
5.64°. The corresponding data for  = 0°, M* and 
dM*/dH, are also plotted in Figures 1 (a) and 1(d), 
respectively. Here we denote the magnetization at  = 0° 
by M*(H) to distinguish from that for °, because 
some torque contribution remains in the magnetization 
data of the FM state below HR at || < 0.1° due to the 
following reason. Maxwell equation (divB=0) implies 
that dHx/dx= dHy/dy= -(1/2)dHz/dz holds at the magnet 
center. The vertical field gradient Gz (=dHz/dz) = 8 T/m 
then causes a field gradient of order 4 T/m along the 
horizontal direction as well; when the sample with its 
vertical b axis is slightly off-centered by 1 mm along the 
horizontal c direction, it experiences a magnetic field of 
4 mT along the c axis. This tiny additional field 
proportional to Gz is not so disturbing near HR for || ≳ 
0.1°, because Hc is already large enough for the 
ferromagnetic domains to align towards either +c or –c 
directions. However, for || < 0.1°, the sample is still in 
the FM domain state even near HR, so that the domain 
population significantly changes by the small additional 
field. As a consequence, the torque contribution, which 
predominantly arises from the c-axis component of the 
magnetization, significantly changes with Gz. The torque 
background then becomes different between Gz = 8 T/m 
and 0, resulting in an incomplete torque subtraction. We 
expect that dM*/dH peak height in Figure 1 (d) is about 
30% overestimated due to this effect.  
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Figure 1.  Magnetization curves M(H) of URhGe near HR() at 0.25, 1, 2, 3, 4.2, and 6 K, measured at an angle  of (b) 1.65° 
and (c) 5.64°, together with their differential curves dM/dH for (e) 1.65° and (f) 5.64°, where  is measured from the b towards 
the c axes. For comparison, M* and dM*/dH at  = 0°, which contains some torque contributions, are also plotted in Figures. 
1(a) and (d). The inset in Figure 1 (d) shows dM*/dH at 0.5 K and  = 0° for both up- and down-field sweeps, indicating the 
presence of a small hysteresis. 
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As can be seen from Figures 1(a) and 1(d) ( = 0° 
data), the spin reorientation transition occurs at 0HR ~ 
11.2 T for T=0.25 K, and just above HR the 
magnetization value reaches ~ 0.46 B/U, almost equal 
to the value of spontaneous moment along the c axis in 
zero field. The inset in Figure 1(d) shows that a small 
hysteresis appears in the transition field at 0.5 K and  = 
0°. The presence of the hysteresis provides strong 
evidence for the first-order transition. We observed that 
the hysteresis becomes indiscernible above 1 K. The 
dM/dH peak height also becomes smaller and broader 
with increasing temperature, but the peak feature of 
dM/dH remains even at 6 K. With increasing , the 
dM/dH peak becomes smaller, and shifts to the higher 
field side. The peak feature disappears above 4.2 K for  
= 1.65° and above 0.25 K for  = 5.64°, indicating that 
these points are located just outside the wing boundary. 

Figure 2 shows the temperature dependence of the 
peak height of dM/dH at HR obtained at  = 0°, 0.79°, 
1.65°, 3.64°, and 5.64°. The data points at  = 0° are 
reduced in magnitude by a factor of 0.7 to correct the 
residual torque contribution as described above. A rapid 
decrease of the amplitude can be seen above 2 K for  = 
0° and above 0.5 K for  = 0.79° and 1.65°. For  = 
3.64° and 5.64°, the amplitude is not sensitive to 
temperature. Further details of this magnetization results 
will be given in Ref. [17]. 
 
3.2. Thermal expansion and magnetostriction 

Figure 3 shows the longitudinal magnetostriction of 
URhGe at 0.5 K and 2 K in magnetic fields along the b 
axis. A first-order like transition is observed at 0HR ~ 
12.5 T in Figure 3. Note that the two-axis rotation device 
was not used in the magnetostriction measurements. The 
higher value of HR compared to that by the present 
magnetization measurements can be ascribed to a 
misalignment of the sample, which is roughly estimated 
to be ~ 2° towards the c axis. The magnetostriction 
indicates that the lattice significantly shrinks along the b 
axis upon the reorientation transition. The inset shows 
the thermal expansion relative to the value at 0.25 K, 

measured at 11, 12, 12.5, 13, and 14 T with the same 
configuration as the magnetostriction measurements. We 
note that thermal expansion is smaller than the 
magnetostriction by two orders of magnitude. The 
thermal expansion is vanishingly small below 1 K in the 
measured field range, and spread with each other 
depending on the field values above 1 K. These results 
indicate that the magnetostriction curves near the 
reorientation transition are almost temperature 
independent below 1 K, and broadening of the 
reorientation transition occurs above 1 K as observed in 
the present magnetization results. 

 
 

 4. Discussion 

At the base temperature of 0.25 K, the peak amplitude 
of dM/dH() at HR() decreases progressively as 
increases, making it somewhat difficult to precisely 
determine the edge of the wings from the present data. 
Nevertheless, we estimate from Figure 2 that the wing 
edge extends to the range 3.64°< < 5.64°, since 
beyond this range the peak feature of dM/dH suddenly 
becomes very weak and is only weakly temperature 
dependent. From these results, we expect that the T = 0 
quantum wing critical points (QWCP) are located near 
0(Hb, Hc) ~ (13.5 T, 1 T), i.e., || ~ 5°. 

From Figures 1 and 2, the dM/dH amplitude becomes 
weaker near 3 K at  = 0°, and the linear extrapolation 
value of dM/dH amplitude between 2 and 3 K reaches to 
0.05, which is the value of  = 5.64°, at ~ 4 K. We can 
estimate that the position of TCP is above 4 K at least. 
Note that a weak peak feature of dM/dH is observed 
even between 4.2 and 6 K at 0°, indicating that TCP 
may locate above 6 K. It turns out, then, that the ratio of 
TTCP/TRSC is rather large in URhGe, TTCP/TRSC ≳ 10, 
suggesting that the effect of fluctuations around TCP on 
RSC may be weaker than expected in Ref. [18]. It is 
likely that the RSC is rather associated with its 
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Figure 2.  Temperature dependence of the peak amplitude 
of dM/dH at HR obtained at  = 0°, 0.79°, 1.65°, 3.64°, and 
5.64°. The data points at  = 0° are reduced by a factor 0.7 
to compare with those for  ≠ 0°, as explained in the text.

Figure 3.  Longitudinal magnetostriction of URhGe at 0.5 
K and 2 K in magnetic fields along the b axis. Note that 
there is a misalignment of the magnetic field direction from 
the b axis by ~ 2° towards the c axis. The inset shows 
thermal expansion (relative to the value at 0.25 K) at 11, 12, 
12.5, 13, and 14 T with the same configuration as in the 
magnetostriction measurements. 
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unusually weak first-order nature at the transition much 
below TTCP. 

Despite the rather high TTCP, our magnetization and 
magnetostriction data suggest the presence of a 
characteristic temperature of ~ 1 K; temperature 
dependences of M(H) as well as the magnetistriction 
become very weak below T ~ 1 K, as shown in Figures 2 
and 3. A similar characteristic temperature has been 
reported in lower fields between 0 and 7 T in the 
previous thermoelectric power measurements [11] and 
has been assigned to be a crossover into a coherent low 
temperature Fermi-liquid regime 

It should be stressed that the first-order reorientation 
transition in URhGe is very weak, as demonstrated by 
the very small hysteresis and a rapid weakening of the 
transition on approaching the wing edges. Owing to the 
weakness of the transition, substantial fluctuations of the 
order parameter might remain below the characteristic 
temperature of 1 K. 

 
 

5. Conclusion 

We have examined the angle-resolved magnetization 
of the orthorhombic Ising ferromagnet URhGe near the 
b axis under precise control of the magnetic field 
direction. We observed a clear first-order reorientation 
transition, and determined the profiles of the wing 
structure phase diagram, in particular the location of a 
tricritical point TCP and quantum wing critical points 
QWCPs. We estimate that TCP is located above 4 K at 
least, an order of magnitude higher than the critical 
temperature of reentrant superconductivity (RSC). This 
fact suggests that ferromagnetic fluctuations associated 
with TCP are not the main cause of RSC in this system. 
The present magnetization as well as the 
magnetostriction data indicate the presence of a rather 
low energy scale of ~ 1 K, which is almost the same 
with the temperature scale of a Fermi-liquid regime 
reported in the previous thermoelectric power 
measurements [11]. Interestingly, the first-order 
transition remains very weak in this temperature region. 
Such a weakness of the first-order transition might host 
substantial fluctuations even at low temperatures, 
leading to RSC in this system. 
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