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Abstract

We have studied the pressure—temperature phase diagrams in Ulr, U3P4, UP,,
CeAgSb, and CeMg,Cug by means of the electrical resistivity. Application
of pressure suppresses the magnetic ordering shown at ambient pressure in all
compounds. In Ulr, the pressure-induced superconductivity is observed in the
vicinity of the magnetic-nonmagnetic transition. In this article, we review
the pressure—temperature phase diagram and the properties of the magnetic—
nonmagnetic transition in these compounds.

1. Introduction

Pressure-induced magnetic—nonmagnetic transition and the superconductivity near the critical
pressure are among current topics of interest in condensed matter physics. In the last decade,
pressure-induced superconductivity has been found in several Ce or U compounds, where
a magnetically mediated mechanism due to the critical fluctuation was suggested. These
compounds showed various pressure—temperature (P—7") phase diagrams as follows.

In Celns, CePd,Si, [1] and CeRh,Si; [2, 3], the superconductivity appears only in
the narrow pressure range near the antiferromagnetic-nonmagnetic critical point. The
non-Fermi liquid (NFL) behaviour in the low temperature part of the resistivity in Celn;
and CePd,Si, suggests the existence of critical fluctuation related to the appearance of
superconductivity while the absence of NFL behaviour in CeRh,Si, may suggest a different
mechanism of superconductivity. On the other hand, in the cases of CeCu,Ge, [4] and
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Figure 1. Indenter high pressure cell designed for low temperature and high field experiment.

CeRhlns [5], the superconductivity can be observed in a relatively wide pressure range above
the antiferromagnetic-nonmagnetic critical point. Correspondingly, the NFL behaviour is
observed in the wide pressure range. The P—T phase diagram of CeCu,Ge, has a characteristic
enhancement of the superconducting transition temperature 7sc, which is also observed for
CeCu,Siy. Another mechanism may be required to explain the enhancement of Tsc [6]. In
some of compounds, the details of the P-T phase diagram, in particular the coexistence of
antiferromagnetic ordering and superconductivity, are investigated microscopically by means
of NMR [7, 8]. Recently the coexistence of superconductivity and ferromagnetic ordering has
been discovered successively in UGe, [9, 10], URhGe [11] and ZrZn; [12]. In UGe;, the
superconductivity appears near P’ where a successive magnetic transition at 7* disappears. In
UGe,, the low temperature resistivity obeys the Fermi liquid form of 7% near PZ and Pc where
the ferromagnetic ordering vanishes. In order to obtain further insights into the NFL effects
near the magnetic-nonmagnetic transition and its relevance to the onset of superconductivity,
we need further systematic studies on the heavy fermion magnets.

We have been investigating the P—T phase diagrams and searched for superconductivity
in some f electron systems by means of the electrical resistivity. The pressure-induced
magnetic—honmagnetic transitions have not been reported for all compounds. Application of
pressure suppressed successfully the magnetic ordering in some of them. The pressure-induced
superconductivity was found in Ulr. In this article, we review the P—T phase diagram and the
properties of the magnetic-nonmagnetic transition in these compounds.

2. Experiment

Pressure was applied by utilizing properly the indenter cell [13] and diamond anvil cell (DAC)
according to the required pressure. The indenter cell shown in figure 1 was designed for the
magnetic measurement which needed larger sample space than the DAC. The indenter made
of nonmagnetic WC deforms the hole piece made of Ni-Cr—Al alloy by application of external
force. The maximum pressure is about 5.0 GPa. The sample space has a diameter of 1.6 mm
and initial height of about 1.4 mm which decreases with application of pressure. The pressure-
transmitting medium was Daphne oil 7373 which has relatively low compressibility. The
pressure value was estimated via the superconducting transition temperature Tsc of lead. The
relation between Tsc and pressure was given by [14]. For higher pressure experiments on UsPy
and UP,, the DAC has been used. The detail of preparation is described in [15]. The pressure-
transmitting medium was Daphne oil 7373. The pressure value was determined through a shift

2



J. Phys.: Condens. Matter 19 (2007) 125205 T C Kobayashi et al

¢ ur @
40 E
PM
TCI
<
~
20 | 8
FM1 T,
FM2 ?XTsc
0 1 1 A 1
—~ L
o) (b)
~ 04t}
=<
- T=2K
= o02r )
< H//[101] v
0 1 2 3
Pressure (GPa)

Figure 2. (a) P-T phase diagram of Ulr. Solid and open circles are Ty determined by the resistivity
and magnetization measurements, respectively. The superconductivity is observed near the critical
pressure where the FM2 phase disappears. (b) Pressure dependence of the ordered moment along
[10 i] at 2 K. Solid circles are the ordered moments M, determined from the Arrott plot. Open
circles are the residual magnetizations M.

in the R-line fluorescence spectrum of ruby. The electrical resistivity was measured by the
conventional four-probe method. Magnetization measurement in Ulr was carried out by using
the conventional SQUID magnetometer. The high pressure cell for magnetization measurement
is of indenter type, which will be reported on elsewhere.

3. UIr

Ulr has the monoclinic PbBi-type structure without the inversion symmetry. The magnetic
property at ambient pressure is Ising-like ferromagnetic with the Curie temperature Tc =
46 K [16]. The magnetic susceptibility follows the Curie—Weiss law with an effective moment
Ueff = 2.4 up/U while the ordered moment is 0.5 up/U, indicating an itinerant nature of 5f
electrons. The electrical resistivity measurement in a polycrystal of Ulr under high pressures
up to 1.86 GPa was reported, where the critical pressure for the suppression of ferromagnetism
is estimated to be 4.0 GPa [17]. In this study, we used high quality single crystals which were
grown by the Czochralski method in a tetra-arc furnace. The ingot was purified by a solid-state
electrotransport method in a vacuum of 5 x 10~!'! Torr. The residual resistivity py and the
residual resistivity ratio RRR (= prr/po) were 0.44 €2 cm and 250, respectively, at ambient
pressure.

The pressure—temperature phase diagram of Ulr consists of a low pressure ferromagnetic
phase FM1, a high pressure magnetic phase FM2 and a superconducting phase as shown in
figure 2(a) [18]. Curie temperatures defined as 7¢; (FM1) and T, (FM2) are determined
by means of the resistance and magnetization measurements. The FM1 phase disappears
abruptly at the critical pressure Pc; ~ 1.7 GPa and another magnetic phase FM2 with a
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small ferromagnetic moment appears. The FM2 phase disappears at Pc; ~ 2.6 GPa. The
novel superconductivity is observed in the narrow pressure range near Pc», indicating that the
superconductivity is due to the critical fluctuation associated with the disappearance of FM2
phase.

The pressure variation of the ordered moment M, at 2 K is shown in figure 2(b), where the
external field is applied parallel to the [1 0 1] direction which is the spin easy axis at ambient
pressure. The ordered moment M, is estimated from an Arrott plot of the magnetization
process. The ordered moment, which is 0.5 up/U at ambient pressure, decreases with
increasing pressure and reaches 0.28 ug/U at 1.6 GPa just below Pc;, and then decreases
abruptly at Pc; ~ 1.7 GPa. Correspondingly, the magnetization process in Pc; < P < 1.9 GPa
shows metamagnetic-like behaviour. The discrete change of the ordered moment and the
metamagnetic-like behaviour indicate that the FM 1-FM2 transition is of first order. In the FM2
phase, the ferromagnetic ordered moment along [1 0 1] is smaller than that in FM1 phase. The
maximum value of M is 0.07 ug/U. At 2.6 GPa, the disappearance of the ordered moment
is confirmed at 2 K. The absence of metamagnetic behaviour in P > P, reveals that the
FM2-nonmagnetic transition is of second order in contrast to the FM1-FM2 transition.

The superconductivity can be observed in the narrow pressure range of 2.61 GPa < P <
2.65 GPa near Pc,. The superconducting transition temperature is 0.14 K at 2.61 GPa. The
upper critical field Hc; at zero temperature is estimated to be about 26 mT. The temperature
dependence of the resistivity obeys the non-Fermi liquid form of 7''® over the wide temperature
range of 0.2 K < T < 10 K, indicating that the critical fluctuation survives down to
low temperatures. From these experimental facts, it is considered natural that the origin
of the superconductivity is the critical fluctuation associated with the magnetic-nonmagnetic
transition at Pc.

The crystal structure of Ulr lacks inversion symmetry. In the case of UGe, and URhGe,
equal spin pairing is believed to occur in the superconducting state since the inversion symmetry
guarantees the degeneracy of |k, 1) and | —k, 1) states. On the other hand, in the case of MnSi,
the absence of superconductivity is believed to be due to the lack of inversion symmetry [9].
For Ulr, it is still not clear whether the superconductivity coexists with the magnetic ordering
or not. In the paramagnetic state outside of the FM2 phase, the electron system has time
reversal symmetry, which guarantees the degeneracy of |k, 1) and |-k, | ) states. For the FM2
phase, time reversal symmetry is not expected any longer. The FM2 phase may not be simple
ferromagnet and then the singlet pairing of |k, 1) and |—k, |) may exhibit superconductivity
due to the antiferromagnetic fluctuation. In order to investigate the magnetic properties of the
FM2 phase, the magnetization measurements for other directions are now in progress.

4. UsPy

UsPy crystallizes in the body centred cubic (bcc) structure of Th3P,4 type with a space group
of 143d. This crystal structure also lacks inversion symmetry. U3P; is a ferromagnet with the
Curie temperature 7c = 138 K at ambient pressure [19]. The magnetic susceptibility follows
the Curie—Weiss law with an effective moment . = 2.75 up/U [20] while the ordered
moment is obtained as 1.34 up/U from the neutron scattering experiment [21], indicating the
itinerant nature of 5f electrons. The magnetic structure is the non-collinear, three-sublattice
magnetic structure with a ferromagnetic component along the [1 1 1] direction [21, 22]. The
pressure effects on resistivity have been reported, where the application of pressure up to 8.2
kbar reduces Tc to 121.8 K [23]. A single crystal of UsP4; was prepared by the chemical
transport method [19]. The residual resistivity ratio prr/po reaches about 1500 in a single
crystal used in the present study, indicating excellent quality.
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Figure 3. P-T phase diagram of U3P4. The critical pressure Pc of the ferromagnetic-nonmagnetic
transition is determined by the pressure dependence of coefficient A of p ~ AT2.

The pressure—temperature phase diagram of U3P, is shown in figure 3. The temperature
dependence of the resistivity increases slightly just below 7¢ and decreases with a upward
curvature below T¢ at ambient pressure. The Curie temperatures in figure 3 are defined as
minima of dp/dT. Above 4.3 GPa the Curie temperature cannot be determined because the
minimum of dp/dT smears out. The critical pressure of the magnetic—-nonmagnetic transition
is determined as 5.0 GPa < Pc < 5.3 GPa from the consideration of Fermi liquid behaviour
p(T) ~ AT?. The coefficient A determined at the low temperature limit shows a peak at
5.3 GPa. Moreover the temperature dependence of the resistivity at 5.0 GPa is close to 7°/3
predicted by the SCR theory in the case of three-dimensional ferromagnet [24]. In the case
of MnSi, the NFL behaviours of p ~ T3/2 near P: were reported, where it was concluded
that the origin of the 77/ law may lie in extremely subtle effects of disorder in the highest
purity sample [25]. The NFL behaviour of p ~ T!® near Pc was observed in another weak
ferromagnet ZrZn, [12]. The T°/3 law observed in UsP4 may be characteristic of the sample
with excellent quality. More detail of the experimental data has been published in [26].

In the present study, no trace of superconductivity is observed in the pressure range
up to 5.8 GPa and the temperature range down to 50 mK in spite of the excellent quality
(RRR ~ 1500). Its Th3P4 type crystal structure without the inversion symmetry may cause the
absence of superconductivity, as indicated in the section on Ulr.

5. UP,

UP, has the tetragonal structure with the symmetry group I4mm, a = 5.38 A and ¢ =
15.56 A [27]. UP, is an antiferromagnet with Ty = 204 K at ambient pressure. The magnetic
susceptibility follows the Curie-Weiss law with an effective moment per = 2.29 g /U while
the ordered moment is obtained as 2.0 pup/U from the neutron scattering experiment. The
ordered moments parallel to the [0 O 1] direction form ferromagnetic (0 O 1) planes stacked
along the [0 0 1] direction in an antiferromagnetic sequence (1, |, |, 1). The Shubnikov—
de Haas effect measurement revealed that the cylindrical Fermi surfaces are formed in the
flattened Brillouin zone due to the long unit cell along [0 O 1] and the conduction electrons
are confined mainly in the U planes. In this study, we used a single crystal with excellent
quality. The single-crystal samples were prepared by the chemical transport method [27]. The
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Figure 4. P-T phase diagram of UP,. The critical pressure of the antiferromagnetic-nonmagnetic
transition is estimated as Pc ~ 8.5 GPa from the extrapolation of 7.

residual resistivity and the residual resistivity ratio are reported as pp = 0.11 uQ cm and
PrT/ Po = 2900, respectively.

The pressure—temperature phase diagram of UP, is shown in figure 4. The Néel
temperature 7y is defined from a kink in the temperature dependence of the resistivity.
Application of pressure reduces 7n monotonically up to 7.7 GPa which is the maximum
pressure to date. The critical pressure of the magnetic—nonmagnetic transition is estimated
as Pc ~ 8.5 GPa from extrapolation of the present data. UP, may be a good candidate for
showing unconventional superconductivity in terms of the characteristic 2D Fermi surface and
the 2D ferromagnetic correlation. A further experiment under higher pressure is required in
order to search the superconductivity.

6. CeAgSh,

CeAgSb, has tetragonal structure with the stacking of CeSb—Ag,—CeSb—Sb; layers. Reflecting
the quasi-two-dimensional electronic state, the resistivity is highly anisotropic: the resistivity
for J || [0 O 1] is higher than that for J || [1 0 0] [28]. CeAgSb, shows the ferromagnetic
ordering at Tc = 9.7 K. The ordered moments of 0.41 ug/Ce orient along the ¢ axis. The
magnetic moment is known to be well localized. Recently, the anisotropic magnetic behaviour
has been explained in terms of the crystal electric field level scheme with the anisotropic
exchange interaction [29, 30]. A single crystal grown by the self-flux method was used in
the present experiment. The measuring current conducts in the ¢ plane.

The pressure—temperature phase diagram of CeAgSb, is shown in figure 5(a). The ordering
temperature is defined as a kink of the resistivity. Application of pressure decreases 7¢ and
then the ordered state vanishes abruptly at Pc = 3.3 GPa. An important finding is the huge
enhancement of the residual resistivity above Pc. The pressure dependence of the residual
resistivity is shown in figure 5(b). The residual resistivity above Pc is about 50 ©Q2 cm
which is much larger than that of 0.5 ©uQ2 cm below Pc. It is confirmed that the residual
resistivity reproduces the initial value when the pressure is released. The drastic change of
electronic state may cause this anomalous behaviour. However, no drastic change is observed
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Figure 5. (a) P-T phase diagram of CeAgSb,. (b) Pressure dependence of the residual resistivity.
A huge enhancement is observed above Pc.

in the temperature dependence of the resistivity in the higher temperature region. No structural
transition is confirmed at room temperature. Since the temperature dependence of the resistivity
does not show the typical heavy fermion behaviour above Pc, further experiments are required
in order to clarify the ground state above Pc. No sign of superconductivity is observed in the
present experimental range of 7 > 60 mK and P < 4.2 GPa. More detail of the experimental
results was described in [28].

7. CeMgz Cll9

The crystal structure of CeMg,Cuy is hexagonal with the large lattice parameter ¢ of 23.846 A
compared to the a value of 4.873 A. The large lattice parameter ¢ corresponds to a flat Brillouin
zone, which is expected to bring about a two-dimensional electronic state. CeMg,Cug is
antiferromagnet with 7y = 2.7 K. The effective magnetic moment of u. = 2.43 ug/Ce
for H || [10 1 0] in the Curie—Weiss law is close to 2.54 ug for Ce’". The resistivity shows
two broad maxima around 50 and 3 K just above Ty, which is due to a combination of the
Kondo effect and the crystal electric field effect. In the present experiment, we used a single
crystal grown by the slow cooling method: highly pure materials of Ce, Mg, and Cu were
heated up to 1400 °C and cooled down slowly under an Ar atmosphere.

The pressure—temperature phase diagram of CeMg,Cug is shown in figure 6(a). The
Néel temperature defined as a kink of resistivity shows weak pressure dependence at low
pressures but then decreases drastically above 2 GPa. At 2.56 GPa no anomaly is observed
and the coefficient A of the Fermi liquid form shows a peak. From these results, the critical
pressure is determined as Pc ~ 2.5 GPa. The two maxima of resistivity at ambient pressure
merge to one maximum at around Pc, which indicates that the crystal field splitting merges
due to the c—f hybridization. This may be closely related to a steep decrease of Ty just
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Figure 6. (a) P-T phase diagram of CeMg;Cuyg. (b) Pressure dependence of the residual resistivity.
Enhancement is observed near Pc.

below Pc. The resistivity maximum moves to higher temperature with further increasing
pressure, corresponding to increase of the Kondo temperature. The enhancement of the residual
resistivity pg at Pc is observed in CeMg,Cug as shown in figure 6(b). Though the enhancement
of py is observed in the case of ferromagnetic fluctuation as seen in MnSi, smaller enhancement
is expected in the case of antiferromagnetic fluctuation.

No sign of superconductivity is observed in the present experimental range of 7 > 90 mK
and P < 2.83 GPa. In this sample, the residual resistivity of 14 ©2 cm at ambient pressure
is relatively large. The disorder in this sample might enhance the pair breaking effect of
superconductivity. On the other hand, the abrupt disappearance of Ty and the absence of NFL
behaviour may indicate a first-order antiferromagnetic—nonmagnetic transition. The absence of
critical fluctuation may cause the disappearance of the superconductivity. More detail of the
experimental results was described in [31].

8. Summary

Pressure-induced superconductivity is found in Ulr without inversion symmetry. The
superconductivity occurs in the vicinity of the magnetic-nonmagnetic transition. It is of interest
how the superconductivity due to the magnetic fluctuation with the ferromagnetic component
occurs in the compound without inversion symmetry where degeneracy of equal spin states
with opposite momentum is not expected. In U3P,, the ferromagnetic-nonmagnetic transition
is induced successfully, where the temperature dependence of resistivity is close to the non-
Fermi liquid form of 73/3 which is expected in the case of the ferromagnetic critical point. In
UP;, the antiferromagnetic ordering seems to be suppressed at around 8.5 GPa. For CeAgSb,,
a huge enhancement of residual resistivity pg is found above Pc. The residual resistivity of
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po = 0.5 u2 cm below Pc increases to pgp = 50 u€2 cm above Pc. A drastic change of the
electronic state may cause this anomalous behaviour. For CeMg,Cug, the enhancement of the
residual resistivity is observed at the critical pressure of the antiferromagnetic—nonmagnetic
transition, which cannot be explained by the antiferromagnetic fluctuation.
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