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Metamagnetic transition of UPt; under pressure
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The effect of hydrostatic pressure (P < 5.1 kbar) on the metamagnetic transition of heavy-fermion
UPt3 has been investigated by means of high-field magnetoresistance measurements (B <28 T) at a
temperature of 2.0 K. The transition, which occurs at ambient pressure for a field directed in the hex-
agonal plane at B* =21 T, shifts upwards with pressure at a rate of 0.60 T/kbar. The deduced mag-
netic Griineisen parameter, I's=—0InB*/dInV equals 59. The value for 'z falls well within the
range of values reported for the thermal Griineisen parameter, 52 <T'7=—9InT*/dInV <71, which
verifies directly a close relation between the thermal and magnetic energy scales.

The intermetallic compound UPt; belongs to the select
class of heavy-fermion superconductors and attracts much
attention because of its unrivalled low-temperature prop-
erties. The normal state is characterized by a large
coefficient of the linear term in the specific heat'?
(y=420 mJ/mol K?), which gives rise to a description in
the Fermi-liquid picture with a quasiparticle mass of
~200 times the free-electron mass. The strong mass re-
normalization is brought about by competing magnetic in-
teractions that develop in the liquid-helium temperature
range. Surprisingly, a superconducting ground state’
(T.=0.5 K) is formed in the strongly interacting electron
liquid. Therefore, it has been suggested® that the
electron-electron interactions mediate superconductivity,
instead of the normal electron-phonon mechanism.
Furthermore, the unusual superconducting properties, like
power-law behavior for the electronic excitation energy’
and the occurrence of a complex superconducting phase
diagram,® evidence unconventional (nonsinglet) supercon-
ductivity.

One of the intriguing normal-state properties of UPt; is
the occurrence of a metamagneticlike transition at
B* =21 T at liquid-helium temperatures for a magnetic
field direction in the hexagonal plane. This anomaly was
first observed in high-field magnetization measurements, '
where it appeared as a sharp maximum in the differential
susceptibility, AM/AH. In subsequent magnetoresistance
data’ the anomaly turned up as a sharp peak as well. The
21-T anomaly has furthermore been detailed by magne-
tostriction,® sound velocity,9 Hall effect,'® and high-field
specific-heat'' measurements. Considering the variety of
thermal, magnetic, transport, and alloying studies per-
formed for UPt; so far,'? we believe that the 21-T anoma-
ly is connected with a strong reduction of the antiferro-
magnetic intersite correlations, that were probed (in zero
field) by inelastic neutron-scattering experiments.'® In
particular, the maximum in the magnetoresistance and
the increase in the magnetization at B* provide evidence
for such an interpretation. The magnetic susceptibility, '
2(T), shows a maximum at a temperature of Tmax =17 K,
above which the antiferromagnetic correlations become
much weaker. The magnetic energy ugB* is closely relat-
ed to the thermal energy kgTmax. Note that we term the
anomaly at B* as metamagneticlike, because no large
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static magnetic moments are found. Alloying experiments
have revealed that UPt; is close to an antiferromagnetic
instability. For instance, by alloying with Pd long-range
antiferromagnetic order appears'? with a maximum Néel
temperature of Tn =5.8 K and an ordered moment of
0.6u5 per U atom for U(PtgosPdoos)s. Interestingly, the
magnetization increase at B* for pure UPt; amounts also
to 0.6up per U atom, which suggests a common origin of
the alloying-induced and field-induced moment. Recent-
ly, antiferromagnetism with an extremely small ordered
moment (0.02u5 per U atom) was detected below Ty =5
K by neutron diffraction.'* How this tiny moment relates
to the large alloying and field-induced moment is still a
puzzling aspect of the magnetic properties of UPts.

The heavy-electron bands are very sensitive to volume
(and shape) effects, as follows from the extremely large
thermal Griineisen parameters,'*'> I'r=—49InT*/3InV,
that are roughly 2 orders of magnitude larger than for or-
dinary metals. Here T* is the characteristic temperature
of the heavy-fermion resonance which is of the order of
several kelvin. In the case of UPt; I'7 is of the order of
60.'%'5 The close connection between the thermal and
magnetic energy scales suggests that the relevant free-
energy term can be written as F=F(T/T*(V),B/
B*(V)). This implies that the thermal and magnetic
properties can be scaled by one single volume-dependent
energy scale'®!'” and that the thermal and magnetic
Griineisen parameters (I'g=—0InB*/dInV’) are equal.
Although the scaling ansatz for B* has been investigat-
ed'* by comparing high-field magnetization and magne-
tostriction data, the pressure dependence of B* has never
been measured directly so far. The purpose of the present
paper is to present the first high-field (B <28 T) high-
pressure (P <5.1 kbar) study of the metamagneticlike
transition in UPt;. The pressure dependence of B* has
been investigated by means of magnetoresistance mea-
surements on a single-crystalline sample at 2.0 K.

The high-pressure experiments have been performed in
the High Magnetic Field Facility of the University of Am-
sterdam.'® Helium is used as a pressure-transmitting
medium. The pressure cell is connected to the pressure
generating unit via a flexible stainless-steel capillary. As
in the pressure-temperature range where we performed
our experiments the helium gas solidifies, special care has
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been taken in order to keep the pressure as large and as
hydrostatic as possible. This is realized by cooling the
pressure cell while maintaining a temperature gradient, in
order to start solidification of the helium at the bottom of
the cell. During the solidification process blocking of the
capillary is prevented by a heater. In the gaseous helium
regime pressures were read within 10 bars with a standard
pressure transducer (Coleraine Instruments). The pres-
sure drop upon the solidification of the helium was mono-
tored by strain gauges that were glued on the pressure
vessel. The pressure vessel is machined of a copper-
beryllium alloy. It has a cylindrical shape with an outer
diameter of 14 mm and a sample space with a diameter of
5 mm over a length of 15 mm. The magnetoresistance
was measured with a standard four-wire dc method. The
voltage and current contacts were realized by soldering
copper leads onto the sample. The four leads are led
through the capillary tube towards a pressure sealing at
room temperature. The feedthrough is realized by
embedding the wires in epoxy and glueing them onto a
conically machined plug that serves as pressure sealing.

The Czochralski-grown single-crystalline UPt; speci-
men had a cylindrical shape (length 6 mm, diameter 1.4
mm). The current and magnetic field were both directed
in the hexagonal plane along the a axis. The applied
current amounted to 0.5 A, yielding a current density of
32 A/cm?  The residual resistance value'® equals 6.2
uQcm (Illa). The sample was previously used for resis-
tivity measurements under pressure '’ and high-field mag-
netoresistance measurements at zero pressure. ’

In the high-field installation'® pulsed magnetic fields
can be generated up to 40 T. The energy is taken directly
from the mains. Different pulse shapes can be chosen as
the field can be regulated by a thyristor rectifier that is
coupled to the mains. A serious experimental problem
that is encountered by the use of a metallic pressure vessel
in pulsed magnetic fields is eddy current heating of the
pressure cell. As the pressure-transmitting solid helium is
a good thermal conductor the temperature of the sample
also will change. In order to keep the heating of the sam-
ple during the pulse within acceptable limits a low sweep
rate of 20 T/sec was used. Furthermore, the pressure
vessel was immersed directly in pumped helium (7=1.3
K) in order to improve the heat flow to the helium bath.
At the start of the pulse the sample temperature increases
but reaches a constant value of 2.0 = 0.1 K, because of the
heat balance, after a typical thermal relaxation time of
~0.1 sec (B=2T). This was checked by additional mea-
surements with various sweep rates and field pulses with
constant magnetic fields during several tenths of a second.
Note, furthermore, that in the temperature range of in-
terest B* is almost temperature independent.” The max-
imum field that can be reached is limited by the joule
heating of the magnet. It amounts to 28 T with the ap-
plied sweep rate of 20 T/sec. All the data have been taken
with increasing field.

The experimental results are shown in Fig. 1 in a plot of
Ap=p(B) —p(0) vs B. For the sake of clarity the curves
at various pressures are shifted vertically. The most im-
portant result of the present experiments is the shift of the
maximum in the magnetoresistance towards higher fields
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FIG. 1. High-field magnetoresistance of UPt; (Bll/lia) at

T =2.0 K under hydrostatic pressures up to 5.1 kbar as indicat-
ed.

with increasing pressure. The pressure variation of B* is
plotted in Fig. 2, from which it follows that dB*/dP is
constant over the pressure range 0-5 kbar and amounts to
0.60 T/kbar. The zero pressure curve (B* =21.0 T, Fig.
1) is in good agreement with our previous data.” The
somewhat different curvature of the P=0 curve when
compared to the P=0 curves, for fields in the vicinity of
B*, is probably due to a temperature variation caused by
the magnetocaloric effect in the P =0 experiment, as the
thermal contact was less good. An additional zero-
pressure measurement without pressure vessel at a tem-
perature of 1.3 K (not shown) gave the proper behavior
and confirmed B*(P=0)=21.0 T. At zero pressure an
enormous magnetoresistance is observed: p(0) equals 12
uQ cm, while p(B*) amounts t0 29.3 uQ cm at 7=2.0 K.
Under pressure the absolute value of Ap is slightly re-
duced: At 5 kbar p(0) equals 9.4 40 cm (Ref. 19), while
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FIG. 2. Pressure variation of the metamagnetic threshold
field B* of UPt; at T=2.0 K. B* increases at a constant rate of
0.60 T/kbar (solid line).
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p(B*) amounts to 24.0 yQcm (at T=2.0 K). Apart
from the increase of B* with pressure the different curves
in Fig. 1 are quite similar. After normalization with
respect to B* it appears that the width of the transition
remains almost equal. Also the pressure variation of the
relative magnetoresistance at B*, Ap(B*)/p(0), is small.
The scatter in the data at low magnetic fields does not al-
low for an accurate determination of the field dependence
of the magnetoresistance. Plotting the data in Fig. 1 on a
double logarithmic scale reveals that Ape B”" with
n=2.0%0.3 for B<10T for all pressures. Unfortunate-
ly, no accurate pressure variation of the power-law depen-
dence can be deduced from the present data.

The magnetic Griineisen parameter 'z deduced from
the data in Figs. 1 and 2 amounts to 59, where we used a
value for the isothermal compressibility'? (x) of 0.48
Mbar ~'. The thermal Griineisen parameter of UPt; has
been determined in several ways. From a combination of
thermal-expansion and specific-heat measurements a
value for 'z of 71 results.'* Pressure experiments yield
values of 52 [from the depression of the coefficient of the
T? term in the resistivity,?® where 4« 1/(T*)?2], 58
(from the pressure induced shift of T T* in the sus-
ceptibility'?), and 55 (from specific-heat measurements
under pressure,?! where y< 1/T*). We thus conclude
that Fr=Ig.

Our high-field high-pressure experiments underline the
similarity between UPt3; and CeRu,Si,. In the latter com-
pound a metamagneticlike transition is observed at
B*=8.2 T (T=4.2 K) for a field direction along the
tetragonal axis.'® Magnetoresistance measurements un-
der pressure?? yield an increase of B* and the anomalous-
ly large magnetic Griineisen parameter ' =179. In-
terestingly, it was pointed out?? that the metamagneticlike
transition only occurs when a certain magnetic energy is
attained, since M(B*) and Ap(B*) are almost pressure
independent at fixed temperature. Also in the case of
UPt3; Ap(B*) is almost pressure independent, indicating a
similar nature of the transition. In the past years exten-

sive pressure?? and magnetovolume studies?® on CeRu,Si,
have been performed in order to demonstrate the existence
of one single energy scale and in order to determine
I'g=TI7.

The presence of one single energy scale that governs the
low-temperature thermal, magnetic, and transport proper-
ties is now well established experimentally for both
CeRu;Si; (Ref. 22) and UPt;. The scaling via B* suggest
that the characteristic energy scale is mainly determined
by the intersite interactions. However, the notion that
competing magnetic interactions, namely, the Kondo
screening and the Ruderman-Kittel-Kasuya-Yosida ex-
change, are at the basis of the quasiparticle formation
brings two energy scales into the problem. High-field
specific-heat measurements'!"?* indicate that the energy
scale for the on-site interactions corresponds to fields of
the order of several times B*, i.e., only for field B> B*
the heavy-fermion state is suppressed completely. On the
other hand, the complex processes of f-electron screening
and f-electron exchange in heavy-fermion compounds
likely imply that the on-site and intersite interactions are
intimately connected. Recently, the metamagneticlike be-
havior of heavy-fermion compounds was investigated
theoretically in a number of papers,? % thereby mostly
focusing on CeRu,Si,. Unfortunately, these models have
not yet addressed satisfactorily the important issues of the
large Griineisen parameter and the scaling behavior as re-
ported here.
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