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Hunt for a Lifshitz point in single-crystalline UPd,Si,. II. High pressures
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A single crystal of UPd,Si, was studied in wide ranges of temperature, magnetic field strength, and hydrostatic
pressure with the main aim of revealing the existence of a Lifshitz point in its magnetic phase diagram. The
experiments showed that up to 14 T and 7 GPa, the boundaries between paramagnetic, modulated, and uniform
magnetic phases do not meet. The application of external pressure leads to stabilization of the antiferromagnetic
phase. Simultaneously, the triple point in the H-T phase diagram, where the ferrimagnetic phase emerges, is
shifted to higher fields. This finding is discussed with respect to two different magnetic phase diagrams of

UPd,Si, reported in the literature.
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I. INTRODUCTION

A Lifshitz point (LP) is a special multicritical point, whose
concept was introduced by Hornreich, Luban, and Shtrick-
man [1,2]. In the case of a magnetic system, a disordered
paramagnetic phase meets at LP with two ordered phases—
incommensurately modulated and uniform. In other words,
LP is a point, which divides a continuous transition line into
two segments: one separating the paramagnetic phase from
the incommensurate phase, and another one being a borderline
between the paramagnetic state and the uniform phase. To
date, the presence of LP was conclusively shown only for
MnP [3].

The U-based silicides with composition UT;Si, (where
T is a d-electron transition element) can adopt two
closely related tetragonal crystal structures: ThCr,Si, type or
CaBe,Ge,; type. Both types are notably elongated along the
tetragonal ¢ axis [4]. These compounds exhibit a large variety
of physical behaviors, including Pauli paramagnetism [5,6],
various types of magnetic ordering [7-19], or the famous
“hidden-order” state [20]. The magnetic moments, originated
from the 5f electronic shell of U atoms (the only exception
is the Mn-bearing phase [9]), align along the ¢ axis. Some
of these compounds exhibit magnetic phase diagrams that are
rich with phases [11,21,22]. Inelastic x-ray scattering revealed
that the ground state of the UT,Si; silicides is predominantly
driven by the varying degrees of localization of 5f elec-
trons [23].

The U-based silicide UPd;,Si, has previously attracted a
lot of attention due to its complex magnetic behavior. The
compound crystallizes with a tetragonal crystal structure of
the ThCr,Si, type (s.g. I4/mmm), in which U, Pd, and Si
atoms form layers, stacking along the fourfold tetragonal
axis. The magnetic moments carried by U atoms are oriented
along the ¢ axis of the unit cell [24,25]. The H-T magnetic
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phase diagram determined for the magnetic field H || ¢ con-
sists of four domains: paramagnetic (PM), incommensurately
modulated sine wave (IC), simple antiferromagnetic (AFM),
and ferrimagnetic (FIM) [26]. Noticeably, two different mag-
netic phase diagrams of the compound can be found in the
literature [21,22], which basically differ in the number of
magnetic phase transitions observed in zero field. In both
cases, the application of a magnetic field stabilizes the FIM
ordering. Furthermore, the IC area domain gets narrower with
increasing magnetic field strength, and it is expected that
in high enough fields, the boundary lines between PM, IC,
and FIM phases meet at a single point, which can be a Lif-
shitz point [22]. Interestingly, it was reported that hydrostatic
pressure stabilizes the AFM ordering in UPd,Si, [27-29].
The experiments performed up to 4.2 GPa in zero mag-
netic field revealed that the temperature of the transition
between the IC and AFM phases increases with increasing
pressure, while the Néel temperature does not change. In
consequence, near 3.4 GPa, the boundary lines between the
AFM, IC, and PM phases meet at a putative pressure-induced
LP [29].

With the main aim to verify the hypothesis of the existence
of LP in the magnetic phase diagrams of UPd,Si,, we have
undertaken own studies of the compound. In our companion
paper [30], we presented the results of our examination of
the physical properties of UPd,Si,, focused at the high-field
region. We have obtained a magnetic phase diagram, similar to
that presented by Honma et al. [21]. In zero field, we observed
two magnetic phase transitions, namely from PM to IC at
132 K, and from IC to AFM at 108 K. The application of
the magnetic field resulted in the formation of FIM. The triple
point (TP), at which the three ordered phases meet, was found
near the field 2 T at the temperature 106 K. The magnetic
field leads to narrowing the area of the FIM phase. However,
the boundary lines between the FIM, IC, and PM phases do
not meet up to 14 T, mainly because the Néel temperature
increases slightly in the highest magnetic fields examined.
In this paper, we address the magnetotransport behavior in
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FIG. 1. UPd,Si, sample prepared for electrical resistivity mea-
surements in the pressure cell.

UPd,Si, studied in high magnetic fields under high-pressure
conditions.
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II. EXPERIMENTAL DETAILS

A single crystal of UPd,Si, was grown using the Czochral-
ski pulling technique in a tetra-arc furnace (GES Corporation)
under argon atmosphere. The details of the growing process
and crystal-chemical characterization of the obtained material
are given in the companion paper [30].

The temperature and magnetic field variations of the elec-
trical resistivity at high pressures were measured with the
electric current flowing perpendicular to the ¢ axis and mag-
netic field applied along it. For these experiments a specimen
was loaded into a sample chamber made from a stainless steel
gasket (see Fig. 1). Four gold wires (diameter 17.5 um) were
connected to the sample by spot welding. The gasket was
squeezed between the flats of two opposed anvils made of
tungsten carbide and the sample and liquid pressure medium
(1:1 mixture of Fluorinert FC43, and FC72) were enclosed.
Shallow grooves were milled into the lower anvil in order
to introduce electrical leads into the sample chamber. The
grooves were filled with alumina powder and STYCAST
2850FT which ensured electrical insulation, as well as sealing
off the sample chamber. The load on the anvils, and hence
the pressure in the cell, was changed at room temperature
and kept constant when the temperature was lowered. The
pressure in the sample chamber was determined as a func-
tion of load by measuring beforehand the superconducting
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FIG. 2. (a), (b) Temperature dependence of the electrical resistivity of single-crystalline UPd,Si,, measured with j L ¢ in high pressures
from 1 to 7 GPa varying in 1 GPa increments (a) in the wide temperature range and (b) in the vicinity of the magnetic phase transitions. The
arrows in (b) mark the magnetic phase transitions for the variations taken at 1 and 7 GPa. (c) The temperature derivative of the electrical
resistivity variations. (d) The pressure-temperature magnetic phase diagram of UPd,Si,.
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FIG. 3. (a), (c), and (e) Temperature dependencies of the electrical resistivity of UPd,Si, measured with j L ¢ and with magnetic fields of
2, 6, and 14 T, respectively, applied along the ¢ axis, in high pressures. The arrow in (e) marks the first-order phase transition between FIM
and AFM phases. (b), (d), and (f) Temperature derivatives of the electrical resitivity.

transition temperature of lead in the same pressure cell [31].
For these experiments a Quantum Design Physical Property
Measurement System (PPMS-14) platform was used.

III. RESULTS AND DISCUSSION

A. Experiments in zero magnetic field

In order to observe the pressure-induced LP in UPd,Si,,
described before in the literature [27-29], the electrical re-
sistivity was measured for the single-crystalline specimen
mounted in the high-pressure cell. Figure 2(a) presents the
temperature dependencies of the resistivity normalized to
300 K, taken for pressures up to 7 GPa in the temperature
range from 2 to 300 K. The resistivity in the vicinity of
magnetic phase transitions is presented in Fig. 2(b). In contrast
to the previous report [29], the overall character of the p(T)

variations does not change. In all the curves, the magnetic
phase transition at Ty manifests itself as a kink, that corre-
sponds to an inflection point in the temperature derivative of
the resistivity dp/dT and a minimum in the second-order
derivative d?p/dT?. The first-order transition to the antifer-
romagnetic state at Tic.apm 1S seen as a drop in p(7T'). With
increasing pressure, the value of Tic.apm, determined as a
maximum in the first temperature derivative of the resistivity
dp/dT [see Fig. 2(c)], increases monotonically, in agreement
with the previous reports [27-29], and the step associated
with the phase transition gradually broadens. On the other
hand, the kink at the Néel temperature is less pronounced and
somewhat shifts towards higher temperatures with increasing
pressure, reaching a value of 143 K at 7 GPa. As a result,
at odds with Refs. [28,29], the phase transition lines between
the PM-IC and IC-AFM phases do not meet up to the highest
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FIG. 4. (a) and (b) Magnetoresistivity of UPd,Si, as a function of the magnetic field strength applied along the ¢ axis, measured with j L ¢
at a constant temperature of 60 and 137 K, respectively, in high pressures. Solid and open symbols denote variations measured with increasing
and decreasing magnetic field, respectively. (c) and (d) Field derivatives of the magnetoresistivity. Solid and dashed lines denote the curves

determined for increasing and decreasing magnetic field, respectively.

pressures applied. However, as the change in the position of
Ty is small, such a merger of the two phase boundaries may
occur beyond that limit. The resistivity data collected in the
present study were used to construct the pressure-temperature
phase diagram of UPd;Si,, which is shown in Fig. 2(d).

B. Experiments in finite magnetic fields
1. Temperature variations of the resistivity

Figure 3 illustrates the effect of external pressure on the
resistivity of UPd,Si, measured within the basal tetragonal
plane, in magnetic fields applied along the ¢ axis. As seen in
Fig. 3(a), at ambient pressure, the p(7) variation measured in
noH = 2 T exhibits three phase transitions. With decreasing
temperature, p(7') first bends downwards at 7y, then it shows
a tiny step associated with a transition from the IC to the FIM
phase at Ticprv = 108 K, and a large step that manifests the
onset of the AFM ordering at Trpv.apm = 103 K. The two lat-
ter transitions can be recognized as maxima in the temperature
derivative of the resistivity [see Fig. 3(b)]. The increase of
pressure leads to the disappearance of the phase transition to
the FIM phase, which is no longer observed for p > 1 GPa.
Furthermore, in higher pressures, Tic.apm increases signifi-
cantly, while Ty increases only slightly.

The p(T') dependencies measured in uoH = 6 T and their
temperature derivatives are shown in Figs. 3(c) and 3(d),
respectively. At ambient pressure three magnetic phase tran-
sitions at Ty, Tic.riv, and Trpvapm can be recognized. With
increasing pressure a kink associated with 7y moves slightly
towards higher temperatures. In turn, the drop associated with
the transition to the simple AFM state broadens and shifts
towards higher temperatures. The small maximum in dp/dT,
just below Ty, associated with the IC-FIM transition, initially
shifts slightly towards higher temperatures and finally is not
observed for p =7 GPa. At this pressure only two phase
transitions at 7y = 142 K and Tjc.apm = 134 K are observed,
and the FIM phase is not formed.

In woH =14 T [see Figs. 3(e) and 3(f)], the overall
character of all the p(T") curves hardly changes with chang-
ing pressure. The kink marking 7y shifts towards higher
temperatures with increasing pressure and simultaneously,
a maximum in dp/dT(T) associated with the transition
between the IC and FIM phases shifts towards higher tempera-
tures. The transition lines between the IC-FIM and FIM-AFM
phases do not merge up to 7 GPa. It is worthwhile noting
that the p(T') variation measured in the latter pressure shows
a broad and small drop at about 90 K. This feature is well
seen as a broad maximum in the temperature derivative of the
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FIG. 5. Field dependencies of the magnetoresistivity of single-crystal UPd,Si,, measured with j L ¢ and B || ¢ at different temperatures
below Tic.apm, in high pressures. Solid and open symbols denote variations measured with increasing and decreasing magnetic field,

respectively.

resistivity and signals the onset of the AFM state, that at 7 GPa
can be observed in magnetic fields as high as 14 T. Noticeably,
external pressure stabilizes the AFM phase in UPd,Si, and
shifts TP between the AFM, IC, and FIM phases in the H-T
phase diagram towards higher magnetic fields.

2. Field variations of the magnetoresistivity

The influence of high pressure on the H-T phase diagram
of UPd,Si; can be also determined from the magnetic field
variations of the magnetoresistivity, defined as MR(H) =
2H)—p©) Figure 4 presents the magnetoresistivity isotherms

p(0)
recorded at selected temperatures under different pressures.
Figure 4(a) shows the MR vs H data measured at 60 K, that is
much below Tjc.apm- As can be inferred from the figure, the
metamagnetic transition from the AFM to FIM phase mani-
fests itself as a rapid increase in MR. The critical field, defined
as an inflection point in the MR(H) variations [maxima in
the field derivatives of MR, displayed in Fig. 4(c)], systemati-
cally increases with increasing pressure. Finally, at a terminal
pressure of 7 GPa, no metamagnetic feature is observed and
the compound remains antiferromagnetic up to 14 T. This
behavior confirms the stabilization of the antiferromagnetic
phase in UPd,Si, by applying pressure.

Figure 4(b) shows the MR isotherms recorded at 137 K,
i.e., above Tjc.apm- At ambient pressure, MR (H ) is featureless

and characteristic of paramagnets. As discussed in Sec. [IT A,
with rising pressure, the ordering temperature 7y increases,
yet with a smaller rate than Tic.apm. The MR(H) depen-
dencies measured under pressures of 3 and 5 GPa, exhibit
a slight drop associated with a transition between the IC
and FIM phases [H, was defined as a minimum in the field
derivatives of MR; see Fig. 4(d)]. At 7 GPa, MR(H ) shows
slightly different behavior, probably because of the closeness
of the transition at Tic.apm. With increasing magnetic field,
MR initially increases, goes through a wide maximum, and
then decreases, showing finally the metamagnetic transition
from the IC to FIM phases. The metamagnetic transitions in
both temperature regions show clear hysteresis, characteristic
of first-order type transitions.

The field dependencies of the magnetoresistivity measured
at different temperatures below Tjc.apm at pressures 1, 3, 5,
and 7 GPa are shown in Fig. 5. Overall, the MR(H) curves
measured up to 5 GPa are similar. At 20 K, they show a wide
hysteresis, associated with the metamagnetic transition. With
increasing temperature, the loops become narrower and shift
towards smaller magnetic fields. With increasing pressure, the
isotherms move towards higher magnetic fields, due to the
stabilization of the AFM phase. One observes a shift towards
higher fields of the triple point, in which the three ordered
phases meet. At 20 K, the critical field increases from 10 T
for 1 GPato 12 T for 5 GPa (at ambient pressure, it was equal
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FIG. 6. Field dependencies of the magnetoresistivity of single-crystal UPd,Si,, measured with j L ¢ and B || ¢ at different temperatures
above Tic.apm, in high pressures. Solid and open symbols denote variations measured with increasing and decreasing magnetic field,

respectively.

to 9 T [30]). Under pressure of 7 GPa, the MR(H) variations
have a somewhat different character. At low temperatures, the
compound remains in the AFM state up to 14 T, and MR(H)
measured at 60 K does not show any distinct feature. A slight
increase in MR is observed at 80 K, however, the critical
field cannot be determined, as up to 14 T, only the onset of
the transition is visible. At 100 K, the whole hysteresis loop
associated with the metamagnetic transition can be observed.
The critical field determined for the isotherm recorded just
below Tic.apm increases from 3 T (for 1 GPa and 115 K) to
8 T (for 7 GPa and 130 K). It should be noted that the mag-
netoresistivity measured at 3 GPa at 100 and 110 K shows a
slight bifurcation between variations recorded with increasing
and decreasing magnetic field, the origin of which is unclear.

The magnetoresistivity isotherms recorded above Tjc.apm
under different pressures are displayed in Fig. 6. For each
pressure, the critical field, determined as a drop in MR(H),
increases with increasing temperature up to the Néel tem-
perature. Noticeably, as the pressure increases, the shape of
the curves measured at higher temperatures changes. While
that measured at 137 K under 1 GPa shows no features and
is typical of paramagnets, the MR(H) variation recorded at
the same temperature under pressure of 3 GPa shows a clear
metamagnetic transition, thus confirming that the system is in
an ordered IC state. The same behavior occurs in the curves
measured at 140 K under pressure of 3 and 5 GPa. Under
7 GPa, the magnetic order is seen even at T = 142 K. This

finding agrees with the shift of the Néel temperature with
increasing pressure, found in the present study, yet not ob-
served in previous investigations [29]. Due to the change in
the position of TP, similarly as for the variations taken be-
low Tic.arm, the MR(H) isotherms are shifted towards higher
magnetic fields.

IV. MAGNETIC PHASE DIAGRAMS AND CONCLUSIONS

Based on the afore-discussed magnetotransport data, col-
lected on single-crystalline UPd,;Si, in wide ranges of
temperature, magnetic field and pressure, the magnetic H-T
phase diagrams were constructed (see Fig. 7). For complete-
ness, our results obtained at ambient pressure [30], as well
as those reported in Ref. [22], are also shown in this figure.
Contrary to previous reports [29], the application of pressure
does not lead to merging the PM-IC and AFM-IC transition
lines up to 7 GPa. Moreover, the PM-IC and FIM-IC phase
boundaries between do not meet up to 14 T and up to the
highest pressures studied. Possibly, higher pressures or higher
magnetic fields are necessary to reach LP in the magnetic
phase diagram of UPd,Si,.

Another important feature of the high-pressure H-T di-
agrams constructed for the compound is that hydrostatic
pressure stabilizes the AFM phase. First of all, in zero mag-
netic field, a rise was found in the temperature of the transition
between the IC and AFM states, from 108 K at ambient
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FIG. 7. (a) Magnetic phase diagram of UPd,Si, at ambient pressure, reported in Ref. [22]. (b) Magnetic phase diagram of UPd,Si, at
ambient pressure, reported in our companion paper [30]. (c)—-(f) Magnetic phase diagrams of UPd,Si, for high pressures up to 7 GPa. For
(b)—(f) solid and open symbols denote the data obtained with increasing and decreasing fields, respectively.

pressure to 136 K under a pressure of 7 GPa. Furthermore,
at low temperatures, the application of pressure brings about
an increase of the critical field of the transition between the
AFM and FIM states (at 20 K, it is equal to about 10 T at
ambient pressure and 14 T under 5 GPa). At 7 GPa, UPd,Si,
remains antiferromagnetic up to 14 T. The triple point, where
the three ordered phases IC, AFM, and FIM meet, observed
at about 106 K and below 2 T at ambient pressure, is system-
atically shifted with increasing pressure to higher fields and
temperatures, and TP is observed at 135 K and above 6 T for
the pressure 7 GPa.

Finally, it should be recalled here the magnetic phase di-
agram of UPd,Si, reported by Plackowski et al. in Ref. [22]
and reproduced in Fig. 7(a), in which all three ordered phases
are observed in zero magnetic field, and hence no TP asso-
ciated with the AFM- FiM and IC-FIM transitions occurs.

Compared to the crystal studied in the present work and
also that reported in Ref. [21], the AFM phase observed in
Ref. [22] is less stable, and the critical field of the transition
between the AFM and FIM phases is much smaller. Generally,
comparing the individual H-T diagrams shown in Fig. 7, it is
possible to speculate that the behavior of the crystal studied
by Plackowski et al. corresponds to that expected for the
crystal from Fig. 7(b) subjected to “negative pressure.” To
verify this tempting hypothesis, high-pressure experiments on
the crystal type studied in Ref. [22] should be conducted. It
remains an open question what causes the differences between
the UPd,Si, crystals whose ambient pressure magnetic phase
diagrams are shown in Figs. 7(a) and 7(b). It is worth re-
calling that a very accurate description of them was obtained
using an axial next-nearest-neighbor Ising (ANNNI) model
that took into account ferromagnetic in-plane interactions Jy,
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antiferromagnetic near-neighbor J;, next-near neighbor J,
interactions, and a small ferromagnetic third-neighbor inter-
action J3 [32]. Whether the FIM phase appears in zero field
or upon applying magnetic field depends on small differences
in the ratio of the exchange parameters J; and J,. It seems
reasonable to consider that this ratio is controlled by tiny
structural features, such as minute nonstoichiometry or atomic
disorder, which have been recognized to being fairly common

in the UT>X, (T = d-electron transition metal; X = Si or Ge)
compounds [33,34].
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