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The present work brings a selection of intermetallic compounds studied by means of external
mechanical pressure and consequent influence on their structural and electronic properties.
Besides temperature and magnetic field the pressure, as the most pure way of the crystal lattice
changes, represents the least utilized method for changing the physical variable due its technical
difficultness. It is also the reason for sometimes longer way needed between the studied system
discovery and the adequate high pressure data acquisition. The present stage of mastering of the
high-pressure techniques nevertheless enables the first pressure experiments to be managed
already by students. In numerous cases, the attached publications contain results obtained by
students of all university levels (PhD, MSc, Bc) under my leadership.
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Pressure as a unique tool for characterization of materials

Physical properties of materials are thoroughly investigated by myriads of experimental methods
and theoretical approaches. In many experiments a material is exposed to a small probing stimulus
and its response is recorded. For example, weak magnetic fields inducing magnetization of different
sign tell us whether materials is a paramagnet or diamagnet. However, external actions can be taken
to change the material under study. One can thus probe the environment of an equilibrium state or
the stability of thermodynamic phases in different situations. Exposing a material to so called
extreme conditions, a strongly non-linear behavior can be observed. One can meet an instability of
the actual phase and a phase transition. Definition and theory of phase transitions is described in
numerous textbooks (e.g. in [1,2]).

In the solid state science the most general thermodynamic variables to tune the studied material
are temperature, magnetic field, or external pressure. Changing these physical conditions are
subject of specific approaches and specialized branches of science.

In particular - Temperature as a parameter is a subject and main tool for (extremely) low-
temperature physics.

Magnetic field - A development of high-magnetic field magnets supports the availability of strong
external fields. Namely the discovery of superconductivity has initiated these efforts and the
equipment containing strong magnets based on a superconducting materials providing magnetic
fields of several tens of Tesla are commercially available nowadays.

Pressure - The least utilized thermodynamic variable from the above-mentioned ones is pressure,
mainly for its technical difficulty, although last decades evidenced substantial development of the
high pressure cells and devices, namely after Percy Bridgman introduced his opposite-anvils setup.
This development of pressure cells and progress in high pressure techniques supported by the
progress in technologies in general, enabled the boost of materials science and even discoveries of
new emergent phenomena in the particular fields of science.

One may compare the effect of external pressure on the matter with other used physical variables
on the energy scale in the following way. Suggesting application of 1 GPa on the piece of an iron
sample counting Na atoms one can obtain an elastic energy of ~ 0.9 meV / atom (for BCC structure
with a =287 pm, using the value of bulk modulus of iron at room temperature Be. ~ 170 GPa).
Similar level of energy effort corresponds to change of temperature by = 20 K. On the scale of
magnetic field applied on a single spin (with magnetic moment z =1 pug) such energy corresponds
to=15T.

Thermodynamic description of pressure is based on the principal definition p = F/A. Here
p is pressure, F the force acting on the surface with the area A. Effect of the pressure on the matter
can be imagined as a force acting on an elementary surface area of an infinitesimal cube in direction
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parallel to the surface area normal in every point. Due to the fact of the force being a vector, the
resulting tension (supposing equilibrium state) is thus considered as a tensor, generally appearing

as
Oxx Oxy Oxz

oijj =|%x Oyy Oyz (1)
Ozx Ozy Ozz

Here, the diagonal elements oy represent normal action, perpendicular to the surface of the
pressurized elementary cube, whereas the off-diagonal elements oj,izj are responsible for the
tangential forces, i.e. the shear stress. In the special case of no shear stress and if the diagonal
elements are equal, we speak about the hydrostatic pressure. Uniaxial pressure is present if only
one diagonal element has a non-zero value.

High pressure techniques

When characterizing the studied material by standard — or even less standard — methods one has
to master the corresponding set of experimental approaches and use of the appropriate equipment.
When the enhanced pressure is used, another specific approach has to be taken into account. First
one has to use the appropriate pressure cell in order to apply the pressure required. Second, it is
the mastering of the setup of the desired type of measurement for determination of the
corresponding physical property, while the sample is placed inside a very restricted space. The
experimental methods with focus for use in conjunction with high pressures are described in
numerous textbooks —e.g. [3-5].

The variety of high-pressure techniques is very large due to numerous scientific fields dealing with
changes of the studied subject upon elevated pressures. Those are for example:

* Geophysics (with interest in enormous pressures in combination with enhanced temperatures for
simulation of effects and conditions present in the deep levels and core of the Earth and other
planets’ cores);

* Food and bio sciences (dealing with pressure effects on living organisms and their ability to survive
when exposed to high pressure, which is used in food conservation by pressure application; there
are also medical applications based on for example pressure-induced deactivation of tumors and
cancer cell lines);

* High-pressure chemistry (focusing on pressure as a parameter that enables chemical reactions
and chemical bonds changes, often enables synthesis of new materials or their structural and
chemical variants that could never appear otherwise);

* Solid-state physics (phenomena like structural transitions, pressure induced superconductivity,
guantum phenomena).

As our field of interest is the branch of solid state physics, we will introduce the pressure cells usually
involved in experimental solid-state physics. It is interesting that various high-pressure laboratories
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developed different types of cells for similar types of measurements. This fact reflects the extended
know-how required for successful high pressure research. The multitude of procedures and
practical tricks is in reality difficult to share between laboratories, hence individual schools have
naturally developed. The pressure cells differ by i) requested pressure range and ii) type of physical
property to be explored.

Choosing a proper type of cell one has to be aware of particular advantages, which are, however,
always accompanied by certain limitations. A typical example of such situation is a smaller sample
space available in case of higher pressure range of the cell. Another typical problem, which the
pressure scientists need to deal with, is the worse hydrostaticity at higher pressures caused by
solidification of the (originally liquid) pressure transmitting media. Therefore there is an ongoing
activity aiming at improvement of pressure transmitting media, which are responsible for equal
redistribution of the pressure within the sample space — i.e. hydrostatic conditions acting on the
studied sample. Searching for an appropriate medium to be used in the sample space is a problem
since the beginning of the high pressure research as such. Among others the media like industrial
oils, braking fluids, fluorinerts, or alcohol-mixtures (e.g. methanol-ethanol) are routinely used for
their specific properties. Together with development of new pressure cell types able to reach higher
pressures many of these liquids freeze upon increased pressure, resulting in degradation of
hydrostatic conditions if the pressure medium solidifies. Consequently, a new liquid media are
sought in order to enhance the pressure range of the liquid state.

An example of a specially developed media for pressure experiments and its improvements is series
of Daphne Qils by group of prof. Murata and Idemitsu Kosan Co., Ltd. company [6-8]. The first
developed one — Daphne Oil 7373 — which is liquid up to p*°"7373 = 2.2 GPa at room temperature.
Upon cooling down it solidifies at T°°'7373 =180 K at ambient pressure [6]. These limits shift

significantly for the newer version of Daphne Qil 400 ; .

7474, which solidifies at p°"7474=3.7 GPa at y

room temperature [7] or T®474=150K at 350 + : 1

ambient pressure (T1). This improvement liquid g

enables to cover the whole pressure range of the A300 F o Ea 1

most often used pressure cells in DCMP (see £ “.

below) by hydrostatic conditions. k250 oA 1
Py o Daphne Oil 7373 ref.

The newest Daphne Oil 7575, available since 200l ° n;- < 2 g::::: 8:: ;:;:mf_ ]

2016, was characterized within a student project pre “  solid 4 Daphne Oil 7575

at Charles University, FMP, the data reported in 150 L 4 . . . - IDaphmT - 757.5 il

the attached paper T1 are the first 0 1 2 3 4 5 6 7

characterization report of this high-pressure p (GPa)

liquid pressure medium upon cooling down. Fig.T1: The solid-liquid phase boundary for three

Daphne 7575 is actually innovative in a bit existing Daphne Oils. The empty symbo{s stand for
broader pressure range of the liquid state previously reported data on Daphne Oil 7373 [6],
P g q Daphne Oil 7474 [7] and Daphne Oil 7575 [9].

compared to Daphne 7474 — it has the point of  Figure taken from T1.
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solidification p*°"7°7> = (3.9-4.0) GPa at room temperature [9]. The pressure development of freezing
temperature T%°'757> was followed in the low-temperature experiment resulting in estimate of the
solid-liquid boundary as shown in Fig. T1. Another more practical advantage is easier distribution of
this medium outside the country of origin (Japan) contrary to Daphne 7474, which is practically
unavailable outside Japan due to strict export regulation. Aside of the pressure dependence of the
freezing temperature of Daphne 7575 (first published report), Daphne 7474 and Daphne 7373, also
other properties were characterized and described in T1 including compressibility, pressure
decrease upon cooling or hydrostaticity over the whole studied pressure range up to 3 GPa.

Besides Daphne Oils many other pressure exchange media used in pressure experiments can be
used — in all states and forms — gases, liquids, and solid ones, as well. In most of our pressure
experiments with liquid pressure transmitting media we have used one of the available Daphne Qils.
Spindle oil OL-3 or a steatite (solid) served as a pressure transmitting medium in another few cases.

Pressure cells used to obtain data in the attached publications:

The pressure cells used in our laboratory and namely the cells which were used to acquire results
presented in the following list of publications are summarized here:

e Piston-cylinder clamp pressure cell (1 GPa)

Applicable in connection with Closed-cycle cryocooler (CCR; Sumitomo Heavy Industries / Janis
Research)

Material: CuBe (single layer)
Pressure range: up to 1 GPa nominally

Available types of physical properties
to be measured: Electrical resistance,
dilatometry using strain-gages

Pressure determination: pressure dependence of resistance of the manganin wire (at RT)
Pressure transmitting medium: Spindle Oil OL-3, Daphne Qil 7373
Used to obtain data in presented publications: A2,A3

e Piston-cylinder clamp pressure cell (1 GPa)

Pressure range: up to 1 GPa nominally & = i )

Material: CuBe (single layer)

Available types of physical properties to be measured: Magnetization, magnetic susceptibility
Applicable in connection with MPMS device (Quantum Design)
Pressure determination: Superconducting transition of lead - determined at low temperatures
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Pressure transmitting medium: Spindle Qil OL-3, Daphne Qil 7373
Used to obtain data in presented publications: B1,B2

e Piston-cylinder clamp pressure cell (3 GPa)

Material: CuBe (outer layer)
+ NiCrAl (inner cylinder)
—i.e. double layer cell

Pressure range: up to 3 GPa nominally
(3.2-3.4 GPa reached in some cases)

Available types of physical properties to be measured: Electrical resistance, AC-magnetic
susceptibility, dilatometry (strain gages), heat capacity (AC-calorimetric method, not used in
attached publication, but available as well)

Applicable in connection with all equipment in the laboratories of DCMP and MGML - PPMS
(Quantum Design), CCR, 9T cryomagnet with dilution stick (DR), 20T cryomagnet
Pressure determination: pressure dependence of resistance of the manganin wire (room T)
Pressure transmitting medium: Daphne Oils 7373, 7474, 7575
Used to obtain data in presented publications:

T1,A4,A5,A6,83,B4,C1,C2,C3,C4,C5,D02,D3,D4,D5,D6

e Bridgman-anvil cell (BAC)

Material: body - CuBe,
anvils - WC,
alternatively sintered diamond (PkDia)

Pressure range: up to 12 or 20 GPa -
depending on the variant/size of the anvil-
top and pressure space diameter

Available types of physical properties
to be measured: Electrical resistance

Applicable in connection with CCR, DR
Pressure determination: Superconducting transition of lead - determined at low temperatures
Pressure transmitting medium: steatite (solid)

Used to obtain data in presented publications: D1



@

Summary of published results — comments on attached publications

A: Structure changes in magnetic materials under pressure

An unexpected structural discontinuity has been observed on numerous compounds among
the ternary rare-earth compounds crystallizing in a hexagonal crystal structure (group No.189).
A sudden step was observed in temperature and composition evolution of the hexagonal lattice
parameters a and ¢ and their ratio ¢/a, while the volume is preserved at the point of transition —
e.g. TbNiAl, TbPdAI, GdNiAl, GdPdAI, RNi1«CuxAl (R=Tb,Er,Dy) [10-13], all adopting the mentioned
ZrNiAl structure type. On the Fig. A1 one can see the step-like evolution of the lattice parameters
for several compounds or series of compounds.

Such effect is difficult to RTAI (T-dep) <- forbiddenc/a -> RNi, CuAl
classify within the 0.58 | | 0.58
Landau theory of phase
transitions due to the 057| 1057
K
fact that a state 0.56 | 1 0.56
parameter is a unit-cell J
. t | ——T-- GdPdAIl — & — 1
volume but not a lattice 08511737 Gana S 0.55
tant itself | v TbPdAI O0—-0 =&
constan Itselt. n 054 |—°— TbNiAl | ‘ ‘ T ‘ | —-—- R=Er(300K) 1 0.54
H ® L 1 —-A—- R=Dy(300K) | |
correspondence  with E 556 R Th ook | 1956
this fact we estimated < 552 T “-v-- R=Tb(160K) | 1 55.2
. T 548 © R=ETOEK) | 1548
that the specific heat i 5447M7 | 248

measurements in the
T 0 50 100 150 200 250 00 02 04 06 08 1.0
vicinity of the T (K) 300 K «

transformation does not Fig. A1: The discontinuity in the evolution of lattice parameters a,c of the
show any anomaly (A1) compounds adopting the ZrNiAl-type crystal structure type observed

) ] directly by X-ray diffraction on the temperature- and composition
concluding on the basis development of the lattice. The hatched area depicts the empirically
of thermodynamics that  estimated interval of the forbidden c/a values. Figure taken from A1.

the related change in

the enthalpy of the transformation is just at the border of detectability using the relaxation method.
The consequence is inability of reaching a specific values of the c/a ratio, dividing the states of the
crystal lattice to states “above the forbidden c/a” and “below the forbidden c/a”. A systematic
boundary between these two states could be found among the RNi;—xCuxAl compounds as displayed
in Fig. A2. Existence of such a gap in ¢/a values has been confirmed by ab-initio calculations which
found existence of two independent energy minima in the field of a-c values close to the empirically
found ones (Al). Importance of such effect dwells in mechanical properties of the compounds
exhibiting a- and c-values in the vicinity of the “forbidden” values. As the c/a gap appears not only
in variations of lattice parameters across a series of compounds but also in individual compounds
for which the gap area is entered during cooling as a thermal expansion effect, the mechanical
strains detach the sample from the sample holder at the structure transformation (Fig. A3). This



simple issue stands behind the fact that there are only very cufs P ——— 5
few data of specific heat of these compounds presented in ;‘j 0.8 ANi_CuAl . .
literature. In the case of a single crystal (TbNiAl) we ..;; 06| T=300K . )
experienced even loss of mechanical integrity and é o4l @ Moncal ° :
fragmentation of the sample into more pieces when cooling 2 ) o+ .
down. 02 .. .
Ni|eo A :
Having determined the evolution of the structure 300 o 3 2 ¢ :
discontinuity with temperature and composition, we were ::2
interested in its presence and development upon < 150 1] 9 onca
application of external pressure. A high-pressure XRD :wo ANIAI
experiment at low temperatures as a direct estimation of 50 : )
lattice parameters needs to use a synchrotron facility. Olsn e ao % 0& o Ef,
Another and more accessible option is provided by impact 096 094 002 090 088

of the structure anomaly on electrical resistivity [12]. In this Rare-earth lonic radius ()

case the sample quality deterioration causes the resistance ~ Fig- A2: Systematic evolution of the

. . . boundary between a high ¢/a and a
increase at the point of the structural transformation and |5y ¢/q ratio within the RNizCuAl.
thus reflects the presence of the structure step-like change. ~ Figure taken from A1.

Inspired by this fact we measured electrical resistance of TbNiAl and GdNiAl upon pressure
application and estimated a clear pressure-driven variations of the structure gap boundary (A2,A3)

with evident preference of the structure with a lower ¢/a ratio in both cases (Fig. A4).
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Fig. A3: Structure discontinuity on the studied RNiAl samples resulting in technical issues. Left — the sample
of GdNiAl with temperature of the structural transformation Ty, = 180 K being detached from the sample
holder shortly below this temperature during the specific-heat experiment. Similar issue was met for TbNiAl
around 110 K. This effect prevented specific heat measurement by a standard relaxation method. Right — the
signal of the TbNiAl single crystal used for the electrical resistivity experiment was lost after cooling down to
100 K. The reason was the broken sample. Figures taken from A1 and A2.

Stabilization of the low c¢/a phase is in agreement with a weaker interplanar bonding between the
layers in the hexagonal ZrNiAl-type structure and corresponds to the estimated linear
compressibility being more than twice higher along the c-axis in ToNiAl comparing to the a-axis [14].
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Fig. A4: Estimated gap boundary between the low-c/a and high-c/a states in TbNIAl under hydrostatic
pressure by utilization of the resistance measurement (left part). Although the sample exhibits a sudden
irreversible resistance increase at the point of the structural transformation, the sample did not break like in
the case of the measurement under ambient pressure, apparently due to the mechanical support of the
sample inside the pressure space. Resulting phase diagram is depicted on the right panel. Figures taken from
A3.

Besides the pressure-driven evolution of the structure discontinuity, the application of
external pressure has impact on magnetic properties, as well. ToNiAl is an antiferromagnet (AF)
below Tn =45 K and undergoes an additional magnetic phase transition to another AF phase at
T1 =23 K. Application of hydrostatic pressure does not change Ty significantly but the critical
magnetic field, producing a metamagnetic transition to ferromagnetic state observed at ambient
pressure at HoHqit = 0.2 T, increases up to 1.2 T at the pressure of 2.8 GPa (A4). This is a clear
evidence of stabilization of the AF phase with enhanced pressure. On the other hand, the uniaxial
pressure applied along the c-direction (A3) does not influence the HoHcrit or even reduces it slightly
(Fig. A5). Considering the difference in the impact of hydrostatic or uniaxial pressure it is evident
that the lattice and relevant ionic distances are affected in different ways. The uniaxial pressure
definitely decreases the distances along the c-direction leaving the hexagonal planes unaffected or
possibly even a bit expanding. The hydrostatic pressure acts probably also on the c-direction more
significantly than on the a-

) i T T T T T F 1 T T T T ]

direction  (as  disclosed by 2 a) T () 12
anisotropic compressibility 1.0 2 . 110
published in [14]). Nevertheless, in cosF g : T F 108
the case of the hydrostatic pressure 1 sl : | o6
the distances within the basal plane = sl 5 1§ -
become closer, while the ' '
. . . 0.2F oo S 0.2
interactions between magnetic ' AF AF o -
fons within the basal plane (the %90 05 10 15 20 25 00 04 02 03 04 05"
nearest-magnetic-ions) play the hydrostatic pressure (GPa) uniaxial pressure (GPa)

decisive role for the magnetic  Fig. A5: Magnetic-field - pressure phase diagram of TbNiAl
behavior of the whole system. representing the impact of the hydrostatic (a) and the uniaxial

pressure (b) on the critical magnetic field necessary for
destabilization of the AF phase. Figure taken from A4.
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Similar method of following the structural transition in the resistivity changes as described
above (for TbNiAl and GdNiAl) was used for the study of samples from another family of compounds
—the ternary 122 systems, namely CePd,Al, (A5) and CePd,Ga; (A6). Both compounds crystallize in
the tetragonal CaBe,Ge;-type crystal structure, in which the compounds are usually unstable and
undergo structural transition to another structure type of lower symmetry. Both compounds were
studied under application of hydrostatic pressure up to 3 GPa.

Structure transition is observed also in CePd,Al, at the temperature of Tsir= 13 K, below which the
crystal structure changes from tetragonal to orthorhombic at ambient pressure. The magnetic
properties are characterized by an antiferromagnetic ordering below Ty = 2.8 K [15]. The structure
changes in CePd,Al; were discussed in the context of so called vibron states — a consequence of
electron-phonon interactions [16,17]. The knowledge of crystal-structure transformations is an
essential part of this research. The pressure studies revealed an important piece of knowledge. We
discovered another low-temperature pressure-induced structural phase at pressures above 0.6 GPa

(Fig. A6). The different
nature of the two
low-temperature

structures is evident on

the pressure
development of the
temperature

dependence of

resistivity (Fig. A7). The
resistivity shows a
clear decrease with

cooling at the
temperature of
structural phase
transition at ambient
pressure. This

character is changed
for pressures above
0.6 GPa signifying
transition of a different
nature. The resistivity
behavior above
0.6 GParesembles that
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Fig. A6 (left): Temperature-pressure
phase diagram of CePd,Al, determined
from the data of electrical resistivity
(detail in further text). Figure from AS5.
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Fig. A7 (right): Temperature dependence of electrical resistivity of CePd,Al,
at various pressures. The data are displayed in the order of measured
pressure points (marked by an arrow). The cooling (heating) regime is in
correspondence with the used blue (red) color. Figure taken from A5.

in CePd,Ga; [18] and thus invokes an idea of similar structural changes.
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For the CePd,Ga, compound the crystal lattice changes 220

from tetragonal to another structure type at 125K in 200 L Tetragonal _
ambient pressure (Fig. A8). This structure transition shifts i ks . !

to higher temperatures at elevated pressures and its g ' ¥ Trictinic
character remains the same over the whole used range of = pa Wl Blructi i
pressures. Based on recent studies [19], the low- Gl deiamie
temperature structural phase of CePd.Ga; (and 120 ¢ 4 f:f:'i“;‘f:l‘ll’_l‘l”;"lw“-
presumably also the low-T pressure-induced one in 1

oo 05 10 1.5 20 25 30 35

CePd,Al;) was resolved as an orthorhombic structure, GP
space group (SG) No. 67 which is of lower symmetry than ] ALER)

.. Fig. A8: Temperature-pressure phase
the original room-temperature tetragonal (SG No. 129) but  gjggram of CePd.Ga, determined from
higher symmetry than the initially conjectured triclinic the data of electrical resistivity. Figure

- taken from A6. As the structure at low
model as noted in Fig. A8. In fact, the low-temperature temperatures was not ultimately
structures in CePd»Al, and CePd,Ga; are of the same type,  resolved at the time of publication, the
but differ by size of the orthorhombic distortion of the IL%‘?'erTsfuhcﬂii stt{:g&i;%deda:hisz;)%;rgils.
high-temperature tetragonal structure. orthorhombic structure, SG No. 67 [19].

In the point of transition for both of these compounds the crystal structure changes its symmetry
and corresponding change of resistivity is reversible in both CePd,Al, and CePd,Gay, unlike our
previously discussed hexagonal ZrNiAl-type structures, where the symmetry at the transformation
is preserved but the resistivity irreversibly increases demonstrating clear degradation of the sample.
We should remind that in both mentioned cases the magnetic transition appearing at different
(lower) temperatures than the structural ones is of the second order type. The structure changes
play an important role especially in crystal field and consequent influence on the magnetic behavior
(see e.g. [17]).

B: Magnetism in rare-earth based RT.X; tetragonal compounds influenced by pressure

Another tetragonal compound which, unlike previous Ce-based compounds crystallizes in
the ThCr,Si>-type of structure, is PrRu,Si;. This structure type is characteristic by a large
magnetocrystalline anisotropy. PrRu,Si; is known to exhibit an extraordinarily large anisotropy field
of approx. 400 T [20]. This compound exhibits an antiferromagnetic transition at Ty = 16 K to an
incommensurate spin wave propagation phase and at Tc = 14 K it becomes a uniaxial ferromagnet.
The high-pressure study up to 0.9 GPa (B1,B2) has shown that the ordering temperature Ty is almost
not affected by the pressure whereas the T¢ significantly decreases. The critical field of
metamagnetic transition in the AF phase increases by a factor of 2 under pressure of 0.8 GPa while
the Pr magnetic moments remain unchanged in the paramagnetic state.

The compound YbAu,Si> adopts the ThCr,Si>-type of structure, as well. Ytterbium brings a
potential for unusual behavior in numerous intermetallic systems including the change of the
valence, non-integer valence or valence fluctuations, identified as a possible origin of



unconventional critical phenomena [21]. 4.4

As the effective Yb volume is different

based systems are usually very sensitive

— p=0GP i
for the Yb2* or Yb3* valence state, the Yb- W e er YhAu,Sk d

— p=2GPa

. . 0.9 4 p=3.2GPa i
on application of external pressure. sesss Bloch-Griineisen fit

X A ] ] 0 GPa, R /R, 4.«
Expectation of unconventional & 081 Il
properties and interesting electronic Opc = 145 K
behavior after the pressure application 0.7 1
is justified in the Yb compounds. The I

. . 0.6 -
valence in YbAu,Si; was deduced as
intermediate [22]. We have thus - . : : . :
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YbAu,Si; (B3) including theoretical

calculations (DFT) which confirmed the  Fig. B1: Temperature dependence of electrical resistivity
of YbAu,Si, at various pressures. The data can be

system to be close to magnetic jescribed
instability with the effective magnetic  from B3.
moment of e = 0.1 ps/f.u. reflecting

by a phonon scattering model. Figure taken

either a minor tendency to valence fluctuations or a small fraction of Yb atoms with the 3+ valence
state existing due to lattice imperfections. The temperature dependence of resistivity was
successfully described by the phonon scattering model (Fig. B1). The high-pressure experiment up
to 3.2 GPa did not reveal any significant change of this state determining this compound as stable
nonmagnetic system with the Yb?* valence state with weak electron-electron correlations in the
whole studied pressure range and much higher pressure is needed to change the valence state of

Yb in this system.

Besides Yb, Eu is another element among the
rare-earths with possibility of valence instability. In
the work (B4) we have investigated magnetic
behavior of EuRu,P, single crystal as a function of
pressure. EuRuU;P; adopts the tetragonal ThCr;Si;-
type of structure. Its ferromagnetic state below
Tc=29K exhibits a small magneto-crystalline
anisotropy with the crystallographic a-direction as an
easy axis. Our measurements of magnetization, AC-
susceptibility and electrical resistivity have shown
that its magnetism is given by purely Eu?* atoms.
Application of hydrostatic pressure in this case leads
to a moderate increase of Tc up to 1.5 GPa, followed
by its sudden drop by 10 K (Fig. B2,B3). This effect
was ascribed to a structure property, namely change
in the bulk modulus, reported earlier [23] at room
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Fig. B2: Temperature — pressure phase
diagram of EuRuP, connecting the pressure
evolution of the Curie temperature and the
estimated structure anomaly joining at the
same T-p point at about (37K - 1.5 GPa).
Figure taken from BA4.
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depends on rare-earth ionic
distances.

On the other hand, the valence state influences the resulting atomic radius — or rather the extent
of electron wave functions, so the changes in the valence state are connected with impact on the
structure of the material. The decision about the real origin should be answered by the
spectroscopic measurements under pressure.

C: Pari-magnetism in RCo, under pressure

The family of Laves-phase RCo, compounds (R = rare-earth) is known for long time and
studied for the specific physical properties, namely their magnetism originating in two different
magnetic sublattices. It was deduced that their magnetic properties depend predominantly on the
R atoms. Their ordering results in magnetic exchange able to split the Co 3d-subbands and form the
Co magnetism. As the Co 3d band states appear near the critical conditions for the magnetic
moment formation, the magnetic properties are very sensitive to external variables and represent
a great example for study of itinerant magnetism in Co-contained compounds. The type of transition
at the critical temperature is in several cases characterized as the first-order type. Our interest in
these compounds was motivated by a discovery of a peculiar phenomenon of short-range magnetic
order within the paramagnetic state, denoted as “parimagnetism” [24]. This state represents
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ordering of Co magnetic moments on short distance
forming clusters with resulting magnetization
antiparallel to the magnetic moment of the rare-earth
one. The size of the clusters is quite small — only few
elementary-cell units - detectable as a tiny anomaly on
the AC-magnetic susceptibility. Another method suitable
detection of this phenomenon was a uSR
spectroscopy, which is able to detect presence and
changes in the magnetic field inside the lattice of the
compound on the local level. Temperature of
appearance of the first signal of the new local magnetic
field formed by the Co-clusters formation is denoted as
T". We have used these two methods to study the
pressure development of the magnetism in HoCo;
including parimagnetism inwork C1. The pressure
evolution of the characteristic temperatures is depicted
on the Fig. C1. Particularly interesting is the flipping
temperature T; = 125 K (characterizing the parimagnetic
state) and Tc=79.5 K (ambient pressure) evolving with
the same pressure rate signifying similarity in
mechanisms responsible for the short and long-range
ordering in this system. The reason for the decreasing of
Tc with pressure is probably due to the broadening of
the Co-3d bands resulting in decrease of the Co
magnetic moments and suppression of the Co
magnetism and the ordering temperature [25]. On the
level of Co clusters the Co-Co distances are decreasing
with increasing pressure leading to a broadening of the
3d band and decreasing of the density of states at Eg.
Nevertheless the unusually rapid decrease of T¢ with
pressure is systematically dependent on the rare-earth
atom, as studied for several other RCo, compounds
(€C2,€3). The summary of the pressure evolution of
parimagnetic configuration is included in the publication
C4. Thanks to numerous studied RCo, compounds (by
ourselves or found in literature) we could identify
several notable systematic dependences. The T¢c and Tt

for

evolution with respect to the included rare earth agrees to a considerable degree with the de-
Gennes scaling (Fig. C2). This scaling shows expected variations of magnetic interactions if
interactions constants are invariable and the dependence on the type of R is reflecting the
appropriate filling of the 4f shell and related quantum numbers. Fig. C2 shows that for heavy R
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findings lead to a volume-dependent relation between Tc and Tf which agrees with the pressure
influence (lattice parameters decrease) and the lanthanide contraction (Fig. C4). This empirical
systematic dependence is not followed only in the case of substitution of Si for Co (C3) exhibiting a
disturbance of the Co-tetrahedron and thus affecting the Co-Co interaction. The parimagnetic
temperature T¢ is decreasing whereas the ordering temperature Tc increases upon Co-Si
substitution. Increase of Tc is probably caused by the increased Co moment (empirically confirmed
[28]) while the T: decrease is given by the disturbance of the Co magnetic clusters by a nonmagnetic
Si. The effect of parimagnetism remains a unique configuration on the border between
paramagnetism and long-range magnetic order observed in compounds with presence of localized
and itinerant magnetism, so far exclusively in the family of RCo,.

The effect of parimagnetism is thus signal of presence of the magnetic interactions with a
potential to create magnetic order which is not strong enough to form the magnetic ordering on
the long-scale and thus only formation of the magnetic clusters as precursors of the long-range
magnetic order can be observed.
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Although the inter-actinide spacing can tune the parameters of the 5f states in uranium
systems to a large extent, their full localization is rather exceptional. Among binaries, the only
attested 5f localized case is UPds, which exhibits a quadrupolar ordering at low temperatures
[29,30]. It crystallizes in the hexagonal closed-packed crystal structures with lattice parameters
a=5.73 A and ¢ =9.66 A. There are two inequivalent uranium sites in the structure The distance
between uranium atoms is 4.11 A, which is |
larger than the Hill limit (around 3.4-3.6 A).
The pressure application should eventually
lead to a delocalization of the 5f states. Such
delocalization is often connected with change
of bonding conditions, atomic volume and
possibly also structural type change.
Theoretical electronic structure calculations
predicted the delocalization of one 5f electron
in pressures about 25 GPa [31]. The system
should become a heavy fermion above this
pressure. This compound was formerly studied
by XRD under pressure [32] and there was
found no structural transition or anomaly
which could be associated with the
delocalization of the 5f states. There was 10} p1

D: Pressure impact on properties in U and Ce-based compounds
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Fig. D1: A microscopic view of the experimental
setup just before closing between the two
Bridgman anvils.
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The Bridgman anvil pressure cell was
used for the measurement on the single
crystal of UPds up to 10GPa. The
diameter of the sample space was 1 mm
(Fig.D1) and a superconducting
transition of Pb was used for the

T (K)

Fig. D2: Temperature dependence of resistance of the
UPds compound in various values of pressure. The shift of
the data for the lowest pressure about 1.3 GPa is caused
by the loose electrical contacts to the sample or the lead
inside the cell. This artifact does not appear at higher
pressures any more. Figure taken from the publication D1.

pressure determination. The obtained temperature dependences of resistivity exhibit anomalies
below 50 K (Fig. D2), attributed to crystal-field effects [33]. The pressure variations of the measured
curve are very small.



The detailed analysis based on the second derivative is
showing only a very weak shift of the anomaly between
10 and 15 K to higher temperatures (Fig. D3). This can
be explained as a small increase in the crystal field $ 1

splitting. Concerning the signs of delocalization which §,13 !

was expected upon the pressure application, the CEF 120+ |

anomalies should not be present in the delocalized i3

system. Moreover the character would be affected by

the spin-fluctuations in case of delocalization, as 1% 2 4 5 Gps 8 10 12
observed in UPts, which can be used as analogy to UPd3 Fig. D3: Pressurte ? variation of

with delocalized 5f states [34]. As a result, no signal of
delocalization was observed up to 10 GPa although the
volume was compressed by 4% at the highest pressure.
Higher pressures are thus needed for such dramatic effect like 5f states delocalization in UPds.

temperature of the crystal-field anomaly
observed in the resistivity data. Figure
taken from D1.

Among numerous uranium-based

16 N

T (K)
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compounds also UsFesGes has been studied — with
focus on the pressure-induced effects in D2.
UsFesGes adopts the orthorhombic crystal structure
(space group Immm) with two different uranium
Wyckoff sites. It orders ferromagnetically below

Tc=18 K [35]. Application of pressure leads to a
decrease of the Curie temperature, being a
fingerprint of itinerant 5f states (Fig. D4). At around
p=1GPa the ground state changes from
ferromagnetic to antiferromagnetic. At the same
pressure also the elastic properties of the crystal
lattice change — the direction b changes form the
least compressible to the most compressible one.
Based on the measured resistivity data it was found that above the pressure of 1 GPa the system
has a tendency to a more isotropic state with increasing pressure, weakly correlated moments along
crystallographic a axis or strongly damped magnetic excitations with a wave vector along a. At the
pressure of 1 GPa sign of another magnetic ordering are visible for current applied along c-axis at
T2 < Te1. The pressure-induced changes in magnetic behavior are thus of complex character and
connected with change in the elasticity of the crystal lattice, proving an intimate connection
between the 5f magnetism and crystal lattice.

12 : : . :

p (GPa)

Fig. D4: Pressure dependence of T, and T.,;
estimated form the measurements of
electrical resistivity of UsFesGe, along the a
and c axes, respectively. Figure taken from D2.

UH3s is another representative among the uranium compounds. It forms in two cubic variants
—the transient a-UHs and the stable B-UHs. The 5f magnetic moments exhibit ferromagnetic order
in B-UH3 with the Curie temperature reported in the range of 160-170 K [36]. Together with the U-
U spacing of some U atoms about 3.3 A, i.e. below the Hill limit (3.4-3.6 A), these properties make



this compound rather out of known systematics, showing
magnetism appearing usually for compounds with the U-U
spacing above the Hill limit.

Existing experimental data on this system were limited due to
its pyrophoricity, preventing using common experimental
procedures. Hence the peculiar non-linear pressure
dependence of T¢ obtained by Andreev et al. [37] rose certain
suspicions about intrinsic origin of the observed data (Fig. D5).
Availability of samples stabilized by a small amount of
transition metal with similar Tc and magnetic moment per U
enabled to carry out a broader pressure study. Our results (D3)
show a slower linear decrease of T¢ with pressure. On Fig. D6
we depict the pressure dependence of the
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UHs3 [40]) and UAs (where Tn increases with  the high-pressure AC-susceptibility measurement.

pressure [41]) from this one can deduce that the
5f character shifts towards localization. Another

Figure taken from D3.

aspect is the U-U distance in these compounds — which are 3.87 A (for US), 4.07 A (for UAs) and
3.45 A (for UN) — in contrast with the value of 3.31 A for B-UHs, it points that UHs reaches such
degree of localization at much shorter U-U distance. This non-typical behavior is explained by the
interaction U-H with 6d-1s hybridization which reduces the 5f-6d hybridization. This fact was stated
before in [42] where the influence of H content on the ordering temperature clearly demonstrates

higher localization for uranium hydride with higher H content.



Another uranium based compound
studied under pressure is U;NiSn — tetragonal
compound with a highly anisotropic crystal
structure. It is characteristic by two types of
basal planes of which one is formed by the U
elements alternating with another Ni-Sn planes.
It orders antiferromagnetically below Ty = 25 K.
As shown in D4, upon pressure application, the
Néel temperature increases up to 3 GPa with a
pressure ratio dTn/dp = 0.6 K/GPa. As it appears
in many U systems, the U-U distance is the most
compressible one, leading to decreasing of the
inter uranium distances with increasing
pressure. The increase of Ty is a consequence of
shrinking the basal plane and thus increasing
overlap of the 5f wavefunctions. At the pressure
of 3 GPa the ordering temperature suddenly
changes its pressure evolution by a different
slope and a sharp decrease (Fig. D7). As it was
found by a high pressure structural study, this
sudden downturn is connected with a change of
the crystal lattice symmetry to orthorhombic
structure type. As confirmed by theoretical
calculations, the collapse of magnetism above
3 GPais given by the pressure-driven decreasing
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Fig. D7: Pressure dependence of the Néel
temperature of U,Ni.Sn derived from the zero-
field resistivity. The inset shows the temperature
dependence of the dp/dT derivatives at the
selected pressures for i//[110] in the vicinity of
the ordering temperature of U.NiSn. The
minima on these derivatives have been used for
tracking the Tn(p) dependence. Figure taken
from the publication D4.

of U-U distances resulting in broadening of the 5f shell and decreasing of density of states at the
Fermi level. From the obtained results it is clear that the special type of U crystallographic
arrangement and tunability of the inter-uranium distances plays an important role in the magnetic
properties of compounds adopting this type of structure.



A close relationship between superconductivity
and magnetism with signs of quantum criticality has been
studied on two Cerium compounds CeRhSiz and CeRhlns.
CeRhlIns adopts the tetragonal structure with a possible
view of a quasi-2D structure of Rhin; layers alternating
with Celns layers along the c-axis. This compound belongs
to heavy-fermion systems ordering antiferromagnetically
below Ty = 3.8 K. The ground-state magnetic structure is
incommensurate with helicoidally arranged moments
within the basal plane [43]. Upon magnetic field
application another field-induced transitions at T; and T>
appear below Ty. A frustration between nearest-neighbor
and next-nearest-neighbor magnetic moments along the
c-axis stands behind a complex magnetic behavior [44].
Application of a pressure induces a superconductivity
coexisting with the antiferromagnetic order up to
pressure of about 2 GPa. Only the superconductivity is
present above this pressure [45].

In the work D5, a substitution Pd instead of Rh was
applied. The resistivity measurements of the substituted
CeRho.7sPdo.25Ins single crystal have shown a maximum
above Ty for hydrostatic pressures above 1 GPa — similar

to the parent CeRhlns. The established
temperature-pressure phase diagram (Fig. D8) reveals
only a negligible difference of the
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Fig. D8: Phase diagram of
CeRhyxPdyIns with x=0 and x=0.25
comparing the composition
dependence of the pressure effect on
the  magnetic  (Tn, Tmax)  and
superconducting  (T.) properties.

Values for pure CeRhins were taken
from Refs. [45,46]. Figure taken from
D5.

magnetic-phase-transition temperatures of the substituted compound from the pristine one. On
the other hand, the superconductivity sets at markedly lower pressures in the Pd-doped compound
exhibiting the Pd-Rh substitution as a tool shifting the coexistence of magnetism and
superconductivity in the CeRhi-xPdxIns system closer to the ambient pressure.



In the <case of a tetragonal non- L L S S S B S S B
centrosymmetric CeRhSis a  superconducting I
transition T. was reported to appear at the pressure I v
of 0.4 GPa inside the antiferromagnetic phase, which . TN
exists below Ty=1.6 K at ambient pressure. The
pressure dependence of Ty forms a broad maximum
until it merges with the superconducting transition T 5 o
at the pressure of 2.4 GPa and temperature of 1.1 K - . |
(Fig. D9). The Ce magnetic moments have been [ . T
characterized as itinerant over the whole pressure ol .+
range up to 3 GPa [47]. Later studies tracked the
superconductivity borderline to higher pressures . ) P (kbar) _ )

Fig. D9: Néel temperature Ty merging with

[48], showing the superconducting dome ending at  ¢he superconducting temperature T, in pure
about 5GPa. The presence of superconductivity —CeRhSi3 - figure taken from [49].

hiding many details of magnetism did not allow to
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In summary, to compare the effect of pressure . ) . )

L . . Fig. D10: Néel temperature Ty merging with
application on intermetallic systems based on rare-  the superconducting temperature Tc in
earth, especially the cerium, or uranium, one can see  higher pressures upon higher substitution

. . ratio (x=0.05 upper part, x=0.15 lower part).

that the pressure is a very powerful tool for tuning  Figyre taken from D6.
their physical properties. The key property is
pressure-driven change of the crystal lattice, namely the interatomic distances of the magneticions
which influences both — interactions (major issue in the case of the localized magnetic moments like

rare-earth intermetallic compounds) and conditions for magnetic moment formation which is
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significant in the case of itinerant systems (uranium- and very often cerium based compounds, 3d
metals). External pressure forces the system towards a lower volume configuration and uncovers
the preferred ground state of the studied system upon changed volume by the most pure way —i.e.
by direct mechanical influence of the crystal lattice. A special case form compounds with potential
to valence changes due to different atomic extent of different valence configurations. Knowledge
of the structural aspects of the intermetallic compounds are thus very important for resolving of
the background of their changed behavior upon varied external conditions from which the pressure
influence on several systems is presented in this overview.
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