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ABSTRACT: Eu,Al| Pty synthesized by arc-melting, was shown to m

exhibit a second-order valence phase transition around 45 K, where "

the divalent Eu atoms get trivalent below the transition temperature ?&9&?& o

Tirans- Substitution of Al by Ga in the solid solution @ —€@-pP—@—®P—@ :; é/

Eu,(Al,_,Ga,);sPts leads to the vanishing of the valence phase QEEEQ o ol

transition at low values of x, while substitution on the Pt position, ol T e EuAP

according to Eu,Al 5(Pts/sT6)s with T = Pd, Ir, or Au, leads to Tl DS
oS @0 9@ 0

shifts of the transition temperatures. These substitutions can be

considered to superimpose either chemical or electronic pressure, ?ﬂ?{w of
leading to the question of whether the application of physical oby” | . .
a

pressure also has an influence on the valence change. Pressure- L L e
dependent magnetic susceptibility measurements have been o

conducted on Eu,Al;;Pt; and the three solid solutions

Ew,Alj5(Pts /6T 6)s with T = Pd, Ir, and Au. In line with the expectations, the valence phase transitions under pressure occur at
significantly higher temperatures, e.g, Tyun(EwALPts@1.0 GPa) = 147(1) K, compared to ~45 K at ambient pressure.
Euw,Al5(Pts/6Au, 5)s does not exhibit a transition at ambient pressure, but interestingly, already at small pressures, the typical
anomaly of a valence phase transition is observed in the susceptibility data.

1. INTRODUCTION Eulr,,'* BuNis,"* Eu,Ni;,,'* EuPd,,'* EuBe,;," and EuPtg;'*
ternary examples include EuCo,Si,, *™ "’ Eu,Co,,P,,*’
EuRuB,”' EuRu,B,”" EuRu,Si,'” Eu,Ru,Sis,”* as well as
Euw,AlIr;.”” A recent review summarizes the known
information on trivalent europium intermetallics alongside
the typical characterization techniques.”*

Among the rare-earth elements, the trivalent oxidation state
persists. However, samarium, europium, and ytterbium are
known for their ability to also exhibit a divalent oxidation state
besides the expected trivalent one. For Eu and Yb, the
explanation is straightforward, as the divalent cations exhibit I : b - both  oxidati
either a half-filled 4f (Eu®*) or a filled 4f** (Yb2+) electron . n valence phase transmol.qs{_ oth oxidation states are

. . involved. In compounds exhibiting these phenomena, the
configuration. Therefore, for example, europium compounds

: /
can adopt both oxidation states, with EuO or the halides EuX, valen;: e/ZOf’ e.g, Eu or Yb atoms reversibly changes from M*"**
(X = F—I) being divalent examples,"~® while the Eu atoms in to M°*/** when subjected to temperature or pressure changes.
Eu2034’5 or EuX; (X = F, CI ’ Br)6—8 are trivalent. In EuAlsPt325 and EuCo;,_AsZZG’27 are examples of pressure-

induced valence phase transitions, while, e.g., EuPd,Si; (Tiyans
~ 200 K)** or arc-melted Eu,Al; Pty (Tppne ~ 45 K)*° exhibit
temperature-dependent valence phase transitions. Interestingly,
single crystals of Eu,Al Pty obtained by the Al-flux growth

intermetallic compounds, usually divalent europium is
observed, which is isoelectronic to Gd*>" and exhibits an
effective magnetic moment of pg = 7.94 up, which can
undergo various magnetic ordering phenomena. Examples are

the pnictides EuCd,Pn, (Pn = P, As, Sb)” or the large series of method show a suppression of the previously observed
equiatomic EuTX phases that are summarized in a review

article.'” From a structural point of view, divalent Eu Received: October 21, 2025 B
compounds exhibit a significantly larger unit cell volume in Revised: ~ November 19, 2025

an isostructural series, e.g, EuALPt' versus REALPt'> or Accepted:  November 20, 2025

EuRh,Cd,, versus RERhZCdZO.13 While, as mentioned, trivalent Published: December 8, 2025

Eu is common in the rather ionic world, trivalent intermetallic
. 14
compounds are really scarce. Binary examples are EuRh,,
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transition alongside an antiferromagnetic ground state.”® This
was traced back to a different structural ordering, as shown by
single-crystal X-ray diffraction. The formation of solid solutions
is readily used to manipulate the physical properties. In
Eu(Pd,_,Au,),Si,, for example, a crossover from a first- (x = 0)
to second-order (x = 0.15) phase transition was observed.’’ In
Eu(Rh,_,Ir,),Si,, the stable divalent oxidation state of the Eu
atoms can be shifted toward a valence-fluctuation behavior.*
For Eu,Al;;Pts also, solid solutions have been studied. In
Eu,(Al,_,Ga,)sPt already small amounts of Ga (x = 0.1) shift
the Eu valence toward a stable divalent oxidation state
alongside antiferromagnetic ordering.33 This is interesting,
since here an isovalent substitution of Al by Ga took place. In
another solid solution, substitution was carried out on the Pt
position. In Eu,Al (Pt /T, /6)s with T = Pd, Ir, and Au, the
valence phase transition originally found at ~45 K in
Eu,Al;Pt4 is shifted to ~42 K upon an isovalent substitution
by Pd; however, the incorporation of Ir leads to an increase of
Tyans to 52 K.** This cannot only be a size effect (Ir is smaller
than Pt, positive chemical pressure) but also has to have an
electronic reason (negative electronic pressure, one valence
electron less per sum formula). Substitution of one Pt atom by
one Au atom finally leads to the disappearance of the valence
phase transition, in line with a negative chemical but positive
electronic pressure due to Au being larger than Pt and having
an additional valence electron.

In this article, the pressure-dependent magnetic susceptibil-
ities of polycrystalline Eu,Al Pty and the polycrystalline solid
solutions Eu,Al;5(Pts/sT1/6)s with T = Pd, Ir, and Au were
studied. Pressures up to 1.1 GPa led to a shift of the valence
phase transitions with drastically increased transition temper-
atures; however, at the same time, the intensity of the
transition is reduced, suggesting more stable trivalent Eu atoms
at elevated pressures.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization. All samples were prepared
by arc-melting the elements as described in the respective publication
for Eu,Al;Pt;”” and solid solutions Eu,Al (Pt T, /6)634 followed by
thermal treatment to enhance the crystallinity. The obtained buttons
were crushed and investigated by powder X-ray diffraction techniques,
ensuring X-ray pure samples. Eu,Al sPt; was also investigated by
single-crystal X-ray diffraction techniques,”® indicating that this
compound is isostructural to Sc,Al;sPts> and other members of the
RE,X, Pt series (RE = Y, La—Nd, Sm, Gd—Lu; X = Al, Ga)*® and
exhibits the same modulated superstructure at room temperature.
Information on the single-crystal and powder X-ray diffraction
experiments, as well as SEM characterization, can be found in the
respective manuscripts cited above.

2.2. Magnetic Susceptibility Measurements. The polycrystal-
line samples of Eu,AlsPt; and the solid solutions Eu,Al;-
(Ptg/6Pdy/6)e EusAlis(Ptselry6)e and EuyAljs(Pts/cAu 6)s were
investigated by pressure- and temperature-dependent magnetic
susceptibility measurements at external fields up to 10 kOe using a
Quantum Design pressure cell for magnetometry (D421).>” The
samples were ground to a fine powder and placed in a Teflon tube
with a small piece of lead (HMD, Kitakyushu, Japan, about 3 mg) as a
manometer for pressure calibration. Additionally, excess air was
replaced by oil (Daphne 7373) as a pressure-transmitting medium.
The tube was closed with two Teflon caps and centered inside a BeCu
cylinder. The pressure cell was assembled, and the threads were
coated in Teflon powder. The pressurization nuts were finger-
tightened and placed on a sample holder rod of a Dynacool physical
property measurement system (PPMS) using the vibrating sample
magnetometer (VSM) option.
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The pressure cell was cooled to 6 K. A small external magnetic field
between —20 and 20 Oe was applied to the sample in order to achieve
a magnetization between —1 X 107" and —1 X 107 emu. The
temperature was then set to 7.5 at 0.1 K min~' and the temperature-
dependent magnetization data was collected. The critical temperature
of lead was determined at the maximum slope of the transition and
used as a reference for ambient pressure. The transition temperature
of lead is pressure sensitive and can be approximated using the
following formula (eq 1):

a1, (KGPa™") = —0.379 K GPa ™"
T ' ’ (1)
The cell was afterward tightened equally on both sides for 0.1 to
0.3 mm each, and the critical temperature was again determined the
same way. With the shift of the critical temperature and eq 1, the
pressure inside the cell could be determined. With the precision of the
temperature determination from dy/dT being between 0.01 and 0.03
K, the resulting error on the pressure is between 0.03 and 0.07 GPa. A
maximum compression of about 1 mm was targeted to avoid
damaging the cell. For each pressure, zero-field-cooled data at 10 kOe
could be measured using an amplitude of 1 mm and a frequency of 40
Hz.

3. RESULTS

3.1. Crystal Chemistry. Initially, in 2002, the compound
with the nominal composition Gd,«AlsPt,*® was reported to
crystallize in the hexagonal Sc,4Fe,Si o type structure®” with
space group P6;/mmc. Later, in 2004, Niermann and Jeitschko
reported more members; however, they used the sum formula
M,Al,Pts with M = Y, Gd—Tm, Zr.*" The reason being that
some of the refined atomic positions were only partially
occupied and that diffuse reflections were observed that would
justify a \/ 3 X \/ 3 enlarged unit cell. Prots and coworkers
were able to refine the crystal structure of Yb,Al Pt; in the
orthorhombic crystal system with space group Cmem™' while
Radzieowski et al. refined the crystal structure of Sc,Al;sPts as
a (3+1)D modulated structure (q = (2/34%,0,0)) with a
monoclinic approximant.”> Later, the same modulated
structure was also observed for Eu,Al Pt;"” and Ho,Al,Pt,.*
Recently, the solution growth of Eu,Al;sPts was described,
leading to large single crystals that were subject to single-
crystal X-ray diffraction.’® Interestingly, the observed diffrac-
tion patterns differed quite significantly from those of arc-
melted Eu,Al ;Pts. Although the structure could not
satisfactorily be refined due to the complex nature of the

Figure 1. (right) Unit cell of the monoclinic approximant of
Eu,Al|Pts. Bonds between the layers have been omitted for clarity;
(left) layer formed by the Eu atoms and the Al; triangles. Eu atoms
are depicted in green, Al atoms in gray, and Pt atoms in black,
respectively.
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Table 1. Lattice Parameters and Unit Cell Volumes of
Euw,Al, Pts, Eu,Al;(Pts/sPd, /5)e Eu,Al;s(Pt gl /6)s, and
Euw,Al, (Pt /6Auy /6)6 Determined by Powder X-ray
Diffraction”

Compound a(pm) c(pm) V (nm®)  Ref.
Eu,Al Pt 42947(2)  1666.7(2) 02652 29
EuAl (Pt P e)s  429.55(1)  16659(2) 02662 34
Eu,Al (Pt elry o) 42938(1)  16662(2) 02660 34
EwAlL (Pt Au ¢)s  43032(1) 16658(3) 02671 34

“The lattice parameters of the average hexagonal structure
(ScoFe,Siso type, P65/ mmc39) are given.

modulation, a different stacking of the Al; triangle-centered Eu
layers could be deduced.

As the crystal structure of Eu,Al Pty and its related
compounds has been described in detail before,””***® only
the important structural features will be highlighted. The
structure (Figure 1) can be described by two building blocks:
[Pt;Al;] slabs (block B) and planar layers of Eu atoms,
arranged in a honeycomb pattern, that are centered by Al,
triangles (block A). The latter are responsible for the
interesting magnetic properties of Eu,Al sPt;. These are
alternatingly stacked along the crystallographic b-axis (mono-
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Figure 3. Temperature of the second-order valence phase transition
of EuyAl;sPt¢ (black), Eu,Alj5(Pts/sPd)6)s (red), EupAlys(Pts/elry 6)s
(green), and Eu,Al5(Pts/cAu, )5 (blue) plotted against the applied
physical pressure.
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are omitted in Figure 1 for better visibility of the fundamental
building blocks. Additional details can be found in the
literature.”*>%¢

For the solid solutions Eu,Al s(Pts/sT,/6)¢ with T = Pd, Ir,
and Au, only powder X-ray diffraction data was collected. Due
to the nature of the modulated structure, the superstructure
reflections of the monoclinic unit cell are not observable in the
powder data; therefore, the unit cell parameters were refined in
the average hexagonal structure (Table 1).

3.2. Magnetic Measurements. Eu,Al;;Pt; exhibits a
temperature-dependent second-order valence phase transition
around Ty, ~ 45 K, where the divalent Eu atoms delocalize
an electron, forming Eu’t, presumably due to the thermal
contraction of the crystal structure. This valence phase
transition has been characterized in detail by magnetic,
resistivity, and heat capacity measurements, as well as '*'Eu
Mbssbauer spectroscopic investigations.”” Investigations of the
solid solution Eu,(Al,_,Ga,),sPts indicated a shift toward
lower temperatures for x = 0.05, while for x = 0.1, the valence
phase transition is suppressed. With even higher degrees of
substitution, an antiferromagnetic transition, as reported for
Eu,Ga,Pt,, emerges.33 As the substitution of Al with Ga
suppresses the valence phase transition quite effectively, three
solid solutions substituting Pt for neighboring transition metals
have been investigated. It was shown that formally only one
out of the six Pt atoms can be substituted by Pd, Ir, or Ay;
however, no structural ordering is observed. For Eu,Al -
(Pts/sPd, /6)e only a slight shift of the transition temperature is
observed, while for Eu,Aljs(Pts/sAu, )¢ the transition fully
vanishes. For Eu,Al (Pt;/clr; /6)¢ an increase to Ty, ~ 52 K
was observed. This behavior was attributed to the combination
of electronic and size effects.

Temperature-dependent magnetic susceptibility measure-
ments were conducted at different pressures. Figure 2a shows
the magnetic susceptibilities of Eu,Al Pt measured at 0, 0.4,
0.7, and 1.0 GPa. It is clearly evident that the valence phase
transition shifts to higher temperatures while at the same time
significantly losing in intensity. This shows that the formal
intrinsic oxidation (Eu**—Eu’") under a physical pressure
happens at significantly higher temperatures. This is in line
with the observations made for Eu,Al;5(Pts/elr, /)¢ Here the
smaller Ir atoms cause a contraction of the structure due to
“chemical pressure”. The overall flattening of the susceptibility
trace can be explained by the destabilization of the divalent
oxidation state. For Eu,Al;s(Pts;Pd;/s)s (Figure 2b) a very
similar trend is observed. Here, however, the effect is already
dampened, even before applying physical pressure. For
Euw,Al5(Pts/6lr, 6)¢ the same shift is observed (Figure 2c);
here, however, the effect has almost vanished at 1.1 GPa.
Finally, Eu,Al;5(Pts/6Au, 4)s Was quite surprising, as this solid
solution shows no observable valence phase transition at
ambient pressure (Figure 2d). However, by applying as little as
0.1 GPa, a shoulder similar to prototypic Eu,Al,sPts emerges.
Higher pressures shift this shoulder only slightly. Figure 3
shows a comparison of the extracted temperatures at which the
valence phase transitions occur for the different compounds.
Here a clear increase is visible for Eu,Al;Pt;, Eu,Al;-
(Pts/6Pd, /6)sy and Euw,Aljs(Pt/elr; /)¢ all showing a very
similar slope, while for Eu,Al,(Pt;/cAu, /)¢ only a very small
increase in the transition temperature is visible.

Looking at the normal pressure and high-pressure data, one
can try to explain the observations as follows: decreasing the
temperature leads to contractions of the unit cells of all of the
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investigated compounds. The valence phase transition happens
at a temperature where the divalent oxidation state of the Eu
atoms is destabilized enough so an intrinsic oxidation alongside
a delocalization of an electron takes place, leading to trivalent
Eu atoms. A similar effect takes place when pressure is applied.
The unit cell is contracted; however, the applied pressures are,
in all cases, not high enough so that the valence phase
transition happens only when pressure induced. But due to the
precontraction of the cell, the transition temperature shifts to
higher values.

4. CONCLUSION

The temperature dependence of the second-order valence
phase transition of Eu,AlsPts and the solid solutions
Ew,Alj5(Pts/Pdy/6)s EupAlis(Ptsjelryj6)s, and EuyAljs-
(Pts 6Au, /6)¢ was studied by magnetic susceptibility measure-
ments at different applied pressures. It is clearly visible that the
transition temperature increases with increasing pressure while
at the same time losing in intensity. This suggests that the
intrinsic oxidation from Eu’* to Eu’" happens at higher
temperatures along with a destabilization of the divalent
oxidation state. Surprisingly, this valence phase transition also
occurs for Eu,Al;5(Pt;/¢Au, /6)¢ under elevated pressures above
0.1 GPa since it is not visible at ambient pressure.
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