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ABSTRACT: Among the intermetallics and alloys, YCu is an
unusual material because it displays negative thermal expansion
without spin ordering. The mechanism behind this behavior that
is caused by the structural phase transition of YCu has yet to be
fully understood. To gain insight into this mechanism, we
experimentally examined the crystal structure of the low-
temperature phase of YCu and discuss the origin of the phase
transition with the aid of thermodynamics calculations. The
result shows that the high-temperature (cubic CsCl-type) to low-
temperature (orthorhombic FeB-type) structural phase transition
is driven by the rearrangement of three covalent bonds, namely,
Y—Cu, Y=Y, and Cu—Cu, which compete for the bonding
energy and phonon entropy. At low temperatures, the mixing of
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Y and Cu does not take place easily because of the weak attractive force between these atoms expected from the small negative
mixing enthalpy. This causes all three interactions to take part in the bonding, and Y and Cu are segregated to form an FeB-type
structure, which is stabilized by internal energy. At higher temperatures, Cu ions are bound loosely with Y ions due to the large
Y—Cu distance (3.01 A), which results in large vibration entropy and stabilizes a CsCl-type crystal structure. In addition, the
CsCl-type structure is reinforced by the Y=Y interaction between next-nearest neighbors, resulting in a smaller unit cell volume.
The crystal structure has the simple cubic framework of Y containing Cu ions bound loosely at the cavity sites. The calculated
frequency of the Y-like phonon modes is much higher than that of the Cu-like modes, indicating the presence of Y=Y covalent

interactions in the CsCl-type phase.

B INTRODUCTION

The thermal expansion of solids reflects the temperature
dependences of crystal, electronic, and phonon structures. The
interatomic distances in solids usually increase with temper-
ature, resulting in positive thermal expansion due to the
asymmetric shapes of interatomic potentials formed by the
attractive force induced by covalent/ionic chemical bonding
and the sharp repulsive force owing to the Pauli exclusion
principle.’ However, unusual materials that display zero
thermal expansion (ZTE) or negative thermal expansion
(NTE) are known to exist." The anomalous thermal behavior
often originates from magnetic ordering coupled with a
negative volume change in magnetic materials, whereas large
phonon entropy such as bending vibration induces such
behavior in covalent bonding materials containing atoms with
a low coordination number.' The latter inevitably occurs in
low-packing-density crystal structures, whereas the former
often plays a crucial role in alloys. For example, the strong
correlation in metallic Fe between the magnetism and the
unusual phase transition against temperature is well-known,
which gives rise to a body centered cubic (bcc)—face centered
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cubic (fcc)—bcc sequential transition accompanying NTE.”
These useful metallic materials, such as Invar alloys, a
representative ZTE material, have been utilized practically in
high precision instruments containing bimetals.

On the other hand, intermetallics (IMCs) have attracted a
great deal of attention because they often exhibit various
magnetic, electrical, and mechanical properties, such as the
permanent magnet SmCos and the shape memory material
NiTi® In IMCs, we can see the contribution of ionic or
covalent bonds, as well as metallic bonds.” As a result, the
chemical bonding of IMCs can exhibit complex temperature
variations. Some IMC materials showing ZTE or NTE have
been reported.” ' Among them, YCu and IMCs with an
MgAgAs-type crystal structure are particularly noteworthy
because they exhibit NTE purely due to the temperature
dependence of their chemical bonds. LaNiSb or TiPtGe takes
the MgAgAs-type (half Heusler-type) crystal structure, which

is one of the defect bcc structures containing a vacancy site,
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inevitably resulting in low-packing-density crystal struc-
tures.”” The annihilation of vacancy sites at high temperatures
seems to be the origin of the NTE behavior in this family of
materials. In contrast, the ori§in of the phase transition of YCu
has yet to be clarified fully."” YCu displays a phase transition
between 140 and 550 K, accompanying a structural change
from the cubic CsCl-type (B2 type) to an unidentified
orthorhombic structure as the temperature decreases. The low-
temperature phase (LT phase) appears to adopt an
orthorhombic FeB-type crystal structure (B27 type), according
to theoretical studies;'"'* however, the details of the crystal
structure have not yet been experimentally clarified. Although
Ritter et al. reported the crystal structure of Y,oTb,;Cu, they
did not report the crystal structure of pure YCu (LT),"
probably owing to the difficulty associated with the synthesis of
a fine powder (as described later, the mechanically ductile
properties make the pulverization of YCu difficult). Although
the unique properties of these substances are valuable, it is
important to note that IMCs have certain drawbacks with
respect to their practical application. Most IMCs are not
mechanically ductile but brittle,'* which prevents their
practical application, even though they have the unique
physical properties described above. In 2003, ductile LnCu
(Ln: lanthanides or Y) IMCs with the CsCl-type crystal
structure including YCu were reported by Gschneidner et al."
This resulted in many studies on the mechanical properties of
related IMCs.' In this study, we report on the structural
determination of YCu and details related to its phase
transition, including electronic structures and the thermody-
namic phase stability. Competition among Y—Cu, Y=Y, and
Cu—Cu bonds exists in YCu, which exhibits the unusual
thermal behavior. At higher temperatures, YCu adopts a CsCl-
type crystal structure where Cu ions are loosely bound with Y
ions owing to the long Y—Cu distance (3.01 A), and its large
vibration entropy stabilizes this structure at high temperatures.
The CsCl-type crystal structure is reinforced by the Y-Y
interaction between next-nearest neighbors, resulting in a
slightly dense packing structure. The Y=Y covalent interaction
causes several unusual phonon behaviors in the high
temperature phase, although Y is heavier than Cu. Once
cooled, the Y=Y and Cu—Cu covalent interactions take part in
the bonding, and segregation in the larger unit cell forms the
FeB-type crystal structure, which is stabilized by internal
energy.

B EXPERIMENTAL SECTION

The reactants were Cu (99.99%, Kojundo Kagaku, Japan), Y (99.9%),
La (99.9%), Ce (99.9%), Pr (99.9%), Nd (99.9%), Sm (99.9%), Gd
(99.9%), Tb (99.9%), Dy (99.9%), Ho (99.9%), Er (99.9%), and Tm
(99.9%). All the Ln metals were purchased from Nippon Yttrium
(Japan). LnCu was prepared from a stoichiometric mixture of Cu and
Ln via arc melting on a water-cooled Cu hearth in a high-purity Ar
atmosphere. To obtain homogeneous samples, the melting process
was repeated several times. Annealing at 723 K for 50—150 h in an
evacuated silica ampule was carried out for LnCu (Ln = La, Ce, Pr, or
Nd) samples, because they melt incongruently. The Ln/Cu ratios
were determined using an electron probe microanalyzer (EPMA,
JEOL model JXA-8530F). The crystal structures of the synthesized
materials were examined by powder X-ray diffraction (XRD; Bruker
D8 Advance) using Cu K, radiation with the aid of Rietveld
refinement using the TOPAS4 code.'” XRD data were collected in the
range 26 = 20—130° at 0.02° intervals at room temperature. To
determine the lattice constants in the temperature range of 300—723
K, XRD data were collected using a Philips X'Pert-MPD-OES X-ray
powder diffractometer. For powder XRD measurements, a powder

was obtained by crushing in liquid N, at a temperature below the
ductile—brittle transition temperature (DBTT, ~100 K),'" as the
pulverization of a ductile YCu sample is difficult at higher
temperatures. To obtain fine powders, a planetary ball mill was
used at a rotation speed of 300 rpm. The temperature dependence of
electrical resistivity was measured over a temperature range of 2—310
K using the conventional four-probe method. A vibrating sample
magnetometer (Quantum Design, PPMS, VSM) was used for the
magnetization measurements of bulk samples.

Density functional theory (DFT) calculations were performed
using the generalized gradient approximation (GGA) with the
Perdew—Burke—Ernzerhof (PBE) functional and the projector
augmented plane-wave method implemented in the Vienna ab initio
simulation program (VASP) code.'® The 4s, 4p, 4d, and 5s electrons
of Y and the 3d, 4s, and 4p electrons of Cu were used as valence
electrons. The plane-wave-basis cutoff energy was set to 600 eV.
Structural relaxations were performed using 8 X 8 X 8 and 4 X 6 X 6
k-point meshes for the high- and low-temperature structures of YCu
until the Hellmann—Feynman forces were less than 107® eV A™". The
4a X 4b X 4c (128 atoms) and 2a X 3b X 2c (96 atoms) supercells
were respectively constructed for the high and low temperature
structures of YCu to calculate the phonon thermodynamics and Cu-
displacement-dependent total energy. For the supercells, a 6 X 6 X 6
k-point mesh was used. For the analysis of chemical bonding, the
crystal orbital Hamilton population (COHP) was calculated using the
local-orbital basis suite toward electronic structure (LOBSTER)."
The atomic charges were estimated from a Bader charge analysis,”’
and the crystal structures and electron isosurfaces were visualized with
the VESTA code.”'

The phonon frequencies and eigenvectors were determined using
the frozen phonon approach® as implemented in the Phonopy
code.” After the normal modes were identified, the Helmholtz energy
F was approximated using the following equations:

(V,T) +E

electron

(v, T)

F(V, T) = EO(V) + F;)honon
where Ej is the total energy at 0 K obtained by the DFT calculations,
and Fpponon and Feeeron are the phonon and thermal electronic
contributions to the Helmholtz energy, respectively. The phonon
contribution is expressed as

1 —_
thonnn = E Z ha)q‘,, + kBT Z In[1 — e hwq,y/kBT]
Ed qv

where q and v are the wave vector and band index, respectively, and 7
is the reduced Planck constant. The variable w, , is the phonon
angular frequency at q and v; kg is the Boltzmann constant, and T is
the temperature. The thermal electronic contribution is given by

E

electron

- TS

electron

= Lelectron
where Eron and Seciron are the thermal internal energy and the
entropy contribution, respectively. The thermal internal energy due to
electron excitation is given by

o 5
Eelectron = / n(s)fg de — f Fn(f)é’ de
0 0

where n(e) is the electronic density of states, f is the Fermi—Dirac
distribution, and &g is the Fermi energy. The variable & is determined
by the charge neutral condition at the given temperature. The
electronic entropy is given by

Selectron = _kB n(e)[flnf+ (1 _f) 111(1 _f)] de

To obtain precise phonon dispersions, 4a X 4b X 4c (128 atoms) and
2a X 3b X 2¢ (96 atoms) supercells were used for the high- and low-
temperature structures of YCu, respectively, and an atomic displace-
ment of 0.01 A was chosen.
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Table 1. Selected Distances and Angles for LnCu Compounds Adopting the FeB-Type Crystal Structure (Ln = La, Ce, Pr, Nd,

Sm, and Y)
Cu—Cu distances Cu—Cu—Cu angle
compound Ln—Cu distances (A) Ln—Ln distances (A) (A) (deg)
LaCu  2.961(8), 3.035(8), 2 x 3.077(4), 3.178(6), 2 X 3.752(3), 4 X 3.853(3), 2 X 4.074(4) 2 % 2.772(5) 112.7(2)
2 X 3.285(2)
CeCu  2.976(7), 3.(()1)5(7), 3.056(5), 2 x 3.080(3), 2 X 3.731(3), 4 X 3.803(3), 2 X 3.996(4) 2 % 2.725(5) 114.0(3)
2 X 3.191(S
PrCu 2.969(5), 2.981(6), 3.037(6), 2 x 3.093(3), 4% 3.770(2), 2 X 3.773(2), 2 X 3.942(3) 2 X 2.707(4) 114.8(2)
2 X 3.132(4)
NdCu  2.899(7), 2.947(6), 3.059(7), 2 X 3.065(4), 4% 3.749(3), 2 X 3.761(3), 2 X 3.918(4) 2 X 2.657(5) 118.1(2)
2 % 3.160(4)
SmCu  2.788(9), 3.(()3)7(6), 2 X 2.990(4), 3.040(9), 4% 3.728(3), 2 X 3.737(3), 2 X 3.820(4) 2 X 2.694(6) 114.4(3)
2 X 3.132(5
YCu 2.796(9(),)2.924(9), 2 X 2.972(3), 2 x 3.027(5), 4 X 3.684(5), 2 X 3.691(5), 2 X 3.746(6) 2 X 2.748(7) 109.5(3)
3.057(7
Bl RESULTS AND DISCUSSION (a) 215 A (b)

Synthesis and Structure Refinements. Powder XRD
measurements confirmed that the gold-colored LnCu samples
(Ln =Y, Gd—Tm) take a cubic CsCl-type crystal structure at
300 K, which is consistent with previous research.”* The other
gold-colored LnCu samples (Ln = La—Sm) take the
orthorhombic FeB-type crystal structure at 300 K. X-ray
Rietveld structure refinements were performed for LnCu (Ln =
La, Ce, Pr, Nd, and Sm). Table S1 and Figure S1 in the
Supporting Information provide the refinement results. Some
bond distances and angles are given in Table 1.

Hereafter, we specifically focus on YCu. The low-temper-
ature phase of YCu (LT YCu) was synthesized by cooling of
the high-temperature phase of YCu (HT YCu) into 77 K. It
coexists together with HT YCu, owing to the low trans-
formation rate of the structural transition at low temperatures.
The mixture of YCu polymorphisms was refined using
multiphase Rietveld structure refinements (Figure S1f). Figure
1c shows the structure of HT YCu, and Table 2 provides some
bond distances. The CsCl-type structure with the space group
Pm3m (no. 221) is an ordered phase with the bcc-type
structure. In the IMC, each metallic atom traces out a simple
cubic (SC) framework. The numbers of Y—Cu, Y=Y, and Cu—
Cu bonds per formula unit are summarized in Table 3.

It is noted that the number of Y—Y bonds per formula unit is
three, whereas the Y ion coordinates with six nearest
neighbors. From the viewpoint of the bond number, the Y—
Cu bond seems to be dominant, whereas the Y—Cu distance
(3.01 A) is not so short. For LT YCu, the powder XRD
patterns are indexed as orthorhombic cells, which is consistent
with the preceding prediction by DFT structure relaxation
calculations.' "> The crystal structure of LT YCu was refined
based on the orthorhombic FeB-type structure with the space
group Pnma (no. 62) (Figure S1f), and the obtained structure
is shown in Figure la. The estimated amounts of HT YCu and
LT YCu were determined to be 40 and 60 mol %, respectively.
As Figure S1 shows, the crystallinity of the LnCu samples
(FeB-type) degraded with decreasing Ln radius (particularly
for Sm and Y). Thus, the crystal structure was also confirmed
by DFT structure relaxation calculations. The calculated
structure parameters are also provided in Table S1 in the
Supporting Information together with experimental results,
showing reasonable agreement within the standard error of the
GGA PBE functional (usually the error is <2% for the lattice
parameter, whereas the present error is <1% for the volume).
The parameters also agree with previous theoretical data,''
except for the values reported by Li et al.'* In the LT structure
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Figure 1. (a) Crystal structure of LT YCu (FeB-type structure) and
(b) coordination structure around Y. (c) Crystal structure of HT YCu
(CsCl-type structure). An electron density isosurface map plotted at
0.4 mA™ near the Fermi energy (Eg) is superimposed. (d) Variation
of unit cell volume for the LnCu famil7y. The volumes of EuCu and
YbCu are taken from the literature.”®?

Table 2. Selected Distances for YCu (HT, CsCl-Type) with
Cubic Lattice Constant a = 3.4740(2) A and a Unit Cell
Volume of 41.925(7) A3

Y—Cu distance (A)
8 X 3.009

Cu—Cu distance (A)
6 X 3.474

Y-Y distance (A)
6 X 3.474

(Figure 1a and b), the Y ion is surrounded by seven Cu ions in
a distorted polyhedron, whereas the Cu ion is coordinated by
two Cu ions and seven Y ions (Table 1). The symmetry of
each site where an Y ion and three Cu ions are located on the
same mirror plane perpendicular to the b-axis is C,, as shown in
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Table 3. Number of Bonds Per Formula Unit for Each
Compound”

compound Y—Cu Y-Y Cu—Cu total
FeB-type YCu 3.5 4 1 8.5
CsCl-type YCu 8 3 3 14

“Here, we count the bonds (coordination numbers) within 4 A of the
central atom.

Figure 1b. We can find a Cu—Cu zigzag chain running along
the b-axis, whereas the Cu—Cu distance (2.75 A) is longer than
that in metal Cu with a fcc type structure (2.56 A),** which is
indicative of a weak Cu—Cu interaction in LT YCu, where Cu
and Y are separated by 2.8—3.1 A. As shown in Table 1, the
Cu—Cu distances for the FeB-type LnCu (Ln = La, Ce, Pr, Nd,
Sm, or Y; 2.66—2.77 A) are longer than those for Ln = Eu or
Yb (2.52, 2.62 A),*** indicating that the distance depends on
the valence state of Ln, because Eu or Yb often favors a smaller
valence state. The numbers of Y—Cu, Y-Y, and Cu—Cu bonds
per fu. are 3.5, 4, and 1, respectively, when we count the bonds
within 4 A of the central atom, and are summarized in Table 3.
Notably, the number of Y—Cu bonds in LT YCu is much less
than that in HT YCu. Figure S2 in the Supporting Information
shows the temperature variation of the unit cell volume for
YCu powder in the temperature range of 300—723 K. Both
phases coexisted at low temperatures owing to the large
hysteresis, and the phase transition from LT YCu to HT YCu
was observed at ~650 K. The calculated average unit cell
volume in Figure S2c (blue line) exhibited NTE behavior
clearly. Figure 1d presents the unit cell volumes at 300 K for
the entire family of LnCu compounds. From these volumes,
the trends of the crystal structures can be obtained. For larger
or smaller Ln radii, the FeB-type or CsCl-type structure
appears, respectively. The unit cell volumes change monotoni-
cally with the atomic number of the Ln ion in accordance with
the lanthanide contraction rule, suggesting that each Ln ion
adopts a similar valence state in each group, except for EuCu
and YbCu. In the boundary region (Ln = Y or Gd), both
crystal structures appear. Because the unit cell volume for the
FeB-type is larger than that of the CsCl-type, NTE behavior
emerges. The volume change in YCu is ~4%, and the NTE
behavior is accompanied by a large temperature hysteresis
from direct thermal expansion measurements, as reported in
the literature.'” On heating up to 623 K, HT YCu recovered
easily with a moderate transformation rate. Although the
crystal structures of LT YCu (Figure 1a) and HT YCu (Figure
1c) appear very different, some researchers have suggested that
YCu exhibits a martensitic transformation, which has been
speculated from the shape of the hysteresis.”® These structures
seem to be tied by crystallographic shearing, as observed
frequently in the martensitic transition of the shape memory
material NiTi with the CsCl-type crystal structure at higher
temperatures.”

Physical Properties. Figure 2(a, b) shows the temperature
dependences of the electrical resistivity (p) and magnetic
susceptibility (y) of YCu rods between 2 and 310 K,
respectively. Our results indicate that p of YCu is on the
order of 107> mQ cm at 300 K and decreases with decreasing
temperature, showing a metallic behavior. On cooling, it tends
to increase slightly at ~140 K, indicating the onset of the HT—
LT structural phase transition. This behavior is similar to that
in a previous report.'” After heating, p did not return to its
initial value at least up to 310 K. The y—T behavior shows
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Figure 2. Temperature dependences of (a) electrical resistivity (p)
and (b) magnetic susceptibility (y) of YCu rods.

Pauli paramagnetic (PM) behavior, and it exhibits the onset
behavior of structural phase transition and hysteresis similar to
those observed in the p—T characteristic. The huge hysteresis
value observed in our research is a characteristic of first-order
phase transition.

Electronic Structure. To obtain a deeper insight into the
phase transition of YCu, we investigated the electronic
structures of both HT and LT YCu phases from the
perspective of chemical bonding. Figure 3a shows the E—k

(a) HT (b) HT (LT
5

B

= total
=Cu

E (eV)

05 0 05 0 2 4 05 0 05

rxmr rR O 2 4
DOS (eV-' f.u."') -COHP (bond-') DOS (eV-! f.u." ) -COHP (bond-")

Figure 3. (a) Calculated band structure and (b) projected DOS and
—COHP for HT YCu. (c) Projected DOS and —COHP for LT YCu.
The energy scale is defined so that Eg corresponds to zero energy. The
fatband diagram in the E—k diagram shows the contribution from Y
4d t,, orbitals in red. The Brillouin zone for HT YCu is shown in
Figure S3 in the Supporting Information. Regarding the Y=Y and Y—
Cu interactions, the COHP curves only for the shortest distance are
shown for LT YCu.

diagram of HT YCu. Figure S3 in the Supporting Information
shows the Brillouin zone. Figure 3b and 3¢ show the density of
states (DOS)/COHP of HT and LT YCu, respectively. The
projected DOS of each atom of HT YCu is also shown in
Figure S3. For our purpose, we again confirm the number of
bonds per formula unit for each compound, summarized in
Table 3. The smaller total number of bonds (8.5/f.u.) for the
LT YCu suggests the importance of covalent interactions,
which is consistent with our expectation that ionicity is lower
in the FeB-type structure than in the CsCl-type structure. The
calculated Bader charges for LT and HT YCuy, Y*H3Cu™!?,
agree and indicate that the difference in charge transfer
between these structures is negligible, which is in agreement
with the reported spectroscopic measurements.’’ Therefore,
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Table 4. Comparison of Energy Terms between FeB- and CsCl-Type Structures for YCu®

—ICOHP total

Etotal Madelun 4
compound (eV/tu.) (eV/tu. )g (eV/fu.)
FeB-type YCu —10.666 —8.07 (Y"*Cu'") 5.88 (100%)
CsCl-type YCu —-10.625 —8.44 (Y"*Cu'") 8.54 (100%)

—ICOHP Y—Cu —ICOHP Y-Y —ICOHP Cu—Cu
(eV/fu.)? (eV/fu.)® (eV/fu.)
2.40 (40.7%) 3.27 (55.7%) 0.21 (3.6%)
0.67 X 8 = 5.36 (62.8%) 1.06 X 3 = 3.18 (37.2%) 0.00 (0%)

“The formal charges were selected on the basis of the calculated Bader charge, Y*'*Cu™'", YICOHP was evaluated by taking into consideration the
coordination number of each ion. “The Madelung energy and ICOHP as integrated up to Ey are also shown for evaluation of the ionic bonding and

covalent bonding, respectively.

we do not need to consider the change in the Y/Cu size ratio
during the phase transition, although this ratio is an important
factor controlling the crystal structure, as shown in Figure 1d.
To evaluate the ionic and covalent bond contributions, we
calculated the total energies of LT and HT YCu and
summarize them in Table 4, together with the Madelung
energies (Eyjdeiung) and —ICOHP integrated to Eg (= 0 eV,
Fermi energy).

The total energies (internal energies) indicate that the FeB-
type structure is more energetically stable at 0 K, which agrees
with experlmental results. We calculated Epjyerng using the
Fourier method”' on the basis of the results of the Bader
charge calculations. The obtained Epj,geiung favors a CsCl-type
structure (calculations using the same unit cell volume/f.u. of
these structures indicated the same tendency). Therefore, it is
evident that covalent and/or metallic interactions stabilize the
FeB-type structure at 0 K. Table 4 also shows the partitioning
of the covalent interactions through —ICOHP into Y—Cu, Y—
Y, and Cu—Cu components. The data indicate a tendency for
the fraction of —ICOHP to correspond primarily to the
number of each bond (the Cu—Cu interaction of HT YCu is
an exception). Although the contribution of the Y—Cu
interaction (63%) is dominant for the CsCl-type, this
contribution is not large despite the large number of Y—Cu
bonds. This indicates that the Y—Cu interaction per bond
(0.67 eV) is much weaker than the Y=Y interaction per bond
(1.06 eV), reflecting the long Y—Cu distance (3.01 A) and
short Y=Y distance (3.47 A) for the CsCl-type structure. In
the FeB-type structure, the Y=Y (56%) and Cu—Cu (4%)
homolytic interactions have large contributions, exhibiting high
covalency (unlike the CsCl-type structure). This suggests the
importance of rearrangement among the three interactions,
which may dominate the structural phase transition.

Here, we explain electronic structure of HT YCu in detail.
Most of the features of the calculated band structure and DOS
are in fairly good agreement with previously reported
results.'””' The E—k diagram of the CsCl-type structure is
derived from the band folding of the bcc lattice. The Y—Y
COHP of HT YCu (Figure 3b, red line) shows Y=Y bonding
interactions in the —4.4 eV to Eg region. Although the Cu—Cu
distance (3.47 A) is the same as the Y=Y distance in the CsCl-
type structure, the Cu—Cu ICOHP (blue line) shows a
nonbonding interaction (0%) owing to the smaller size of Cu.
Figure 4b shows the electron density map in the —7.0 eV to Eg
energy region on the (110) plane in HT YCu, also indicating
the Cu—Cu nonbonding state. On the other hand, the Y—Cu
COHP (green line) shows a bonding interaction in the —5.6 to
—1.9 eV region with the sign changing at —1.6 eV. Thus, the
most optimal of the three COHPs is realized at Ep, suggesting
the importance of the Y—Y interaction in HT YCu. To confirm
the participation of Y=Y bonding in chemical bonds, Figure 1c
shows the electron density map of HT YCu in the energy
region from —0.1 eV to Eg. Notably, the electron density near
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Figure 4. (a) Ilustration of the orbital interactions at points 1-3
indicated in Figure 3a. Projection of the DFT pseudo-wave functions
at the atomic positions in black and white indicating the relative signs
of the wave function. Electron density maps in the energy region of
—7to 0 eV on the (110) plane in HT YCu (b) and the (001) plane in
LT YCu (c).

Eg shows a strong Y—Y interaction to form the simple cubic
(SC) sublattice of Y. The Y=Y distance (3.47 A) is slightly
shorter than those (3.56 and 3.65 A) in metal Y with an hcp
structure.’ Although the metal—metal interaction also appears
in bee metals,™ the widely spread Y 4d orbitals in HT YCu
enhance the Y=Y interaction. The CsCl-type structure, having
eight Y—Cu weak bonds per fu., is reinforced by the Y-Y
interaction, resulting in the smaller unit cell volume of HT
YCu. To understand the unique chemical bonding appearing in
HT YCu, we needed to delve deeper into the results of the
band calculations. It is useful to pinpoint the bonding
interactions that control the electronic structure. We focused
on the three E(k) points in Figure 3a, the orbital interactions
of which are shown in Figure 4a. The fatband diagram in the
E—k diagram in Figure 3a also shows the orbital contribution
of Y 4d t,, orbitals, which are highlighted in red. Two bands
originating mostly from Y 4d cross Eg, which is indicative of
metallic behavior. The relatively large DOS at Ep, 1.2 eV™!
fu."! is indicative of Pauli PM behavior, which is consistent
with the observed y—T characteristic in Figure 2b. The
occupied states are based on the Cu s—Y s ¢ bonding
interaction (I, —6.7 eV) and contribute to the metallic
character together with Y 4d orbitals. Cu 3d orbitals are
located primarily in the narrow energy region from —2.7 to
—3.5 eV, producing large DOS values. On the other hand, the
bottom of the Y 4d bands dominates the DOS near Ep,
together with the Cu 4p states. The Y 4d orbitals are located
just above Ey and form widely spread empty conduction bands
via the Y d-Y d interaction. To confirm the unique
participation of Y 4d orbitals in the chemical bonding, we
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Figure 5. (a) Calculated phonon DOS of YCu. (b) Temperature dependences of calculated constant-volume heat capacity (C,) for LT YCu (red)
and HT YCu (black). (c) Temperature dependences of Helmholtz energy (F) and vibrational entropy (S)-

observe the band dispersion along I' to R, which indicates how
the orbital interaction changes when the phase relationship
changes only along the <111> direction from in-phase (I') to
opposite-phase (R) between the neighboring unit cells along
the direction. For this purpose, we need to consider the
periodic modulation of Bloch functions in crystalline solids.*
Doubly degenerate Y e, bands are located at +0.2 eV at the I'
point (point 1) owing to the direct d—d ¢ bonding interaction
resulting from the symmetric profile of e, orbitals, as shown in
Figure 4a. When the k vector is (0, 0, 0) at the I" point, the
phase of the Bloch functions in the E—k diagram is invariant
from one unit cell to another. As a result, triple degeneration of
the Y t,, bands located at +4.4 eV occurs at the I' point (point
2) owing to the direct d—d #* antibonding interaction
resulting from the symmetric profile of t,, orbitals. As one
moves to the R point, the t,, bands move down to the
occupied region, —1.8 eV (point 3), owing to the direct d—d =
bonding interaction. At the R point (k = (1/2, 1/2, 1/2)), the
phase of the basis set is inverted every time a translation of one
unit cell is applied along the a, b, and ¢ directions. One of the
three states at the R point is shown in Figure 4a, and the phase
variation can be seen clearly. As a result, the bottom of the Y
4d band is slightly occupied.

Next, we describe the electronic structure of FeB-type YCu.
In the DOS of LT YCu (Figure 3c), the formation of a pseudo
gap at Ep can be seen, where DOS(E;) decreases to 0.5 eV~
fu.”". The E—k diagram of LT YCu is shown in Figure S4 in
the Supporting Information. As shown by red circles, many
avoided crossings occur around Eg, probably owing to the
crystallographic symmetry lowering. This is the origin of the
pseudo gap at DOS(Eg). The pseudo gap suggests that the
electrical resistivity increases, which may explain the
experimental results obtained at 140 K (Figure 2a) where
the slope of the p—T curve changed. We note the similarity
with the band Jahn—Teller effect or charge density wave, which
often originates from the electronic instability inherent to a
nested Fermi surface. One of the driving forces of the
transition is the large DOS(Eg) value for HT YCu with a
highly symmetrical structure,”* which gives rise to the
degeneracy of doubly degenerate Y 4d e, (point 1 in Figure
3a) at the I' point. However, it is difficult to apply such a
concept to the phase transition of YCu because the structural
relationship between the two polymorphisms is not connected
by simple symmetry operations. Figure 4c shows the electron
density map in the —7.0 eV to Eg energy region. The valence
electron density shows the weak Cu—Cu zigzag chain along the
b-axis. The Cu—Cu COHP (blue line) in Figure 3c also
supports the existence of the bonding interaction in the —6.7

to —4.5 eV region. Differing from HT YCu, the Y-Y and Y-
Cu COHPs are not optimized at Eg.

Phonon Structure. Figure Sa shows the phonon PDOS of
LT and HT YCu calculated by the frozen phonon approach
(the phonon band structure of HT YCu is given in Figure SS).
No phonon mode has an imaginary frequency, confirming that
these structures are dynamically stable at the ground states,
which is consistent with the experimental result that HT YCu
is stable even at low temperatures. For HT YCu, the features of
the phonon DOS and band structure agree well with previously
reported results.”> The phonon band of HT YCu contains six
bands attributable to the presence of two atoms in the ordered
lattice of the bcc crystal structure. As can be seen in Figure S5,
the lowest frequency optical mode of HT YCu is the doubly
degenerate band at the M point (1.4 THz), whose vibration
mode is in the closed-packing direction, <110>. Surprisingly,
HT YCu with the smaller unit cell volume (ie., the dense
structure) has a lower maximum frequency (4.9 THz) than LT
YCu with the larger unit cell volume of 5.4 THz, although it is
usually expected that a denser solid has a higher phonon
frequency. There is also another interesting feature of HT
YCu; we can see that the heavy Y (red line) has a large
contribution in the high-frequency (~4.6 THz) phonon DOS,
whereas the light Cu (blue line) has a large contribution in the
low-frequency region (~2.0 THz). These unexpected results
can be understood by considering the crystal structure. In HT
YCu, the low frequency of the Cu phonon DOS originates
from the Cu ion loosely bound in it owing to the long dc,_y
(3.01 A). The high-frequency Y-dominant modes originate
from the rigid simple cubic (SC) framework of Y owing to the
short dy_y (3.47 A), giving rise to a smaller unit cell volume.
The maximum calculated phonon frequency is only 4.9 THz
despite the strong Y=Y interaction, because Y is heavy. This is
the origin of the unusual phonon behavior that the HT phase
with high density has a lower maximum phonon frequency (4.9
THz) than the LT phase (5.4 THz). This unique Y-Y
interaction can also be seen in the electron density map
(Figure 1c) and the Y-Y COHP (Figure 3b). For LT YCu, we
can see the comparable contributions of Y (red line) and Cu
(blue line) in the phonon DOS in the high-frequency region
(~5.0 THz) (i.e., the unexpected features observed in HT YCu
disappear). To confirm the softness of the Cu ions in the dense
HT YCu structure, we investigated the energy potential
surfaces of Cu at the Einstein approximation level (ie., a Cu
ion in 4a X 4b X 4¢ (HT) or 2a X 3b X 2¢ (LT) superlattice
models is displaced along the <110> direction, which
corresponds to the minimum-frequency optical mode at the
M point in HT YCu). The calculated potential surfaces are
shown in Figure S6 in the Supporting Information, and these
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indicate that HT YCu has a gentler potential curvature of the
Cu ion than LT YCu does, confirming that the Cu ion is more
loosely bound and vibrates in a larger region in HT YCu.
Curve fitting using the equation E(d) = Ey + A, X d* + A, X d*
+ Ag X d° shows the large contribution of the d* term in HT
YClu, indicating that the light Cu ion is bound loosely in the Y-
SC framework via the weak Y—Cu interaction. This reminds us
that there is a rattling effect of phonon glasses in clathrate
materials,>® which is perhaps one of the origins of the soft
phonon modes in the dense HT YCu. Figure Sb and Sc show
the calculated constant-volume heat capacity (C,), Helmholtz
energy (F), and vibrational entropy (S,;;,) for both the HT and
LT YCu phases, respectively. These C, curves converge to the
Dulong—Petit value (3R X 2) at ~300 K, whereas that of HT
YCu rises steeply, reflecting the softening of the phonon
structure. The difference between the Helmholtz energy of
these phases at 0 K (i.e., the internal energy difference AF(0
K)) is only ~30 meV. The Helmholtz energy curves decrease
as the temperature increases and gradually converge to cross at
~500 K, indicating a phase transition. Here, we should be
aware of the possible error in the transition temperature.
Usually, even for highly accurate DFT calculations, we should
assume an error of +10 meV per atom, which gives a
corresponding error of the transition temperature of
approximately +150 K. These results are consistent with the
experimental results, where the phase transition temperature
has a wide ambiguity in the range of 140—550 K.'” This
calculation result confirms that the large vibrational entropy
(Figure Sc) stabilizes the HT YCu structure at higher
temperatures. The entropy AS for the phase transition at
500 K is estimated to be ~7 J mol™ K™ = 2 X 0.4R (R: gas
constant). We compare this value with those for similar phase
transitions. For example, AS for a temperature-driven a—p
phase transition of Sn at 286 K is 0.8R’’ and AS for the
melting of common metals is ~R according to Richard’s rule.
This comparison indicates that the phase transition of YCu is
likely caused by a relatively small structural change.
Comparison with the Phase Transition of Sn. Finally,
we briefly discuss the emergence of covalent bonding in YCu
in comparison with the a—/ phase transition of the metalloid
Sn. Sn exhibits an allotropic a—f phase transition at T, = 286
K, which is one of the grototypes of the entropy-driven
structural phase transition.”” a-Sn (LT phase, gray tin) adopts
a cubic diamond-type crystal structure. 8-Sn (HT phase, white
tin) takes a tetragonal diamond-type structure highly com-
pressed along one of the three original cubic axes. The phase
transition is driven by the formation of Sn—Sn covalent bonds
through a metallic (HT)—covalent (LT) bond transition. The
phase transition of Sn is understandable because Sn (with an
electronegativity (EN) value of 1.72%) is located at the
boundary between metallic and covalent element groups in the
periodic table. By contrast, the average EN value (1.43) for
YCu is close to that for V (1.45)* and is located in the
metallic element region. In other words, the occurrence of
covalent bonds in YCu is difficult to explain from the average
EN value. Thus, we have proposed the emergence of covalent
bonding in YCu from the perspective of chemical bonding. At
low temperatures, the Y—Y and the Cu—Cu homolytic
interactions play a critical role, inducing a less packed
structure. In addition, the mixing enthalpy for Y/Cu, AH_;,
= —22 kJ/mol,* indicates the capability of mixing in a solid.
The negative AH_; value means that Y and Cu have an
attractive force between them, but the absolute value is not

large. This gives rise to the competition of the Y—Cu, Y-Y,
and Cu—Cu interactions in this compound at low temper-
atures. Thus, although the mixing of Y and Cu is possible at
high temperatures with the aid of the entropy effect, it is not so
easy at low temperatures.

B CONCLUSION

Among the intermetallics, YCu is known to show a phase
transition at 140—550 K, accompanied by NTE. This is an
unusual material among intermetallics discovered so far in
terms of its anomalous thermal expansion behavior without
spin ordering. We reported on the experimental structure
determination of the LT phase of YCu as well as the details of
the phase transition, including the thermodynamics of the
phase stability, which were obtained with the aid of DFT
calculations. The results of this study are summarized as
follows. (1) We synthesized a powder sample of ductile YCu
by considering the ductile-brittle transition temperature.
Structure refinements confirmed that the low-temperature
phase adopts an FeB-type crystal structure. The structural
changes for the FeB-type low-temperature phase were
investigated at 300—723 K, confirming NTE behavior. (2) In
this intermetallic, competition among the Y—Cu, Y=Y, and
Cu—Cu interactions exists. The mixing of Y and Cu is difficult
at low temperatures owing to the weak attractive force between
these atoms. At low temperatures, the Y=Y and Cu—Cu
covalent interactions induce segregation in the FeB-type crystal
structure, where internal energy is dominant in the Helmholtz
energy. (3) At higher temperatures, Cu ions are loosely bound
to Y ions owing to the long Y—Cu distance (3.01 A), and the
large vibration entropy stabilizes the CsCl-type structure.
Furthermore, the Y=Y interaction between neighboring unit
cells reinforces the simple cubic sublattice of Y to realize a
smaller unit cell volume. The role of the Y=Y interaction is
supported by the calculated high-frequency phonon DOS of Y
(~4.9 THz). The high-temperature phase has the simple cubic
framework of Y containing a Cu ion bound loosely in the
cavity site.
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