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Rattling in the Quadruple Perovskite CuCu;V, 0,
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Masaichiro Mizumaki, and Katsuhisa Tanaka

Abstract: Of particular interest is a peculiar motion of guest
atoms or ions confined to nanospace in cage compounds,
called rattling. While rattling provides unexplored physical
properties through the guest—host interactions, it has only been
observed in a very limited class of materials. Herein, we
introduce an  A-site-ordered  quadruple  perovskite,
CuCu;V,0;,, as a new family of cage compounds. This novel
AA';B,O,-type perovskite has been obtained by a high-
pressure synthesis technique and structurally characterized to
have cubic Im3 symmetry with an ionic model of
Cu* Cu?*V*,0,,. The thermal displacement parameter of
the A-site Cu*t ion is as large as Uy,~0.045 A% ar 300 K,
indicating its large-amplitude thermal oscillations in the
oversized icosahedral cages. Remarkably, the presence of
localized phonon modes associated with rattling of the A-site
Cu*" ion manifests itself in the low-temperature specific heat
data. This work sheds new light on the structure—property
relations in perovskites.

M aterial classes, such as VAl filled skutterudites,
clathrates, and [(-pyrochlore oxides have attracted much
interest. The structures of these compounds are commonly
characterized by a three-dimensional network of polyhedral
cages that are capable of endohedrally accommodating guest
ions."! The guest, if it is undersized relative to the cage, can
vibrate anharmonically with low frequency and large ampli-
tude, independent of other guests.'>"% Such local anhar-
monic vibrations, often referred to as rattling, are believed to
bring about several intriguing phenomena, such as strong
scattering of long-wavelength acoustic phonons,"” super-
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conductivity, and sizeable electron-mass enhance-

ment.[12:1856.19]

The aristotype of the ABO; perovskites (space group
Pm3m) has twelve-fold cuboctahedral A-site cavities. If
undersized cations were introduced into the A-site as guest
ions without distorting the cavities, they would behave as
rattlers; however, such a situation has not been realized in
real perovskites. This is because, when the size of A-site
cations becomes so small for the cuboctahedral cavity, various
types of tilting or rotating of BOg octahedra induce a dis-
tortion of AO,, polyhedra, which hampers the production of
the large space required for the cations to exhibit local
vibrations. On the other hand, it may be feasible to avoid such
a situation in A-site-ordered perovskite oxides with formula
unit AA’;B,0,,, the focus of this study, instead of simple
perovskite oxides. Of great interest is the structural similarity
of the quadruple perovskites to the filled skutterudites
LnT,X,, (Ln=Ilanthanide, T =transition metal, X = pnicto-
gen) where the Ln atom rattles within the oversized X,
icosahedral cage; both compounds crystallize in the cubic
space group Im3,"* with A and Ln, B and T, and O and X
atoms being located at 2a (0, 0, 0), 8¢ (1/4, 1/4, 1/4), and 24g (0,
y, z) sites, respectively. As a result of materials exploration
using high-pressure synthesis, it is now possible to obtain
numerous members in the AA’;B,O,, family, especially
compounds with Jahn-Teller active cations (Cu®" or Mn*")
occupying the A’-site. In these perovskites containing tran-
sition-metal cations on both A’- and B-sites, the BOj
octahedral network is heavily tilted because of the square-
planer A'O, coordination preferred by the A'-site cations (see
Figure 1c¢). Because of this structural feature, the icosahe-
drally twelve-coordinated A-site can accommodate a wide
range of cations of different sizes, while retaining the cubic
Im3 symmetry. For example, the Im3 perovskite structure can
be obtained for Ln ions of different sizes,”!! and tolerates even
a full vacancy on the A-site (e.g., 0CusTi,Ta,0,**®"). This
motivated us to examine the possible rattling of A-site cations
in AA’;B,0O, perovskites.

Very recently, it has been reported that small transition-
metal cations can be incorporated even into the icosahedrally
coordinated A-site in AA’3B,O,-type perovskites.””l We
synthesized a cubic Im3 MnCu;V,0,, under 12 GPa at
elevated temperatures.”®! Mn?* has the smallest ionic radius
of the cations found on the A-site, and its thermal displace-
ment parameter at 300K is fairly large (U~ 0.02 A?%)
compared to those of the other cations, that is, Cu*" and
V*H* (U, <0.005 A%, showing the thermal oscillations of
Mn?" ions in the icosahedral cages. In the temperature-
dependent specific heat (C,) data, however, specific vibra-
tional excitations associated with the local motions of Mn*"
ions were not detected.
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Figure 1. Rietveld refinement of SXRD patterns (1=0.50015 A) of CuCu,V,0,, at

a) 300 K and b) 100 K. The observed (open circle) and calculated (red line) patterns
and the difference (bottom blue line) between them are shown. The reflection
positions of CuCu,V,0,, are marked with the upper green ticks. A small amount of
impurity phase CuO (ca. 7.0 wt%: reflection positions are marked with lower green
ticks) is included in the refinement, and unknown phases are excluded from the
refinement. c) The refined crystal structure of CuCu,V,0;, highlighting the CuO,
planes and VOg octahedral units (upper) and the CuO,, icosahedral units (lower).

Spheres: Cul(A-site) yellow, Cu2(A'-site) blue, O red, V(B-site) green

Herein, we report on the high-pressure synthesis of
a novel isostructural perovskite with a smaller A-site cation,
CuCu;V,0,,. Our structural characterizations show that this
quadruple perovskite has a valence distribution of
Cu**Cu®",V*,0,,, representing the first example of a perov-
skite oxide in which small Cu®" ions occupy the twelve-
coordinate A-site. Remarkably, the rattling of A-site Cu®"
ions shows up in the low-temperature C, data as Einstein-like
vibrational modes.

Samples were synthesized by the solid-state reaction at
15 GPa and 1523 K using a Kawai-type high-pressure appa-
ratus. The synchrotron powder X-ray diffraction (SXRD)
pattern at 300 K (Figure 1a) reveals the superstructure peaks
associated with the A-site cationic ordering that leads to an
enlarged 2a, x 2a, x 2a, unit cell (relative to its archetype with
a lattice parameter a,), indicating the formation of a cubic
AA';B,Oy,-type perovskite structure with lattice constant of a
~7.28 A. There is no signature of any structural transition
down to 100K (Figure 1b). Although an ilmenite-type
CuVO; (space group R3) was synthesized at a pressure of
approximately 6 GPa,” our investigation demonstrates that
applying higher pressures up to 15 GPa leads to the formation
of the perovskite phase. The calculated density is larger for
the perovskite phase (5.668 gcm ) than for the ilmenite
phase (5.411 gecm ™), indicating that the perovskite is a higher-
density phase stabilized under the higher pressure.

We initially refined the SXRD pattern at 300 K using the
Im3 structure model in which A-site Cu (Cul), A'-site Cu
(Cu2), B-site V, and O atoms were placed at 2a, 6b, 8c, and 24g
positions, respectively. Refinement converged well with
a weight reliability factor of Ry,=5.872%, but the atomic
displacement parameter of Uy, =0.0446(9) A for Cul was
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unusually large compared to those for Cu2, V, and
O (U, =0.0027-0.0052 A%). Such a large U, value
is caused by either static disorder or thermal
vibrations. For the static disorder, we first examined
the possibility of Cul deficiency, but there was no
deviation from the site occupancy g(Cul) =1 in the
trial refinements. Then, we checked split-site
models with Cul displacements, but none of their
models improved the R factors (Supporting Infor-
mation, Table S1). This precludes a possibility of
Cul displacive disorder, and thus, it is reasonable to
consider that the thermal vibration of Cul leads to
the large U, value. The dynamic Cul oscillation
also shows up as an unusual behavior in the C, data
as described below. Using the ideal-position model,
we were careful to refine the data between 100 and
450 K in a consistent manner. The final refinement
results at 300 and 100 K are listed in Table 1 as
representative examples. Figure 1c¢ illustrates the
refined crystal structure of CuCu;V,0,,, in which
Cu atoms occupy both the square-coordinated A'-
site and icosahedrally twelve-coordinated A-site.
The bond valence sums (BVSs)? calculated
from the metal-oxygen bond lengths in
CuCu;V,0y, are 1.09, 2.22, and 4.18 for Cul, Cu2,
and V, respectively. The BVS values for Cu2 and V

Table 1: Refined structure parameters, selected bond lengths, and bond
angles at 300 and 100 K for CuCu;V,0;,.”

Parameter 300 K 100 K

a[Al 7.24828(12) 7.23539(12)
y(0) 0.1812(3) 0.1809(4)
z(0) 0.3023(4) 0.3021(4)
Ui, (Cul) [x1072 A7) 4.46(9) 2.43(8)
Uso (Cu2) [x1072 A% 0.33(2) 0.11(2)
Uso (V) [x1072 A7) 0.52(2) 0.25(2)
U, (O) [x1072 A% 0.27(5) 0.02(5)
Cul-O [A] 2.555(3) 2.548(3)
Cu2-0 [A] 1.943(2) 1.940(2)
Cu2-0 [A] 2.719(3) 2.717(3)
V-0 [A] 1.9174(7) 1.9141(7)
XV-0-V[] 141.86(18) 141.81(18)

[a] Space group: Im3 (No. 204). Atomic sites: Cul 2a (0, 0, 0), Cu2 6b (0,
2 12), V8¢ ([ s ']4), and O 24 g (0, y, z). The occupancy factor g was
fixed to unity for all the sites. R,,=5.872%, R;=2.283%, and S=1.936
for 300 K, and R,,,=6.475%, Ry =2.298 %, and S=2.100 for 100 K.

are very close to those for Cu (2.19) and V (4.11) in an
isostructural compound Ca®*Cu*";V**,0,,,® implying that
the A’-site in CuCu;V,0,, is Cu®" and the B-site cation is V*'.
On the other hand, the BVS value for Cul is much lower than
the valence state of the A-site cation expected from the
charge balance required for Cu*"Cu®*;V*",0?",. To elucidate
the Cu valence, we performed X-ray absorption spectroscopy
(XAS) at room temperature. Figure 2a displays the Cu K-
edge XAS spectrum for CuCu;V,0,,, along with those of
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Figure 2. a) Room-temperature XAS spectra at the Cu K-edge for
CuCu,;V,0;, and standards (CuO and Cu,O); spectra vertically offset
for clarity. b) Room-temperature XAS spectrum at the Cu L, ;-edges for
CuCu;V,0y,.

CuO and Cu,0 standards. The spectral shape of CuCu;V,0,,
resembles that of CuO, rather than that of Cu,O. It is well
established that the edge position shifts toward the higher
energy with increasing the Cu valence state;?* for the XAS
spectra of Cu,0 and CuO (Figure 2a), the edge position
evaluated from the maximum point of the first derivative is
about 8980 and 8984 eV, respectively. The edge position for
CuCu;3V,0,, (ca. 8984 eV) is very close to that for CuO,
indicating a Cu®*' valence state in CuCu;V,0,,. Further
evidence for the Cu valence is provided by the Cu L,;-edge
XAS spectrum (Figure 2b), which shows a single, symmetrical
peak on each edge, in good agreement with the spectral
features of isostructural Cu®'-containing oxides, such as
CaCu;Ti,0,”" and CaCu;V,0,,. For Cu’'-containing
oxides, such as LaCuO; and LnCusFe,O;, (Ln=La-Tb), it
has been reported that the main peak at the L;-edge (ca.
931 eV) is accompanied by a shoulder or an additional peak
on its high-energy side,*'>?! although such a spectral feature
is not observed for CuCu;V,O,,. Thus, the XAS results allow
us to conclude that both the A-site Cu (Cul) and A'-site Cu
(Cu2) adopt a valence state of +2, thus excluding the
presence of Cu™ and Cu" ions. From the XAS analysis and
BVS calculations, we assume an ionic model of
Cu**Cu**;V*,0,,; the BVS value of 1.09 for A-site Cu
(Cul) reflects the underbonded Cu?*, rather than Cu®. It is
surprising that Cu?" with a 3d’ electronic configuration resides
in the highly symmetrical twelve-coordinated environment.
Temperature dependence of the specific heat C, of
CuCu;V,0,, (Figure 3a) shows no clear anomalies ascribable
to structural and magnetic phase transitions down to 2 K.
Figure 3b depicts the C,/T versus T° plot between 2 and 40 K.
The data of an isostructural CaCu;V,O,, are also depicted for
comparison. There is a significant difference in the low-
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Figure 3. a) Temperature dependence of C, of CuCu;V,0,,. b) C,/T
versus T? plots for CuCu,V,0;, and CaCu;V,0,, below 40 K. The solid
curve was drawn by fitting Equation (1) to the experimental data of
CuCu;V,0,,. Inset: (C,—yT)/T’ versus Ton a logarithmic scale for
CuCu;V,0y,.

temperature behavior between CuCu;V,0;, and CaCu;V,0,.
The data for CaCu;V,0,, approximately follow C,/T=y +
BT as a result of the contributions of conduction electrons
and a Debye-type acoustic phonon; the Sommerfeld coef-
ficient of y = 18.1(1.2) mJ mol™' K2 is almost the same as that
reported previously (y ~30 mJmol 'K 2),®! and the Debye
temperature is evaluated to be @y =549(2) K from /3 using
the relation @, = (12x*NR/58)"”, where N is the number of
atoms per unit cell and R is the universal gas constant. In
contrast, CuCu;V,0,, exhibits a concave-down C,/T— T
curve, which immediately evokes a low-frequency enhance-
ment of vibrational density of states.

Although rattling is a local and essentially anharmonic
vibration, it can be often approximated by an Einstein mode
within a harmonic approximation. If we assume a simple
Debye solid with rattlers behaving like Einstein oscillators
with a mixing ratio r(<1) and consider the presence of
conduction electrons, the specific heat at low temperatures
can be described by Equation (1):%°

C, = (12a*/5)(20—r)R(T/Op)’ 0
+31R(Op | T)exp(Or/T)/(exp(Oy/T) 1) + T

where O is the Einstein temperature and y the Sommerfeld
coefficient. The electronic contribution y 7T is considered in
the present analysis because CuCu;V,0,, exhibits the metallic
conduction (Supporting Information, Figure S2) and its
magnetic susceptibility data involve a Pauli paramagnetism
contribution (Figure S3). From the fit of Equation (1) to the
C,/T—-T* data (Figure 3b, solid curve), we determined r=
0.427(3), @z=55.113) K, ©,=486.0 (1.1) K, and y=126.9
(1.9) mJmol~' K2 The Debye temperature is very close to
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those derived from the C, data for isostructural perovskites,
such as CaCu;V,0,, and CaCu;Ru,0,, (O, =451-549 K),*"
and the Einstein temperature is on the same order of
magnitude as those for weakly bound guest atoms (i.e.,
rattlers) in cage compounds including VAl.s (Og
~22 K),'=1 filled skutterudites LnOs,Sb,, (Ln=La, Ce,
Pr, and Nd; ©p=69-45K) 14> clathrates M;Ga,Ges,
(M=Ba and Sr; ©;=60-53 K),! and S-pyrochlore oxides
ROs,04 (R=Cs, Rb, and K; @ =70-31 K).['"2) Considering
the atomic fraction of A-site Cu®* in CuCu;V,0,,, the value of
r obtained from fitting seems to be physically meaningful; the
unit cell contains 20 atoms, 1 atom of which is Cul. Thus, the
unusual behavior of the C, data, together with the large value
of U, for Cul, leads us to conclude that the local modes in
CuCu;V,0,, are best described as “rattling” of A-site Cu*"
ions. The dominance of local modes is also corroborated by
a bell-shaped feature around 10 K in the (C,—yT)/T° versus T
on a logarithmic scale (Figure 3b, inset). Such a feature is not
described by the Debye-type phonon, but it is pronounced in
the presence of rattling.!® ' From the C, data analysis,
we also find that the Sommerfeld coefficient for CuCu;V,0,,
(y ~ 126 mJmol ™' K™?) is relatively large compared to those
for isostructural metallic perovskites such as CaCu;V,0,, (y =
18-30 mJmol ' K?) and CaCu;Ru,0, (y =85-
92 mJ mol ™' K72).5%:31

In light of the evidence of rattling, we confirmed the
temperature dependence of the atomic displacement param-
eter Uy, for each atom in CuCu;V,O,, (Figure 4). One can see

8~
o Cut
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Figure 4. Temperature dependence of Uy, of A-site Cu (Cul), A'-site
Cu (Cu2), B-site V, and O atoms, as determined from Rietveld
refinement of SXRD data of CuCu;V,0;,. The solid curve represents
the fitting of Equation (2) to the Cul data.

much larger values of U, for Cul compared to those for Cu2,
V, and O over the whole temperature range. This observation
is a common feature for rattlers in cage compounds,!'®7-15-16.17
del1% We analyzed the Uy, data for Cul using an Einstein
model [Eq. (2)]:

Uiso = ul)z + (hz/z Mcy kB@E) COth(QE/ZT) (2)

where 1, is the temperature-independent parameter, / the
reduced Plank’s constant, k; the Boltzmann constant, and mi¢,
the mass of Cu atom. Fitting Equation (2) to the experimental
data (Figure 4, solid curve) yields u,=0.120(1) A and @ =
88.5(7) K. The Einstein temperature is comparable to that
derived from the C, data analysis (@~ 55K). The large
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value of u, implies that the dynamic Cul vibration occurs
even at low temperatures, as the contribution of the static Cul
disorder is insignificant.

To highlight the effect of the size of the A-site cation on
rattling in CuCu;V,0,,, we estimated the cation size mis-
match at the A-sites in an isostructural series of ACu;V,0,,
perovskites (A = Cu, Mn, and Ca), among which CuCu;V,0;,
alone displays a signature of rattling in the C, data. A simple
measure of the cage size is dy,ee =d—r(0”),M*" where d is
the A—O bond length determined from the structure refine-
ment (see Table 1 for A =Cu, Table 1 in Ref. [22b] for A =
Mn, and Table S2 in Supporting Information for A = Ca) and
r(O,) is the ionic radius of O> (1.4 A). The difference
between the d,,,. value and the ionic radius of A-site cation
(Shannon ionic radii for six coordination®) is A=0.15 A for
CaCu;V,0,,, A=0.34 A for MnCu;V,0,,, and A=0.425 A
for CuCu,;V,0,,, meaning that the large Ca>" ions virtually fit
the 12-fold oxygen-icosahedral cage, while there is space for
the smaller Mn>" and Cu?* ions to move; the presence of the
free space is also reflected in the underbonding of A-site
cations in MnCu;V,0,, (BVS=1.47)? and CuCu;V,0,,
(BVS =1.09). Especially, CuCu;V,0,, has the largest A-site
cation size mismatch among three compounds, and therefore,
it shows the largest value of U, of A-site cations at 300 K as
demonstrated by U, (Cul)~0.045 A’ (Table 1), U,, (Mn)
~0.022 A% and U, (Ca)~0.0082 A? (Table S2). The sub-
stantial thermal oscillations of small Cu®*" ions inside the
icosahedral cages allow us to detect the rattling through the
C, measurement. Further studies should be performed to
clarify the relation between rattling and physical properties
(e.g., electrical conductivity, thermal conductivity, and mag-
netism).

In conclusion, we have successfully synthesized a novel A-
site-ordered quadruple perovskite, CuCu;V,0O;,. The low-
temperature C, data, together with the SXRD analysis, show
that loosely bound A-site Cu®" ions rattle within the oversized
icosahedral cages, with a characteristic temperature of @y
~ 55 K. This is the first observation of rattling in perovskite
compounds and also demonstrates a rare example in which 3d
transition metals serve as the rattler.
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