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The A-site ordered perovskite (AA4)B,O;, can accommodate transition metals on both A’ and B sites in
the crystal structure. Because of this structural feature, it is possible to have narrow-band electrons
interacting with broadband electrons from different sublattices. Here we report a new A-site ordered
perovskite (CaCu;)Ir,O,, synthesized under high pressure. The coupling between localized spins on Cu?*
and itinerant electrons from the Ir-O sublattice makes Kondo-like physics take place at a temperature as
high as 80 K. Results from the local density approximation calculation have confirmed the relevant band
structure. The magnetization anomaly found at 80 K can be well rationalized by the two-fluid model.
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Physical properties at the crossover from localized to
itinerant electronic behavior remain poorly understood [1].
In simple ABO; perovskite oxides, for example, the
electronic bandwidth is determined by B-O bond lengths
and by B-O-B bond angles between distorted BOg octahe-
dra. The localized-to-itinerant crossover can then be
approached either by chemical substitution on the A site
[2,3] or by applying high pressure [4,5]. The A-site ordered
perovskite system CaCu3B,0;, (B = transition metal)
provides a richer example of this crossover because of
the 3d electrons present on the A’-site Cu ions [6-17].
A’-and B-site transition metal orbitals in these systems
can be coupled by strong covalent mixing with shared
0>~ ions. We show in this paper that this coupling leads
to peculiar properties suggestive of Kondo physics close to
a metal-insulator transition.

In A-site-ordered perovskites containing Cu®" ions, the
B-O-B bond angle is much smaller than in typical ABO;
perovskites as a result of the square-planar CuO, coordi-
nation preferred by the A’-site cations, which is illustrated
in the inset of Fig. 1(b). The square-planar coordination
stabilizes 3z2-r2 and x?-y? orbitals and leaves the xy orbital
half-filled in the Cu:3d° configuration [18]. The behavior
of the Cu?* 3d holes can be tuned to be either localized or
itinerant, depending on the B4* transition-metal ion placed
on the B site. The similarity of the local crystal environ-
ment as the high-T, cuprates and the tunability of the Cu?*
electronic states makes them a clean system to gain
insights into the cuprate electronic states [19]. However,
the Cu electronic states at the localized-to-itinerant
crossover, where the unconventional superconductivity
emerges, remain unknown in the existing members of
CaCu3B40;,. Electronic structure variations with B*"
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FIG. 1 (color online). (a) The Cu-O bond length in the copla-
nar CuO, versus B-O bond length in the octahedral BOg for
A-site ordered perovskites CaCu3B,O,. (b) The inverse mag-
netic susceptibility of several CaCu;B40;, perovskites. Inset:
schematic crystal structure of the A-site ordered perovskite.
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transition-metal ions are accompanied by corresponding
crystal structure changes. In order to illustrate the correla-
tion between bond lengths and electronic states, we have
constructed a phase diagram in Fig. 1(a) in which the
magnetic properties of a series of CaCu;B,0;, compounds
are correlated with Cu-O and B-O bond lengths. Here we
see that the B** ions with an empty or full 77-bonding d
shell, such as Ti*™ (3d°)"17, Pt** (51%¢°)8, Ge** (34'0)>17,
and Sn** (44'%)>!7 have long Cu-O bonds and short B-O
bonds and are insulating with a paramagnetic susceptibility
e close to the spin-only value of Cu?* (S = 1/2). The
only low-energy degrees of freedom in these materials
reside on the Cu sites. On the other hand, d electrons on
both Cu and the B ions become delocalized when the
B-cation 7-bonding d shell is partially filled as in V**
(3d"H', Cr** (3d?)'?, and Ru** (41*€%)13716, CaCuslr Oy,
the subject of this work, is at the boundary separating these
two areas in the structure phase diagram. Because of its
strong spin-orbit coupling [20] Ir** (5°¢°) can form a
Mott insulator state in spite of its otherwise broad 5d
bands. The results reported in this letter confirm that in
CaCu;lr,O1,, Cu exhibits neither simple itinerant-electron
nor simple localized-electron behavior. The anomalous
physical properties we report suggest Kondo behavior of
Cu?* moments coupled to Ir d orbitals that are close to a
metal-insulator transition. The presence of many Ir bands
at the Fermi energy in the local density approximation
(LDA) calculations suggests strong-correlation behavior
in which the Ir-ion degrees of freedom makes Hund’s
couplings [21] relevant. Moreover, since the Cu-O sublat-
tice appears to be on the verge of the magnetic order that is
expected to emerge when the Ir orbitals localize, the physi-
cal properties of CaCuzIr,O, at low temperatures could be
influenced by quantum critical fluctuations.

As summarized in Table S1 of the Supplemental
Material [22], CaCu;lr, O, requires high-pressure synthe-
sis like most A-site ordered CaCu;B,0,, perovskites.
Details about the sample synthesis and characterizations
can be found in the Supplemental Material [22].

If the electrons on the B-O sublattice are itinerant, as in
CaCusRu,0,, the character of the electronic states on the
Cu sites is more successfully revealed by magnetic suscep-
tibility fits than by transport measurements. Fig. 1(b) gives
an overview of y '(T) for known CaCu;B,0;, com-
pounds. Although y !(T) is linear at 7>330 K in
CaCusRu,0,, the unphysically large Weiss constant indi-
cates that the localized-electron Curie-Weiss (CW) law
does not apply. We can therefore conclude that the elec-
trons on both Cu?* and Ru** sites are itinerant in this
material. In contrast, for both B = Ti and B = Ge, fitting
to a CW law gives not only a u. close to the spin-only
value of a Cu®>* ion, but also a Weiss constant |@cyw| ~
Tn(T,). Consistent with the structure-electronic-property
correlations summarized in Fig. 1(a), the y '(7) of
CaCuslr Oy, is located between the two extreme regimes;

the Cu electrons behave like local moments at higher
temperatures, before appearing to exhibit bandlike behav-
ior at intermediate temperatures and enhanced magnetism
to which we return below at the lowest temperatures. Since
the contribution to y(7) from the Ir** sublattice is rela-
tively small in SrIrO; [23], we attribute the enhanced x(T')
at low temperature in Fig. 1(b) to a Cu?>" sublattice that is
close to spin ordering. The y(T') data also show that partial
substitution of Ti** for Ir** tends to localize the Cu®*
electrons.

Figure 2 summarizes the physical properties measured
on a CaCu;lIr,O,, sample. The y(7T) measuredat H =1 T
shows no signature of a magnetic ordering transition down
to 1.8 K, but a clear deviation from the CW law below
T* =~ 80 K. A CW fit to y~ !(T) between 100 and 300 K
yields we = 4.22 pp/f.u. for the effective moment and
Ocw = —232.5(7) K for the interaction parameter. This
Mere value is significantly larger than the spin-only value
for Cu®" since the contribution from the Ir-O sublattice
should be negligible [24,25]. CaCuslr,O;, is metallic
down to 0.5 K. The susceptibility anomaly below T* is
echoed in p(T), and also in the thermoelectric power S(T).
Above T, p(T) follows a perfect linear T dependence;
the data between 88 and 300 K can be fit well by p =
po+AXT with pg=2729(1) mQcm and A=
6.457(5) uQem/K. Below T*, p(T) exhibits a strong
downward trend with no sign of a curvature change down
to 0.5 K, strongly suggestive of non-Fermi-liquid behavior.
Although the resistivity anomaly develops at the same
temperature as the magnetic susceptibility anomaly, we
find that p(T) is field independent up to H =5 T (see
Fig. S3 in the Supplemental Material [22]). The unusual
temperature dependence of p(7T) below T* cannot be
explained in terms of the weak electron-electron and
electron-phonon interactions of conventional metals.
Significantly, S(T) also behaves anomalously, changing
sign at 7% and remaining large (—10 uwV/K at around
5 K) as T approaches zero. The large thermoelectric power
at low temperatures signals strongly energy-dependent
quasiparticle properties. The absence of a corresponding
anomaly in the specific heat C(T), displayed in the form of
C/T versus T in Fig. 2(d), rules out the possibility of a
second-order phase transition at 7*. Interestingly, C/T of
CaCu;lr,O;, exhibits a remarkable enhancement below
~20 K. The absence of a corresponding enhancement in
the closely related SrIrO; perovskite, which is a Pauli
paramagnetic metal, indicates that this low-temperature
anomaly must be associated with the Cu?* 3d electrons
or with interactions between Cu:3d and Ir:5d.

The drop in p(T) below T* = 80 K is reminiscent of the
low-temperature behavior in heavy-Fermion (HF) materi-
als [26], and could suggest that the Cu?>" moments begin to
be incorporated into the bands below this temperature. The
presence of both Cu?>* 3d electrons and itinerant Ir** 5d
electrons, which are likely to dominate transport in
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CaCus;lr,O,, makes this analogy suggestive. In this pic-
ture, electrons on the two sublattices are weakly coupled
above T*. The initial reduction in y(7T) relative to the
extrapolated CW fit at T > T* may signal the onset of
hybridization of Cu electrons with the itinerant Ir** 5d
electrons. The quick drop of p(T) and the sign crossover of
S(T) at T* appears to confirm the emergence of a hybrid-
ization between more localized electrons on Cu and more
itinerant electrons on Ir. The incorporation of the Cu>* 3d
electrons into the itinerant bands would not only enhance
the density of states, but also reduce the scattering from
local magnetic moments. A field-independent p(T) is con-
sistent with the scenario of screened spins on the Cu sites.
Indeed, x(T) can be fit reasonably well over the entire
temperature range by a two-fluid model [27]; see Fig. S4 in
the Supplemental Material [22] for the details. In contrast
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FIG.2 (color online). Temperature dependence of
(a) magnetic susceptibility (7)) and its inverse y ' (T) measured
under H = 1 T after zero-field cooling, (b) resistivity p(7) under
H =0T, (c) thermopower S(T), (d) specific heat C(T) under
H=0 and 9 T, and (e) thermal conductivity «(T) for
CaCu;lIr,Oq,. The solid line in (a) is a Curie-Weiss fitting curve
to x(T) between 100 and 300 K. The solid line in (b) is a linear
fitting to p(T) between 88 and 300 K. For comparison, C(T) of
the perovskite SrIrOz and «(7T') of CaCu3B40;, (B = Ti, Ru) and
SrIrO; were included in (d) and (e), respectively. C(T) of SrIrO5
was scaled by a factor of 4 in order to account for the difference
of chemical formula. The vertical dotted line marks a character-
istic temperature 7* = 80 K where the physical properties
exhibit anomalies.

to regular HF materials in which f electrons and d elec-
trons are on the same atom, the hybridization between 3d
electrons on Cu and 5d electrons on Ir of CaCuslr,O,
must be mediated by shared O:2p orbitals. Electronic
hybridization should shorten Cu-O-Ir bond lengths
and influence lattice dynamics. Strong bond-length fluctu-
ations of this type below T*, therefore, provide a natural
explanation of the glassy (short phonon mean free path)
thermal conductivity seen in CaCu;Ir,O,, which is unique
in the entire family of A-site ordered CaCu;B40O, perov-
skites. (See Fig. 2(e) and Fig. S5 of the Supplemental
Material [22].)

Further evidence for the coherent incorporation of Cu
local moments in the Ir bands can be found in the specific-
heat measurement. In Fig. 3(a), C(T) of CaCu;Ir,O,
measured at H =0 and at H =9 T in the temperature
interval 0.35-30 K is plotted in the form of C/T vs T>.
Figure 3(a) also displays the specific heat of several iso-
structural CaCu;B,40;, (B = Ti, Mn, Ru, and V) com-
pounds and the SrIrO; perovskite for comparison. The
T-linear electronic specific-heat coefficient vy is negligible,
as expected for insulating CaCu3;B,0,, compounds, with
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FIG. 3 (color online). (a) C/T versus T2 of CaCu;Ir,O;,and
isostructural CaCu;B,0;, (B =Ti, Mn, V!!, Ru) as well as
SrIrO; perovskite. (b) Logarithmic temperature dependences
of C,/T, -S/T, and x(T) for CaCu;lIr,O;,. The solid line in
(a) represents a fitting curve; see Supplemental Material [22]
for details. Two characteristic temperatures 7° = 80 K and
T, = 20 K are marked by the dotted lines in (b).
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B =Ti and Ge; vy increases significantly for the metallic
perovskites with B =V and Ru. A y = 173 mJ/mol K2,
for CaCuslr,O;, is much larger than that in SrlrO; and
CaCu3Ru,0,; see the Supplemental Material [22] for the
detailed analysis of C(T). Additionally, the dimensionless
ratio that combines specific heat and thermoelectric power,
g = NayeS/yT (N,, is the Avogadro number and e the
electron charge) has a value (—0.66) similar to that of
Yb-based HF materials [28], which suggests transport
and specific heat arise from the same degrees of freedom.

We note that there is a low-temperature rise in C,, /T it
is examined more closely in Fig. 3(b) and compared with
similar increases in y(7T) and -S/T below 20 K. These
observations could suggest that CaCusIr Oy, is close to a
magnetic quantum critical point since ordered Cu local
moments are expected to emerge when the Ir d orbitals
localize. In order to verify that CaCu;Ir,O,, is close to a
magnetically ordered phase, we have made partial
substitutions of Ti** for Ir** in CaCus(Ir;_,Ti,)40,.
The magnetization M(T) for x = 0.25 of Fig. S7 in the
Supplemental Material [22] indeed reveals a broad transi-
tion to a spin ordered phase below 40 K. The y from the
paramagnetic phase for the x = (.25 sample is close to that
of the x = 0 sample. Instead of a typical A peak, C(T) is
enhanced on top of a broad base. However, the low-
temperature upturn is clearly absent. As for the x =
0.375 sample, the magnetic transition looks like that of a
filamentary phase of the x = 1 sample, and no enhance-
ment of C(T) can be observed.

This picture is partially supported by LDA calculations
based on the full-potential linearized augmented
plane-wave method as implemented in the WIEN2K
code [29]. In Fig. 4(a), our LDA results for the partial

density of states show that four of the five Cu 3d orbitals
are fully occupied and clustered around 2 eV below the
Fermi energy. Only the d,, orbital is partially occupied.
The Ir 5d orbitals, all of which cross the Fermi energy in
our calculations, and the Cu d,, orbital are responsible for
all the observed electronic properties. The Cu d,, orbital
and Ir 54 orbitals are strongly hybridized via O-p orbitals.
The band structures shown in Fig. 4(b) reveal a compli-
cated hybridization pattern: effectively, only two of the
three Cu d,, orbitals in the unit cell form covalent bonding
states with the Ir and O orbitals; the third flat Cu d,, band at
around 0.2 eV above the Fermi energy crosses and hybrid-
izes with a very dispersive Ir hole band. This feature of the
band structure may be responsible for the unusual tem-
perature dependence of the resistivity above T*. Our LDA
calculations give y = 17 mJ/mol K?> much smaller than
v = 173 mJ/mol K? from experiment, demonstrating that
the electronic specific heat is strongly enhanced by elec-
tronic correlations.

Another important finding from the LDA calculations is
that both o and 7 bonds at Ir sites contribute to the density
of states at Er. This feature suggests that intra-atomic
interactions, including Hund’s exchange, may play a role
in the strong Ir correlations, in addition to the Coulomb
energy U, just as multiple band crossings at E are thought
to complicate the correlation physics of iron-based pnictide
superconductors. Haule and Kotliar [30] have shown, for
example, that Hund’s coupling in a metal can on its own
cause a coherent to incoherent crossover which leads to
anomalies in both resistivity p(7) and susceptibility x (7).

In conclusion, the peculiar crystal structure of A-site-
ordered perovskite CaCu;Ir, O, leads to coupling between
the Cu local moment system and the Ir-O system that is
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close to a metal-insulator transition and to a peculiar set of
electronic properties. The coupling destroys magnetic
order of the Cu local moments that appear to be incorpo-
rated in the Ir-O bands, leading a strongly enhanced elec-
tronic specific heat as in a heavy-Fermion compound.
Measurements of specific heat, magnetic susceptibility,
and thermoelectric power at low temperatures show non-
Fermi-liquid behavior suggestive of nearby quantum criti-
cal behavior. Above a crossover temperature 7* = 80 K,
the more extended 5d electrons on Ir and more narrow-
band 3d electrons on Cu appear to decouple. The magne-
tization anomaly at 80 K can be well rationalized by the
two-fluid model. As in iron-based pnictide superconduc-
tors, multiple bands cross the Er in LDA calculations,
suggesting that interactions between different atomic
configurations play a role in Ir correlations.
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