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Metal-insulator transition in Ca;_,Na, IrO; with post-perovskite structure
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We develop a solid solution Ca;_,NaIrO; (0<x=<0.37), which exhibits a filling-control metal-insulator
transition on a quasi-two-dimensional lattice. The carrier doping into the S=1/2 antiferromagnetic Mott insu-
lator CalrO5 destabilizes the magnetic long-range order, culminating in a paramagnetic state at x>0.30, with
simultaneous change from insulating to metallic behavior. The temperature (7) dependence of the resistivity for
metallic samples (0.31<x<0.37) exhibits several characteristic features: (1) a 7* dependence with @~ 1.2 in
a metallic range, (2) In 7' dependence in a weak-localization regime, and (3) positive magnetoresistance vio-
lating Kohler’s rule. These observations offer a solid foundation to unravel anomalous properties in the normal

state of high-T',. cuprates.
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The metal-insulator transition (MIT) arising from electron
correlation effects is a central topic in condensed matter
physics,! not only because superconductivity appears on the
verge of the MIT in high-T, cuprates,” but also because the
critical behavior of the MIT and the nature of the correlated
metallic state are fundamental issues. Considerable attention
has focused on quasi-two-dimensional MIT systems with a
small spin quantum number, where a long-range magnetic
order is suppressed by large quantum fluctuations even in the
insulating limit. Physical realizations include Ca,_,Sr,RuO,,3
k-(BEDT-TTF),Cu[N(CN),]CL,*  La,_,Sr,NiO4>®  and
Sr,_,La,VO,,’ the former two being categorized into the
bandwidth-control system, whereas the latter two are rare
examples of the filling-control system. It is required to un-
cover universality as well as material characteristics concern-
ing the MIT by studying various systems.

CalrO; with Cmem orthorhombic symmetry®-'0 has cap-
tured great geophysical interest, since isostructural MgSiO;
is considered to be a main constituent of the D" region in the
lowermost mantle.''~!* The crystal structure (right inset of
Fig. 1), which is now called the post-perovskite structure,
comprises IrO; layers and eightfold-coordinated Ca®* ions in
between.!> Within each plane, IrO4 octahedra are connected
with each other by sharing edges and corners along the a and
c axes, respectively, giving rise to a rectangular lattice of Ir**
ions with the tgg electron configuration (S=1/2). The pur-
pose of the present Rapid Communication is to report elec-
tronic properties of Na-substituted CalrO;. We show that this
system exhibits a genetic MIT with a simultaneous change of
a magnetic ground state from an antiferromagnetic (AF) to a
paramagnetic state. The non-Fermi-liquid behavior manifests
itself through the analysis of (magneto)resistance for metallic
samples.

Polycrystalline Ca;_Na IrO; (0<x=<0.37) was prepared
by using a cubic-anvil-type high-pressure apparatus.'® CaO,
Na,0,, and IrO, were mixed and packed into a Pt capsule
3.0 mm in length and 5.5 mm in diameter in a glove box. In
order to make a sample without remaining IrO,, it was im-
portant to add excess of CaO and Na,O, to the stoichio-
metric amounts. The IrO, phase precluded collecting reliable
data for 0.37<x<0.65. The synthesis temperature was
smoothly varied as a function of Na content (x) from
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1150 °C for x=0 to 800 °C for x=0.37, while the synthesis
pressure was kept 4 GPa for all x. The obtained polycrystals
were characterized by a powder x-ray diffraction using
Cu Ko radiation. The lattice parameters of CalrO; are
estimated to be a=3.147(1) A, 5=9.863(2) A, and
¢=7.299(1) A. With an increase in x, the unit cell is elon-
gated along the layer direction (the b axis), being the same
characteristics as hole-doped high-T, cuprates. By plotting
lattice parameters against x determined by a scanning elec-
tron microscope (SEM) equipped with an energy-dispersive
x-ray (EDX) spectrometer, we found linear relations (Veg-
ard’s law) such as a=3.148-0.117x, b=9.861+0.368x, and
¢=7.303-0.066x in units of A. We deduce the x value of the
samples investigated here by substituting lattice parameters
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FIG. 1. The electronic phase diagram for Ca;_NaIrO;

(0=<x=0.37) within a temperature-Na content (7-x) plane. Left
inset: schematic view of the electron configuration among the t,,
orbitals, d,,.d,, and d.,, with x, y, and z being the local coordinate
axes at the Ir site. One doped carrier denoted by an open circle
forms a triplet (high-spin) state with the preexisting carrier. Right
inset: post-perovskite structure composed of IrO; layers and Ca?*

and Na* ions in between.
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FIG. 2. (a) The temperature (7) dependence of the resistivity (p)
for Ca;_,Na,IrO; (0=<x=<0.37) in a logarithmic ordinate scale. (b)
The p curves for x=0.31, 0.34, and 0.37 in a linear ordinate scale.
Note that the data for x=0.37 are multiplied by 0.7 for clarification.
The left inset shows the same data on a logarithmic abscissa scale.
The dotted lines are guides to the eyes. The right inset plots p for
x=0.37 against 7 and 7>.

into these formulas. The resistivity was measured by a stan-
dard four-probe technique with special care not to expose
highly hygroscopic Na-doped compounds to air. We covered
the sample with vacuum grease in a glove box after attaching
copper wires to the sample with silver paste. The magnetore-
sistance was measured in a transverse geometry, where the
external magnetic field is perpendicular to the current direc-
tion. The magnetization measurements were performed with
use of a commercial superconducting quantum interference
device (SQUID) magnetometer.

We first focus on the undoped compound (x=0). The re-
sistivity (p) shown in Fig. 2(a) follows well the Arrhenius-
type temperature (7) dependence, p(T)=A exp(A/T), with
the activation energy (A) of 0.17 eV, indicating that CalrO;
is a Mott insulator. This compound undergoes an AF transi-
tion at 115 K (=Ty), which is unambiguously evaluated by
the parasitic ferromagnetism reaching 0.037ug/Ir at 5 K
[Fig. 3(a)]. As can be clearly seen from Fig. 3(b), isothermal
magnetization curves exhibit a large hysteresis, making a
reverse of magnetization (M) by the external magnetic field
(H) impossible below 40 K. This infers that Ir** spins are

PHYSICAL REVIEW B 74, 241104(R) (2006)

0.25 -
@ Ca; Na IrO, 1.0x10 x=037
S g | H=5T
0.20 - Eo.:-
=
= o 100 200 30(
° L
£ 0.15
2
S
— 0.10|
s
‘ H=0.1T
0.05
0.00

100 150

0.04

o
>

ol
<=

(b)
0.02}CalrO,

/f/ 40k

(98]
T

M (ug/tu)
o
[l
2

1/ (mol/emu)
3

-0.02 60 K 1r
80 K
o= Nook] =
T4 2 0 2 4 0 200 400 600
(T T(K)

FIG. 3. (a) The magnetization divided by the external magnetic
field (M/H) at H=0.1 T for Ca,;_,Na IrO3 (0<x<0.37) as a func-
tion of temperature (7). The measurements were performed during
the cooling process. The inset shows y=M/H for x=0.37 at 5 T in
a extended T range (0<7<<300 K). (b) Isothermal magnetization
curves for CalrOsz at various Ts. (c¢) Curie-Weiss plot of y for
CalrO; in 0<T<700 K.

strongly anisotropic. Figure 3(c) represents 1/y (=H/M) as a
function of 7. The deviation from the linear behavior at con-
siderably high T (~350 K) evidences the development of AF
correlations far above Ty—in other word, the suppression of
Ty by some reasons such as the low dimensionality and/or
the smallness of the spin quantum number (S=1/2). The
Curie-Weiss fit to y above 400 K yields a Curie-Weiss tem-
perature (fcyw) of 3900 K with an unphysically large effec-
tive magnetic moment p=3.29. When fitting the same data to
a Curie-Weiss term with fixed p=1.73 (theoretical value for
S=1/2) plus a T-independent term (y,), we obtain Ocw
=1800 K and y,=1.4 X 10~* emu/mol. These results suggest
a large exchange integral (J) of, at least, several hundred K
and sizable contributions from orbital magnetic moments.
These features can be partly interpreted by considering
the local environment of Ir** ions. In the post-perovskite
structure, four of six O~ ions coordinating an Ir** ion par-
ticipate in the edge-sharing bond with the longer Ir-O dis-
tance; therefore, there is a crystal field splitting between the
lower d,, orbital and the upper d,, and d,, orbitals, where x,
y, and z are the local coordinate axes with the z axis along
the corner-sharing direction. When one hole occupies the
twofold-degenerated d,, and d,, orbitals, the strong spin-
orbit coupling in the 5d transition metal atoms most likely
stabilizes a certain complex orbital order with an un-
quenched orbital magnetic moment—say, d_,*id,.. The thus
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generated huge single-ion anisotropies, together with the dif-
ference in the local principal axis among adjacent IrOg4 octa-
hedra (right inset of Fig. 1), cause the canted spin state with
the weak ferromagnetism.

Figures 2(a) and 2(b) show the T dependence of p for
Ca,_Na,IrO; (0=<x<0.37), clearly demonstrating the MIT
between x=0.28 and 0.31. Here, we note that the p basically
corresponds to the in-plane resistivity, because the electrons
are expected to be more conducting within the a-c planes
owing to the layered structure. The values of p systemati-
cally become larger with increasing x in a metallic regime
(0.31<x=<0.37); this probably corresponds to the fact that
degradation of samples by absorbing waters is accelerated
with an increase in x. As can be seen from Fig. 3(a), upon
carrier doping, Ty gradually decreases until a paramagnetic
state down to the lowest 7 measured is eventually achieved
at x=0.31. From these data, we draw an electronic phase
diagram depicted in Fig. 1. The present system shows a tran-
sition from an AF insulator to a paramagnetic metal without
an intervening AF metallic phase, markedly contrasting with
many MIT systems in three dimensions.! Instead, the ab-
sence of AF metallic state resembles high-7', cuprates with a
quasi-two-dimensional lattice, implying that the dimension-
ality is the key to the topology of the phase diagram. The
attempt to synthesize Y3*-substituted compounds in a single
phase form was abandoned due to the appearance of the py-
rochlore phase; however, magnetization experiments indicate
Tx~50 K in Ca;_,Y,IrO; with x=0.06 (data not shown), an
abrupt decrease in Ty compared with the Na*-substituted
case. This particle-hole asymmetry resides in the coupling
manner between a doped carrier and the preexisting S=1/2
spin in doubly degenerated d,, and d,, orbitals. When Ca**
ions are partially replaced by Y>* ions, the doped electron
has an antiparallel alignment with the preexisting spin, giv-
ing rise to a spin singlet (S=0) state. On the contrary, the
extra hole produced by the Na* substitution forms a spin-
triplet (high-spin) state; the resultant local S=1 spin contin-
ues to retain the AF state against the tendency of mobile
carriers to destroy the AF order. This situation is in stark
contrast to high-7,. cuprates, where a Zhang-Rice singlet is
formed, irrespective of the type of carriers, owing to the
single band nature.!’

We discuss the precise T dependence of p in the AF insu-
lating phase (0 <x=<0.28). While the Arrhenius-type behav-
ior (v=1 in the below function) well describes the T depen-
dence of p for x=0, the p curves for carrier-doped samples
very weakly diverge; we estimate the extent of divergence by
v (=1, 2, 3, and 4), with which p(T)=Aexp(T,/T)"" (A and
T, being suitable constants) describes experimental curves in
the widest 7 range. The evaluated v is 2 for x=0.10
(T<160 K), 3 for x=0.11 (T<70 K) and 0.19 (T<18 K),
and 4 for x=0.28 (T<8 K); v=2, 3, and 4, respectively,
correspond to the variable range hopping (VRH) conduction
in one, two, and three dimensions.'® This crossover from
Mott insulating (v=1) to VRH (v=2, 3, and 4) behavior is
also observed in Ca,_,Sr,RuO, and argued in terms of the
disorder-modified Mott gap.'® Our results indicate that, as far
as the disorder effects are concerned, there is no essential
difference between the bandwidth- and filling-control sys-
tems.
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FIG. 4. The transverse magnetoresistance Ap(H)/p(0)
=[p(H)-p(0)]/p(0) for Ca,_,Na,IrO; (x=0.37) plotted against the
square of the external magnetic field (H).

Even in the metallic phase (0.31=<x=<0.37), there is a T
range of dp/dT<0 (typically T<<50 K). This increase in p
follows neither p(7)xexp(Ty/T)"" nor p(T)=1/T"?; in-
stead, as shown in the left inset of Fig. 2(b), the p curve
exhibits the In 7' divergence, being attributable to the weak
localization in two-dimensions with electron correlation
effects.’” We remark that the In 7 divergence is also dis-
cerned in the underdoped high-7, cuprates under the strong
magnetic field.?!

We now turn our attention to the dp/d7> 0 range of me-
tallic compounds. By plotting p for x=0.37 against 77 [the
right inset of Fig. 2(b)], we see that the present compound is
beyond the description of the Fermi liquid theory; the fit of p
above 100 K with the form p(T)=py+AT* yields a=1.2, de-
viating from 2 expected for Fermi liquid. This type of devia-
tion is often observed in correlated metals near magnetic
instabilities, where magnetic fluctuations are critically
enhanced.! In the present system, AF fluctuations can be
monitored by y at =0 (g being the wave number), because
the weak ferromagnetic moment (g=0 component) is para-
sitic on the antiferromagnetically ordered (g # 0) state. The
monotonous increase in x for x=0.37 with decreasing T [in-
set of Fig. 3(a)], corresponding to the deviation from the
Curie-Weiss behavior below 350 K in x=0, persuasively evi-
dences the presence of AF fluctuations in this composition.
The mode-mode coupling theory predicts =1 for the two-
dimensional metal with AF fluctuations,”” being slightly
smaller than the experimentally observed «. The reason for
this discrepancy is unclear at present.

Figure 4 represents the magnetoresistance Ap/p
[=p(T,H)/p(T,0)—1] for x=0.37 in a transverse geometry.
The Ap/p obeys the H> dependence and reaches 2.9% at 5 K
and 7 T. The positive magnetoresistance is incompatible
with the H-induced suppression of the interference effect as-
sociated with the weak localization and, instead, is in accor-
dance with the orbital magnetoresistance. In a conventional
metal, the 7 dependence of the orbital magnetoresistance can
be pushed into the T dependence of p(T,0) in such a way
that Ap/p=F(H/p(T,0)), where F is a material-dependent
function and is usually taken as F(x)=x?; this Kohler’s rule
is deduced from Boltzmann transport equations.>> However,
the plots of Ap/p for x=0.37 against [H/p(T,0)]? for various
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T’s do not overlap with each other, even after subtracting a
contribution from the weak localization effect from p(T,0) in
advance; the T dependence of Ap/p is too abrupt compared
with that of p(T,0). Kohler’s rule is also violated in under-
doped high-T, cuprates;?* this, together with the 72 depen-
dence of the cotangent of the Hall angle (&), builds the solid
foundations of introducing two scattering rates 7, and 7.
Unusual magnetotransport properties in high-7, cuprates are
theoretically discussed in term of the non-Fermi liquid,?® the
pseudogap state,”” and so on. Violation of Kohler’s rule in
Ca;_,Na,IrO; offers a good testing ground for these theories;
however, more information on electronic and magnetic prop-
erties for this system is needed for identifying the origin of
anomalous magnetotransport properties of the correlated me-
tallic state on the verge of MIT in two dimensions.

We summarize this Rapid Communication by comparing
Ca,;_Na,IrO; (0=<x=<0.37) with the hole-doped high-T. cu-
prates. There are many similarities between two systems.
The parent compounds are S=1/2 AF Mott insulator on the
quasi-two-dimensional lattice. Upon carrier doping, the AF
order is gradually destroyed into the paramagnetic metallic
state. The correlated metallic state near the MIT boundary is
beyond the simple Fermi liquid, as evidenced by the T¢ de-
pendence of p with a<<2 as well as the violation of Kohler’s
rule. The weak localization in two dimensions characterized
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by the In T dependence governs the p in the low-T ranges.
On the other hand, there are several differences. The most
crucial one is whether superconductivity appears or not in
the vicinity of the MIT. From the viewpoint of electronic
structures, this involves how a doped carrier couples with the
original spin. The singlet coupling as formed in high-T. cu-
prates drives the superconducting instability, whereas the
triplet coupling in Ca;_Na IrO; merely renders the system
metallic. This is also relevant to the difference in the critical
concentration (x.) of the MIT: the small x.(~0.1) in high-T.
cuprates and the large x.(~0.3) in Ca,_Na,IrO;. The nature
of spins in parent compounds is also distinguishable. While
high-T, cuprates have Heisenberg spins in the e, orbitals,
spins in CalrO; are strongly anisotropic, reflecting the
prominence of the spin-orbit coupling in orbital degenerated
1, bands in 5d transition metal atoms. It is expected that the
parallels and differences between the two systems will be
elucidated from a more microscopic point of view.
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