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Exchange Interaction in the Insulating Phase of RNiO;
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In order to characterize the spin-spin exchange interactions responsible for the Type-E’ antiferromag-
netic order in inhomogeneous RNiO; perovskites (R = Y or rare earth), the pressure dependence of the
Néel temperature Ty was systematically measured for samples with Ty < Ty and Ty = Ty Tim 1S an
insulator-metal transition temperature. Analysis of the results shows that, as for superexchange, pertur-
bation theory can be used to describe the interatomic exchange interactions for Ty << Tpy, but the
perturbation theory breaks down where Ty approaches Tyy.
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The theory of superexchange interaction was developed
to describe the spin-spin couplings in homogeneous Mott
insulators [1]. In the limit of W/U < 1 where W is the
bandwidth and U is the on-site coulomb energy, the ex-
plicit expression of the superexchange interaction has been
derived by means of the perturbation method. Efforts to
explore the evolution of the superexchange interaction as
the crossover to itinerant electronic behavior is approached
from the localized-electron side can be tracked back to a
half century ago [2]. This initiative faded away for lack of a
system where the crossover could be stabilized. A reversal
of the sign of dTy/dP was proposed by one of the authors
assuming that the system remains homogeneous over the
transition from localized to itinerant electronic behavior
[3]. Extensive research on transition-metal oxides over the
last two decades reveals that phase segregation commonly
occurs at the crossover. A large body of literature on this
phenomenon can be found for the mixed-valent systems of
superconductive cuprates and magnetoresistive mangan-
ites. The RNiOj; family is a single-valent system in which
a complete evolution from a Pauli paramagnetic metal to a
Curie-Weiss insulator can be achieved by applying chemi-
cal pressure, i.e., by rare-earth substitution. Transition
temperatures are illustrated in Fig. 1 as a function of the
ionic radius (IR) of the rare-earth ion. Hydrostatic pressure
has been found to influence the insulator-metal transition
temperature Ty in a manner similar to increasing the IR.
More importantly, pressure provides a fine tuning of the
lattice parameter, which allows one to explore the phase
evolution at crossover in great detail. Accessibility to the
phase changes at crossover by chemical and hydrostatic
pressure makes RNiOj an ideal system to study the ex-
change interaction where the W /U ratio is not small.

Similar to the mixed-valent systems at crossover, the
local structure in the insulator phase of the RNiO; perov-
skites near 77y is more complicated than in a Mott insula-
tor. Fast probes such as resonant x-ray scattering (RXS)
[4,5] and x-ray-absorption fine structure (EXAFS) [6] have
been used to characterize the local structure. Although it
could be simply a technical issue to resolve the possible
bond length segregation below Ty in the light rare-earth
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RNiOg, the segregation found by using RXS in NdNiOj; [4]
is significantly smaller than that in the RNiO; (R =
Y, Ho, ... Lu) where the static segregation into ionic and
covalent Ni-O bonds takes place [7]. Moreover, the giant
oxygen isotope effect on Ty [8] indicates that the oxygen
motion involving bond length segregation remains dy-
namic in the light rare-earth RNiO;. On the other hand,
neutron diffraction at room temperature, which gives aver-
aged atomic positions, shows [see Fig. 1(b)] that the Ni-O
bond length 1.94 A < dy;_o < 1.96 A for the insulator
phase of RNiO; (R = Sm, Eu,...Dy) remains much
smaller than the ionic Ni-O bond (~2.00 A) which has
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FIG. 1 (color online). (a) The phase diagram of critical tem-
peratures vs the R3*-ion radius (IR); (b) the M-O bond length
and M-O-M bond angle for RMO; at room temperature; see
Ref. [7] for a list of data sources. The Mn-O bond length is the
average value of three ionic bonds. IB is ionic bond length; BAV
is the averaged bond length of RNiOs5; CB is covalent bond
length for RNiO;.
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been identified in the RNiO; compounds (R =Y,
Ho, ...Lu) and other perovskite insulators. Although an
inhomogeneous local structure has been found in the insu-
lator phase, sharp and well-defined insulator-metal transi-
tion Ty and the Néel temperature Ty have been found to
be closely related to the Ni-O bond length and the (180° —
&) Ni-O-Ni bond angle as determined by neutron diffrac-
tion, which allows us to demonstrate a relationship be-
tween Ty and the bandwidth W. Even though the
behavior of Ty under hydrostatic pressure has been re-
ported by many groups [9—13], a systematic measurement
of Ty under pressure in the insulator phase is not avail-
able in part due to the difficulty of probing a weak signal
from spin ordering in the family. We have been able to
monitor Ty(P) as shown in this work. Ty(P) as well as
Tn(W) created by using data in the literature demon-
strate how the superexchange interaction evolves as the
perturbation expansion breaks down on the approach to
Crossover.

We use an anomaly in the resistivity p(7) at Ty to track
the pressure dependence of Ty. However, the anomaly at
Ty < Ty is too weak to be discerned unambiguously in
normally prepared ceramic samples. Therefore, we used
the cold-press technique we developed previously [14] to
obtain high-density ceramic samples of RNiO3; (R =
La, ...Gd). The pellets were cut with a diamond saw into
rectangular 0.5 X 0.5 X 2.5 mm bars. The contact spots on
the sample surface were prepared by cold melting of
metallic indium before Cu wires were pressed on with
small pieces of In foil. With this method, the contact
resistance is less than 1 (), which is much lower than
that for contacts made with heat-treated silver epoxy on
these samples. With these procedures, the significantly
high-quality p(T) data of Fig. 2 were obtained. The mag-
nitude of the resistivity obtained with these samples is
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FIG. 2. Typical temperature dependence of the resistivity
under pressure for RNiO;. Arrows indicate 7y at ambient
pressure. Pressures correspond to the p(7) curve from top to
bottom.

lower than that of a single-crystal film for the correspond-
ing RNiO; compound. The setup for measuring p(7) under
pressure has been described elsewhere [11] and the mea-
surement of magnetic susceptibility was carried out in a
SQUID magnetometer (Quantum Design). The members
of the RNiO; family were selected to cover phases with
Néel temperatures Ty < Ty and Ty = Ty

A monotonic decrease of Tpy with pressure and with
increasing radius of the R3" ion is clearly visible in Fig. 2.
The insulator-metal transition at Ty stays well above room
temperature in EuNiO3; and GdNiOs, but it falls down to
280 K in SmNiOj; under a pressure P = 28 kbar and below
50 K at 26 kbar in NdNiOs. However, no obvious anomaly
in p(T) can be seen at the Ty < Ty determined from the
magnetic susceptibility for R = Smg sNdy 5, Sm, Eu, and
Gd. In contrast, spin ordering creates a remarkable anom-
aly in p(T) of the Mott insulators LaTiO5 [15] and LaVO;
[16]. Spin ordering normally alters the energy gap of a
magnetic insulator; therefore, the anomaly in derivative
F =dlInp/d(1/T) is widely used to track a magnetic
transition temperature. As illustrated in Fig. 3, the function
F(T) exhibits clearly an anomaly at the Ty of SmNiO; as
determined by the inverse susceptibility. However, the
transition temperature can be defined more precisely by
the sharp minimum of dF/dT; this more precise definition
was used to track the pressure dependence of Ty for our
RNiO; samples.

Figure 4 shows the pressure dependence of Ty for the
RNiO; samples. For R = Gd, Eu, and Sm, Ty increases
linearly with pressure and dTy/dP increases with the
size of the R3T ion. However, the largest dTy/dP,
which is found for R = Sm, is restricted to P < 15 kbar;
at higher pressures, dTy/dP drops sharply to near zero.
Smg sNd, sNiO5 has its Ty close to Ty as can be seen in
Fig. 1, and a moderate pressure P = 3 kbar makes Tyy
overlap Ty. Observations of a pressure-independent Ty for
P = 3 kbar in this composition and the change of dTy/dP
under P = 15 kbar in SmNiO; reflect how Ty approaches
to Tyy- It should be noted that the insulator-metal transition
at Ty creates a large change in F(T) near Ty, which
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FIG. 3 (color online). Temperature dependence of the resistiv-
ity p, inverse magnetization M~!, the function dInp/d(1/T),
and its derivative for SmNiO; at ambient pressure.
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FIG. 4. The pressure dependence of Ty for RNiO; (R =
Nd, sSmg s, Sm, Eu, Gd) and of Ty/Tyy for NdNiOs. The unit
of dInTy/dP is 1073 (kbar) L.

makes the anomaly in F(T) at Ty < Ty diminish to the
noise level as Ty approaches Tp. Therefore, the Ty ob-
tained for SmNiO; at highest pressure may reflect an
interference from the F(T) anomaly at Ty On the other
hand, it should be pointed out that the plateau in Ty versus
P for SmNiOs is lower than that in Smg;Nd, sNiO3 by a
ATy = 10 K. This observation could indicate that Ty is
more sensitive to hydrostatic pressure with a single A-site
cation than with disordered R, _ R/, Pressure lowers Ty of
SmNiO; significantly so that it makes 7y saturate at a
relatively low temperature. As is also shown in Fig. 4 for
NdNiOj, Ty = Ty decreases with hydrostatic pressure,
and the hysteresis p(T) at Ty indicates that the first-order
character becomes more pronounced as Tpy = Ty de-
creases below 200 K.

Since Ty is clearly related to the bond length and angle
determined from neutron diffraction as shown in Fig. 1, it
is useful to check whether models for a homogeneous
phase are applicable to results presented in Fig. 4. In order
to extract the bandwidth dependence of the magnetic-
exchange interaction from the pressure dependence of
T, we introduce the Bloch rule [17]. This empirical rule
relates dTy/dP and the volume compressibility d InV /dP;
the Bloch rule ay = (dInTy/dP)/(dInV/dP) = —3.3 has
been found to hold for most antiferromagnetic insulators.
The Néel temperature Ty is proportional to the nearest-
neighbor spin-spin exchange interactions,

Ty ~J~b[U™" + (240)71], (1)

where the electron-energy transfer integral b enters the
tight-binding bandwidth W = 12b. The critical assump-
tion to make the Bloch rule applicable is that the on-site
Coulomb energy U and the charge-transfer gap A entering
the expression for the superexchange and semicovalent-
exchange interactions remain constant under pressure. The
assumption appears to be violated in LaMnO; where an

anomalously high |ap| was found [18]. In contrast, the
Bloch rule holds roughly for isostructural RMnO; (R =
Pr, Sm) [19] where a further reduction in the Mn-O-Mn
bond angle enlarges W, — W, where W, is the critical
bandwidth for crossover.

The bandwidth dependence of Ty in an orthorhombic
perovskite can be obtained by using the first-order approxi-
mation [20] W ~ cosw/(Ni-0)>3 where the definition of
the angle w is shown in Fig. 5. This approximation has
been applied by Medarde er al. [21] in the case of
PrNiO;. High-resolution neutron-diffraction data [22-
26] on the RNiO; family make possible the new phase
diagram of transition temperatures versus W or W2, A
relatively small change of the bandwidth for the whole
family of RNiO; perovskite makes the plots of Ty versus
W and versus W? similar. However, the latter plot is shown
in Fig. 5 in order to test the relationship of Eq. (1). We
highlight two important features of this phase dia-
gram: (1) Ty varies linearly with the square of the band-
width, W2, for the RNiO; perovskites having Ty < Tim
and (2) although the absence of structural data for
Smg sNd, sNiO; makes us tentatively place its Ty and
T on linear extrapolations from the other insulators of
RNiO; (R = Sm, Eu, Gd), the change in W2 from the
insulator phase of SmgsNd,;NiO5 to metallic NdNiOs is
significantly greater than that found for similar R3*-ion
changes either among the insulator compositions or the
metallic compositions within the orthorhombic phase. A
large gap of W? between the insulator phase and the
metallic phase corresponds to an unusually low bulk mod-
ule in Nd, 5Sm sNiO3 [27]. Moreover, in light of Fig. 5, it
becomes necessary to reevaluate phase diagrams for sys-
tems exhibiting a transition from localized to itinerant
electronic behavior.

The linear relationship of Ty versus W? in Fig. 5 for the
magnetic insulator phase of RNiO; (R = Sm, Eu, Gd) is
accounted for qualitatively by Eq. (1), which was obtained
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FIG. 5. The phase diagram of transition temperatures vs band-
width W? at room temperature. Ty and Ty are taken from
Refs. [23,25,29,30]. Lines inside the figure are guides to the
eyes. Inset: definition of the angle w used to obtain W ~
cosw/(Ni-0)37.
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from higher-order perturbation theory, since the tight-
binding theory gives W ~ b. The large uncertainty in deter-
mining the volume compressibility of RNiO; makes it
difficult to check the Bloch rule. However, the magnitude
of dInTy/dP, a dominate factor in the Bloch coefficient,
falls into a range 2.1-2.5 X 1073 (kbar) ™! for ionic mag-
netic insulators [14]. Therefore, the dInTy/dP = 2.8 X
1073 (kbar)~! and 3.0 X 1073 (kbar)~! found in GdNiO;
and EuNiO; of Fig. 3, respectively, confirms quantita-
tively that the Bloch rule holds marginally for the insulators
RNiO; given a constant compressibility « = 0.68 (kbar) !
holds for a wide range of magnetic insulators [14]. The
high population of ionic bonds in the insulator phase with
T > Ty appears to play an important role to keep U from
collapsing globally. The remarkable increase of d InTy/dP
to 4.11 X 1073 (kbar) ! found in SmNiOs, however, may
signal a reduced U in the framework of the perturbation
formula, a change that reflects the approach to crossover
from the insulator phase to the metallic phase. The
dInTy/dP = 0 found in Smy5Nd,sNiO; and in SmNiO;
under P > 15 kbar is absolutely not justified by the per-
turbation theory. As a matter of fact, a clear de-
viation of Ty in Smg sNdj sNiO; from the linear relation-
ship shown in Fig. 5 supports the conclusion that the
perturbation formula breaks down at a composition be-
tween SmNiO; and SmgsNdy;NiOs. On the other hand,
a giant magnitude of d InT/dP = —281 X 1073 (kbar)~!
for NdNiO; reflects a discontinuous volume change at
Tn = Ty This value is comparable to that obtained pre-
viously [9].

These observations lay down some guidelines for under-
standing the electronic state of RNiO;. By using photo-
emission spectroscopy, Vobornik et al. [28] have demon-
strated a sharp difference in the spectral properties between
the insulator phase with Tty > Ty and that with Ty = Ty.
The spectral weight is transferred continuously from the
Fermi energy to higher binding energy on lowering the
temperature through Ty, for the phase with Ty =Ty
whereas it has no change for the phase with T > T. A
sharp difference of dTy/dP between the phase with Ty <
Tv and the phase with Ty = Ty is consistent with the pho-
toemission results. More importantly, a dramatic change of
Tx(P) near the phase boundary reveals how the electronic
state evolves at the crossover, i.e., Ty = Tp. The isotope
effect on Ty is another parameter used to characterize the
two phases. A giant coefficient dInTyy/dInM for the
phase with Ty = Ty suggests that electron coupling to
lattice vibrations may be an important factor causing the
perturbation theory to break down as Ty = Ty is ap-
proached under pressure from the phase with Ty <Tpy.

In conclusion, the insulator phase in RNiOj; is not a
classic Mott insulator, but an inhomogeneous phase that
has been characterized by neutron diffraction, RXS, and
EXAFS. Models such as the perturbation theory of the
superexchange interaction and the Bloch rule for the ho-

mogeneous system have been shown to be nearly fulfilled
in the inhomogeneous magnetic insulator phase. As the
insulator-metal transition is approached, the phase shows
a much steeper pressure dependence of Ty(P) than pre-
dicted by the Bloch rule that is followed by a pressure-
independent T. These findings place a clear constraint on
models describing the evolution of the superexchange
interaction at the crossover from localized to itinerant
electronic behavior at least in the case of a perovskite
with an orbital degeneracy.
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