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Prospects for quantum criticality in perovskite SrRhO3

D. J. Singh
Center for Computational Materials Science, Naval Research Laboratory, Washington, DC 20375

~Received 29 August 2002; published 21 February 2003!

Density-functional studies of the perovskite structure SrRhO3 are reported using the full experimental
orthorhombic crystal structure as well as a structure with relaxed atomic coordinates. A very soft ferromagnetic
ground state is found as well as flat bands near the Fermi energy,EF , that couple to the magnetism. As in the
ruthenate magnets, a very large oxygen contribution to the magnetic moments is found. In light of experimental
data for this compound, it is suggested that SrRhO3 is near a quantum critical point, and that the properties are
substantially affected by quantum critical fluctuations.
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Magnetism is much less common in 4d and 5d com-
pounds than in 3d and 4f materials because the on-si
Stoner and Coulomb parameters are lower, while the ba
widths tend to be larger, both because of the more exten
nature of 4d and 5d orbitals relative to the 3d case. How-
ever, when it does occur it may be more interesting th
typical 3d magnetism. In particular, the more extended
tive orbitals make it much more likely for intinerant electro
physics to play an important role in such materials. T
leads to interesting physics, such as strong coupling to la
degrees of freedom and soft longitudinal magnetic degree
freedom, especially on the borderline between ferrom
netism and paramagnetism. The discovery of unconventio
triplet superconductivity in the layered perovskite Sr2RuO4,
presumably mediated in some way by magne
fluctuations,1–4 has lead to a renewed interest in such oxid
especially with perovskite-derived structures, and in parti
lar their magnetic properties. Recently, unconventional
perconductivity has been discovered in a number of co
pounds near quantum critical points when clean sam
were studied at low temperature.5–8 This leaves open the
question of how close Sr2RuO4 is to a critical point and wha
role if any this plays in its triplet superconductivity. Besid
increasingly detailed characterization, one way to appro
this question is by studying related perovskite metals n
magnetism. Unfortunately, outside the ruthenates, magne
is rather rare in 4d and 5d perovskite metals. The nearby R
compounds are difficult to synthesize. Nonetheless, Sr2RhO4
and, recently, SrRhO3 have been synthesized and studi
experimentally.9–12 Although it is clearly demonstrated tha
Sr2RuO4 does occur in the idealI4/mmmstructure, Sr2RhO4
does not, but rather shows an orthorhombic distortion.10,13

SrRhO3 is perhaps more interesting. Yamaura a
Takayama-Muromachi synthesized the compound and
ported an x-ray Rietveld refinement of the crystal structu
finding the usual distorted perovskite GdFeO3, Pnma ~No.
62! structure, with a substantial rotation of the oxyg
octahedra.12 They found it to be a metal with no evidence f
long-range magnetic ordering down to 1.8 K. Their inves
gations of transport, susceptibility, and specific heat
SrRhO3 show remarkable properties. Starting with low
temperature properties of this metal, the electronic spec
heat coefficientg is moderately large, but theT2 resistivity
coefficientA and susceptibilityx(0) are disproportionately
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enhanced. The Wilson ratio was reported to beRW58.6 and
the Kadowaki-Woods ratio roughly 100 times the usu
value. Although complicated by possible impurity contrib
tions and the polycrystalline nature of the samples, the te
perature dependencex(T) was found to be unusual with a
upturn at low temperatures and could not be reasonabl
using standard forms consistent with the specific heat. F
thermore, the lattice specific heat indicated that SrRhO3 was
oddly soft, having a considerably lower Debye temperat
than the corresponding ruthenate.

Here density-functional calculations are reported
SrRhO3 using the full experimental crystal structure. A ve
soft ferromagnetic ground state is found as well as flat ba
near the Fermi energy,EF , that couple to the magnetism. A
in the ruthenate magnets,3,14a very large oxygen contribution
to the magnetic moments is found. In light of experimen
data for this compound, it is suggested that SrRhO3 is near a
quantum critical point, and that the properties are subs
tially affected by quantum critical fluctuations.

The calculations were done within the local spin-dens
approximation~LSDA! using the general potential linearize
augmented plane-wave~LAPW! method.15 Well-converged
basis sets consisting of approximately 630 LAPW functio
per formula unit, plus additional local orbitals to treat th
high-lying semicore states and relax linearization erro
were employed.16,17 Core states were treated relativisticall
while valence states were treated in a scalar relativistic
proximation. The Brillouin-zone integrations during the se
consistent iterations were done using the specialk-points
method. This was based on 144 specialk-points in the irre-
ducible wedge for the 20-atom orthorhombic cell and 3
specialk-points in the irreducible wedge for the five-ato
ideal perovskite cell. Convergence of the results with resp
to zone sampling was checked by performing self-consis
calculations with various densities ofk points.

Within an ionic picture of octahedrally coordinated Rh41

ions, one expects a band structure showing crystal-field-s
4d orbitals. The lower-lyingt2g manifold should contain five
electrons~one hole! per Rh, while the higher-lyingeg mani-
fold should be unoccupied. In fact, the band structure is
conveniently described in this way since the Rh 4d and O 2p
states are very strongly hybridized. This is similar to wh
was found earlier for SrRuO3.18 The band structure for idea
cubic perovskite SrRhO3, done at the same volume per Rh
©2003 The American Physical Society07-1
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the actualPnma structure, is shown in Fig. 1. The corre
sponding electronic density of states~DOS! is given in the
upper panel of Fig. 2. As may be seen, there are no clear
between the ionic levels. The valence-band structure ma
described as follows: The bottom, starting at approximat
28 eV ~relative to EF) is mainly O p derived but has a
bonding Rheg–O ps character. The corresponding antibon
ing eg bands are aboveEF . This is followed by a region of
nonbonding O bands (26 eV to 22 eV), then hybridized
Rh t2g–O pp bands from approximately22 eV to just
aboveEF .

The bands aroundEF then are Rht2g derived, but have
significant O character as well. This is quite similar
SrRuO3, though of course in SrRhO3 EF is closer to thet2g
maximum at theR point. What is different is a rather pro
nounced flatness of the band structure aroundEF at the zone
boundary, as is seen, for example, in the band-structure
along theX-M line. This gives rise to a pronounced peak
the DOS nearEF . The value of the DOS at the Fermi energ
for this idealized cubic structure isN(EF)57.8 eV21 on a
per formula unit, both spins basis. This is sufficient to ca
a Stoner instability. This is clearly seen from the fact that
fixed spin moment energy decreases with moment around
zero moment~paramagnetic! point. The calculated LSDA
spin moment is 1.27mB with an energy gain of 38 meV, bot
per formula unit. This implies an unambiguously ferroma
netic ground state for the ideal cubic perovskite structure

The spin moment clearly shows the inadequacy of
ionic model. The maximum spin moment in at2g manifold
with one hole is 1mB ; the larger value here is the result
hybridization and the overlap of the nominallyt2g and eg
manifolds. The non-spin-polarized electronic structure
the experimentalPnmastructure is qualitatively similar. The
DOS is given in the lower panel of Fig. 2. Besides the e
pected broadening of sharp features due to orthorhomb
and narrowing of the main manifolds due to reduced h
ping, one may note a gap~centered at;1 eV) between the
top of the nominallyt2g manifold and the higher conductio
bands.

Although the crystal structure is orthorhombic, the ele
tronic structure nearEF is reasonably isotropic, e.g. showin

FIG. 1. Non-spin-polarized valence-band structure of SrRhO3 in
the ideal cubic perovskite structure~see text!.
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only modest orthorhombicity in the Fermi velocities. Th
calculated values arêva

2&1/258.53106, ^vb
2&1/259.03106,

and ^vc
2&1/258.23106 cm/s, with thea, b, and c axes as

given in Ref. 12. As in the ideal structure, there is a peak
the DOS aroundEF , though it is broader. This resultin
value, N(EF)55.4 eV21 per formula unit, is 30% lower
than for the ideal cubic structure, but is still high enough
lead to Stoner ferromagnetism within the LSDA, as is e
dent again from the fixed spin moment calculation.

The LSDA spin moment is 0.9mB per formula unit, just
slightly less than the maximum of 1mB imposed by the gap
at the top of thet2g manifold. The corresponding energy ga
with respect to the non-spin-polarized case is 11 meV
formula unit. It is remarkable that of this only 0.51mB , i.e.,
less than 60%, is contained in the Rh LAPW sphere~radius
2.05 bohr!, while each O sphere~radius 1.55 bohr!, contains
approximately 0.1mB . Considering the compactness of th
Rh atomicd orbitals as compared to the sphere radius, o
may regard the interstitial contribution of;0.1mB as mainly
O derived as well, so that in this compound more than 4
of the spin moment is associated with O. This is an extra

FIG. 2. Non-spin-polarized electronic density of states
SrRhO3 in the ideal cubic perovskite structure~top! and the experi-
mentalPnmaorthorhombic structure~bottom!. The dotted lines are
the Rh d contributions as defined by projection within the R
LAPW sphere, radius 2.05 bohr.
7-2
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dinarily high number, even larger than in the perovskite
thenates. According to the arguments of Ref. 14, this sho
bias the magnetism of this compound towards ferrom
netism.

In order to check this ferromagnetic tendency, LSDA c
culations were performed for a hypotheticalG-type ~rocksalt
ordering! antiferromagnetic structure. Simple antiferroma
netic superexchange couplings, as in insulating perovsk
such as CaMnO3, lead to this type of ordering, in which a
nearest neighbors are antiferromagnetically aligned. Furt
more, it is quite likely that if the material was antiferroma
netic but theG-type ordering was not the ground state, an
ferromagnetic interactions strong enough to disrupt
ferromagnetic state would lead to a metastable low-ene
G-type state. Calculations were done for both the rela
LSDA structure~see below! and for the experimental struc
ture. However, no stableG-type antiferromagnetic state wa
found. In both structures, applications of a staggeredG-type
antiferromagnetic ‘‘field’’ of 5 mRy to the Rh LAPW sphere
resulted in induced moments within the Rh spheres of o
0.15mB /Rh ~cf. 0.43mB /Rh in the equilibrium, uncon-
strained ferromagnetic ground state!, indicating that the ma-
terial is not close to this antiferromagnetic state. This und
scores the itinerant nature of the ferromagnetism predic
within the LSDA.

Besides antiferromagnetism, another possible explana
for the experimental nonobservation of ferromagnetism
spite its LSDA prediction is that the orbital and spin m
ments might nearly cancel. This is known to happen in c
tain actinide (5f ) systems, where the spin-orbit coupling
large on the scale of the hopping that leads to band for
tion. However, it seems quite unlikely to be the case in
well-hybridized 4d oxide such as SrRhO3.

In view of the differences between the calculations for
experimental structure and the idealized cubic structure,
clear that there is non-negligible magnetoelastic coupling
this material. Unfortunately the calculated LSDA forces
the O atoms with the experimental structure were not v
small. The largest force is 0.028 Ry/bohr—a number tha
significantly larger than the expected accuracy of LSDA c
culations. On the other hand, experimental crystal struc
determinations are typically more reliable than theoreti
determinations based on the LSDA. In oxides with hea
metal atoms, refinements by x-ray diffraction may yield
accurate O positions because of the relatively weak sca
ing of x rays by light atoms. This is a point that was ma
early on in the context of perovskite structures by Jona
co-workers.19 Considering the relative accuracies of LSD
calculations relative to x-ray structure refinement, the x-
lattice parametersa, b, andc are clearly much more reliabl
than could be determined in the LSDA. These, unlike
internal atomic coordinates, can be determined from the
sitions of the peaks in the x-ray scattering. The present lo
density approximation~LDA ! calculations of the equilibrium
volume of SrRhO3 in the ideal cubic perovskite structur
give an effective lattice parametera53.89 Å, i.e., 1.1%
smaller than the effective experimental pseudocubic lat
parameter~N•B• the octahedral rotations that character
the GdFeO3 structure are volume lowering in perovskite
05450
-
ld
-

-

-
es

r-

-
e
y
d

ly

r-
d

on
-

r-

a-
a

e
is
n

y
is
l-
re
l

y
-
r-

d

y

e
o-
l-

e

and therefore inclusion of these in the calculation, wh
more realistic, would slightly degrade agreement with e
periment!.

On the other hand, determination of atomic positions
quires an analysis of the intensities of the x-ray pattern, u
ally done via a Rietveld method. For 4d oxides, the rela-
tively small atomic number of O relative to the metal atom
means that O contributes relatively little to the scattered
tensity and this often makes accurate determinations of th
positions difficult. The Rh positions in thePnma structure
are fixed by symmetry, and are therefore the same in b
methods. As mentioned, an LSDA determination of the
positions is expected to be more reliable in the present c
pound than the experimental result to date. This expecta
is based on the calculated forces~if SrRhO3 behaves like
other perovskite oxides, one may anticipate that LDA O c
ordinates would be accurate to 0.1 Å, or better!. On the other
hand, it is likely that the experimental Sr positions are be
than can be obtained in the LSDA. Accordingly, the O co
dinates were relaxed using the LSDA forces, holding the
position and lattice parameters fixed at the experimental
ues. A similar approach was found useful for the structure
PbZrO3, although in that case the structure was more co
plicated and a neutron refinement was known.19–21This point
of view is supporteda posterioriby the fact that, after relax-
ing the O positions in this way, an LSDA force of approx
mately 0.007 Ry/bohr remains on the Sr—below the LSD
reliability and also much smaller than the LSDA force on t
Sr for the unrelaxed experimental structure. The result
structure parameters are given in Table I, along with ot
information. Of particular note is the fact that the magne
instability remains, with an equilibrium spin moment of a
proximately 0.8mB /Rh, although the magnetic energy is r
duced to 4 meV/Rh. As a test, a calculation was done for

TABLE I. Calculated LSDA structural, electronic, and magne
parameters for SrRhO3 for the idealized cubic structure~CUB!, the
experimentalPnma structure ~EXP!, and the partially relaxed
structure~REL, see text!. Velocities are in cm/s, while other quan
tities are per formula unit. The Fermi-surface-related quantities
for the non-spin-polarized case.mtotal is the spin moment per for-
mula unit,mRh is the part in the Rh LAPW sphere, andmO is the
part in the three O LAPW spheres.

CUB EXP REL

O1x 0.4990 0.477
O1z 0.0587 0.074
O2x 0.2825 0.290
O2y 0.0366 0.038
O2z 0.7088 0.710
N(EF) (eV21) 7.8 5.4 6.0

^va
2&1/2 (106 cm/s) 13.8 8.5 8.7

^vb
2&1/2 (106 cm/s) 13.8 9.0 8.5

^vc
2&1/2 (106 cm/s) 13.8 8.2 8.5

mtotal (mB) 1.27 0.91 0.78
mRh (mB) 0.73 0.51 0.42
mO (mB) 0.39 0.30 0.25
7-3
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LSDA relaxed structure, including spin orbit in a seco
variational step, and keeping all other computational para
eters the same. Although the equilibrium spin moment
creased by 0.05mB /Rh with the inclusion of spin orbit, the
LSDA prediction of a ferromagnetic ground state remaine

The fixed spin moment energy as a function of the s
moment per formula unit is shown in Fig. 3 for the ide
cubic perovskite structure, and the experimental and LS
relaxedPnma structures. These calculations were done
ing the standard fixed spin moment technique in which
total energy and constraining field are calculated as a fu
tion of the constrained ferromagnetic moment.22 The sharp
increase in the energy at 1mB for thePnmastructures is due
to the gap in the band structure aboveEF . This yields a fixed
spin moment energy versus magnetization that is reminis
of NaCo2O4, where the energy also decreases with mom
up to a gap and then increases strongly, and where the LS
also predicts a ferromagnetic ground state, while experim
finds a strongly renormalized paramagnetic metal.23,24

Returning to the ruthenates, where, as mentioned, tri
superconductivity occurs, Sr2RuO4 is a paramagnetic meta
whose basic ground-state properties are apparently well
scribed by density-functional calculations,25–27 although the
strength of certain incommensurate antiferromagnetic fl
tuations are possibly overestimated.28 At the other end point
of the Ruddlesden-Popper series, SrRuO3 is a robustly ferro-
magnetic metal9,29 whose ground state is apparently also w
described in density-functional calculations.14,18 The inter-
mediate bilayer compound Sr3Ru2O7 is a strongly enhanced
paramagnetic metal,30 which shows a metamagnetic quantu
critical point under applied fields.31 Density-functional
calculations32,33 incorrectly predict that this compound is fe
romagnetic with a sizable moment of 0.8mB /Ru and substan
tial magnetoelastic coupling.33 This overestimate of the mo
ment in density-functional calculations is characteristic o
material subject to large quantum critical fluctuations, and

FIG. 3. LSDA fixed spin moment energy as a function of sp
magnetization per formula unit for SrRhO3 using the ideal cubic
perovskite structure~bottom curve!, the experimentalPnmastruc-
ture ~middle curve!, and the relaxedPnmastructure~top curve!.
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found in other compounds known experimentally to be n
quantum critical points.34,35

Density-functional theory is, in principle, an exa
ground-state theory. It should, therefore, correctly descr
the spin density of magnetic systems. However, common
proximations to the exact density-functional theory, such
the local spin-density approximation~LSDA! and general-
ized gradient approximation~GGA!, neglect Hubbard corre
lations beyond the mean-field level, with the well-known r
sult that the magnetic tendency of strongly Hubba
correlated systems is often underestimated. Overestimate
magnetic tendencies, especially in the LSDA, are very m
less common. Another type of correlation that is missed
these approximations is quantum spin fluctuations. This
because the LSDA and GGA are parametrized based on e
tron gases with densities typical for atoms and solids. Ho
ever, the uniform electron gas is very far from magnetism
this density range. In solids near quantum critical points,
result is an overestimate of the magnetic moments and
dency toward magnetism~i.e., misplacement of the positio
of the critical point! due to neglect of the quantum critica
fluctuations.36,37 While a very large number of compound
displaying failures of the LSDA due to neglect of Hubba
correlations exists, only a very few cases showing LSD
failures due to neglect of quantum critical fluctuations a
known.

To summarize, the present LSDA calculations show t
SrRhO3 has a very soft ferromagnetic ground state. Assu
ing that the LSDA relaxed crystal structure is close to t
true structure, as seems likely, the energy of the ground s
is only 4-meV below the non-spin-polarized case. This lo
gitudinally soft ferromagnetic state is a consequence of
lattice distortion from the ideal cubic structure. If SrRhO3
did occur in the ideal perovskite structure it would be a
bustly ferromagnetic metal such as SrRuO3. Furthermore, as
may be seen from the low Fermi velocities and heavy ban
ferromagnetic fluctuations will strongly affect transport pro
erties. This is very much like what was found for Sr3Ru2O7,
although in that material the LSDA magnetic energy w
found to be larger on a per transition metal basis.33 Thus
non-Fermi-liquid behavior in transport properties should
observable in SrRhO3 in the range where quantum magne
fluctuations are active. The question then is the size of
region. According to recent semiquantitative theories,36,37the
key parameters are the softness of the LSDA ferromagn
state against longitudinal fluctuations~characterized by the
fixed spin moment curve! and the region of the Brillouin
zone where the soft magnetic fluctuations can occur. Mak
this quantitative requires knowledge of an unknown cuto
that roughly divides the soft quantum fluctuations, not
cluded in the LSDA, from harder fluctuations that are i
cluded in the LSDA. However, it appears that SrRhO3 does
satisfy the conditions for having significant quantum critic
fluctuations, and comparing the LSDA ferromagnetic grou
state with the experimental result, it would seem that th
must be present. Considering the heaviness of the band s
ture, these should be observable in transport. As suc
would be very interesting to make detailed measurement
7-4
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the transport and thermodynamic properties of SrRhO3 under
applied fields looking for metamagnetic behavior and n
Fermi-liquid scalings.
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