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Prospects for quantum criticality in perovskite SrRhO;
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Density-functional studies of the perovskite structure SrRla@ 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 erigrgythat 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 SrREhear a quantum critical point, and that the properties are
substantially affected by quantum critical fluctuations.
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Magnetism is much less common ird4and 5 com-  enhanced. The Wilson ratio was reported toRyg=8.6 and
pounds than in 8 and 4f materials because the on-site the Kadowaki-Woods ratio roughly 100 times the usual
Stoner and Coulomb parameters are lower, while the bandralue. Although complicated by possible impurity contribu-
widths tend to be larger, both because of the more extenddibns and the polycrystalline nature of the samples, the tem-
nature of 41 and & orbitals relative to the @ case. How- perature dependenggT) was found to be unusual with an
ever, when it does occur it may be more interesting tharupturn at low temperatures and could not be reasonably fit
typical 3d magnetism. In particular, the more extended ac-using standard forms consistent with the specific heat. Fur-
tive orbitals make it much more likely for intinerant electron thermore, the lattice specific heat indicated that SrRiv@s
physics to play an important role in such materials. Thisoddly soft, having a considerably lower Debye temperature
leads to interesting physics, such as strong coupling to latticthan the corresponding ruthenate.
degrees of freedom and soft longitudinal magnetic degrees of Here density-functional calculations are reported for
freedom, especially on the borderline between ferromagSrRhG; using the full experimental crystal structure. A very
netism and paramagnetism. The discovery of unconventionaloft ferromagnetic ground state is found as well as flat bands
triplet superconductivity in the layered perovskiteBuQ,, near the Fermi energ§, that couple to the magnetism. As
presumably mediated in some way by magneticinthe ruthenate magnets?a very large oxygen contribution
fluctuations}~* has lead to a renewed interest in such oxidesto the magnetic moments is found. In light of experimental
especially with perovskite-derived structures, and in particudata for this compound, it is suggested that SrREhear a
lar their magnetic properties. Recently, unconventional suguantum critical point, and that the properties are substan-
perconductivity has been discovered in a number of comtially affected by quantum critical fluctuations.
pounds near quantum critical points when clean samples The calculations were done within the local spin-density
were studied at low temperatute® This leaves open the approximationLSDA) using the general potential linearized
question of how close SRuQ, is to a critical point and what augmented plane-wavéAPW) method!® Well-converged
role if any this plays in its triplet superconductivity. Besides basis sets consisting of approximately 630 LAPW functions
increasingly detailed characterization, one way to approachper formula unit, plus additional local orbitals to treat the
this question is by studying related perovskite metals neahigh-lying semicore states and relax linearization errors,
magnetism. Unfortunately, outside the ruthenates, magnetismere employed®!’ Core states were treated relativistically,
is rather rare in 4 and 5 perovskite metals. The nearby Rh while valence states were treated in a scalar relativistic ap-
compounds are difficult to synthesize. NonethelesgRBD,  proximation. The Brillouin-zone integrations during the self-
and, recently, SrRhQhave been synthesized and studiedconsistent iterations were done using the spekiploints
experimentally =12 Although it is clearly demonstrated that method. This was based on 144 speé&igloints in the irre-
Sr,RuQ, does occur in the ided/mmmstructure, SRhQ,  ducible wedge for the 20-atom orthorhombic cell and 364
does not, but rather shows an orthorhombic distortfoii. specialk-points in the irreducible wedge for the five-atom

SrRhQ, is perhaps more interesting. Yamaura andideal perovskite cell. Convergence of the results with respect
Takayama-Muromachi synthesized the compound and rde zone sampling was checked by performing self-consistent
ported an x-ray Rietveld refinement of the crystal structurecalculations with various densities kfpoints.
finding the usual distorted perovskite GdRe@®nma (No. Within an ionic picture of octahedrally coordinated“Rh
62) structure, with a substantial rotation of the oxygenions, one expects a band structure showing crystal-field-split
octahedrd? They found it to be a metal with no evidence for 4d orbitals. The lower-lying ;4 manifold should contain five
long-range magnetic ordering down to 1.8 K. Their investi-electrons(one hol¢ per Rh, while the higher-lying, mani-
gations of transport, susceptibility, and specific heat infold should be unoccupied. In fact, the band structure is not
SrRhG, show remarkable properties. Starting with low- conveniently described in this way since the Rhahd O 2
temperature properties of this metal, the electronic specificstates are very strongly hybridized. This is similar to what
heat coefficienty is moderately large, but th&? resistivity ~ was found earlier for STRuQ' The band structure for ideal
coefficientA and susceptibilityy(0) are disproportionately cubic perovskite SrRh§) done at the same volume per Rh as
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FIG. 1. Non-spin-polarized valence-band structure of SrRinO
the ideal cubic perovskite structufsee text

the actualPnma structure, is shown in Fig. 1. The corre-
sponding electronic density of statd30S) is given in the 6
upper panel of Fig. 2. As may be seen, there are no clear gap
between the ionic levels. The valence-band structure may be
described as follows: The bottom, starting at approximately @, |
—8 eV (relative to Eg) is mainly O p derived but has a =
bonding Rhey—0O p,, character. The corresponding antibond-
ing 4 bands are abovEg . This is followed by a region of
nonbonding O bands<6 eV to —2 eV), then hybridized

Rh t,,—O p, bands from approximately-2 eV to just
aboveE, . .

The bands aroun&g then are Rht,, derived, but have Og ' w

significant O character as well. This is quite similar to E(eV)
SrRu@, though of course in SIRhCE is closer to the g

maximum at theR point. What is different is a rather pro- SrRhG; in the ideal cubic perovskite structufep) and the experi-
nounced flatness of the band structure arobipdit the zone  antalpnmaorthorhombic structuréottor). The dotted lines are

boundary, as is seen, for example, in the band-structure plge Rhd contributions as defined by projection within the Rh
along theX-M line. This gives rise to a pronounced peak in | Apw sphere, radius 2.05 bohr.

the DOS neaEr . The value of the DOS at the Fermi energy
for this idealized cubic structure N(Eg)=7.8 eV ! on a L . .
per formula unit, both spins basis. This is sufficient to causé’nIy modest orthorhorgblllcz:lty in the Ferr211|1/2\/eI00|t|es. The
a Stoner instability. This is clearly seen from the fact that thefalculated values argy)™*=8.5x 10°, (vp)'?=9.0x10P,
fixed spin moment energy decreases with moment around tHRNd (v5)*?=8.2x1¢° cm/s, with thea, b, and ¢ axes as
zero moment(paramagnetic point. The calculated LSDA given in Ref. 12. As in the ideal structure, there is a peak in
spin moment is 1.2ig with an energy gain of 38 meV, both the DOS arouncEg, though it is broader. This resulting
per formula unit. This implies an unambiguously ferromag-value, N(Eg)=5.4 eV ! per formula unit, is 30% lower
netic ground state for the ideal cubic perovskite structure. than for the ideal cubic structure, but is still high enough to
The spin moment clearly shows the inadequacy of thdead to Stoner ferromagnetism within the LSDA, as is evi-
ionic model. The maximum spin moment intg manifold  dent again from the fixed spin moment calculation.
with one hole is g ; the larger value here is the result of  The LSDA spin moment is 08 per formula unit, just
hybridization and the overlap of the nominally, ande,  slightly less than the maximum ofuds imposed by the gap
manifolds. The non-spin-polarized electronic structure forat the top of the,, manifold. The corresponding energy gain
the experimentaP nmastructure is qualitatively similar. The with respect to the non-spin-polarized case is 11 meV per
DOS is given in the lower panel of Fig. 2. Besides the ex-formula unit. It is remarkable that of this only 023, i.e.,
pected broadening of sharp features due to orthorhombicitiess than 60%, is contained in the Rh LAPW sphgaelius
and narrowing of the main manifolds due to reduced hop2.05 bohy, while each O sphergadius 1.55 bohr contains
ping, one may note a gaentered at-1 eV) between the approximately 0.4g. Considering the compactness of the
top of the nominallyt,q manifold and the higher conduction Rh atomicd orbitals as compared to the sphere radius, one
bands. may regard the interstitial contribution 6f0.1ug as mainly
Although the crystal structure is orthorhombic, the elec-O derived as well, so that in this compound more than 40%
tronic structure nedEr is reasonably isotropic, e.g. showing of the spin moment is associated with O. This is an extraor-

FIG. 2. Non-spin-polarized electronic density of states of
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dinarily high number, even larger than in the perovskite ru- TABLE I. Calculated LSDA structural, electronic, and magnetic
thenates. According to the arguments of Ref. 14, this shoul@arameters for SrRhfor the idealized cubic structuf€UB), the
bias the magnetism of this compound towards ferromagexperimentaanma structure (EXP), and the partially relaxed
netism. structure(REL, see text Velocities are in cm/s, while other quan-
In order to check this ferromagnetic tendency, LSDA Cal_tities are per fgrmula l_Jnit. The Ferm_i-surface.-related guantities are
culations were performed for a hypotheti@type (rocksalt 0" ("€ non-spin-polarized casioy is the spin moment per for-
ordering antiferromagnetic structure. Simple antiferromag-mLIIa unit, Mgy i the part in the Rh LAPW sphere, ant, is the

. . o . 2 part in the three O LAPW spheres.
netic superexchange couplings, as in insulating perovskites

such as CaMng lead to this type of ordering, in which all CUB EXP REL
nearest neighbors are antiferromagnetically aligned. Further

more, it is quite likely that if the material was antiferromag- O1, 0.4990 0.477
netic but theG-type ordering was not the ground state, anti-O1, 0.0587 0.074
ferromagnetic interactions strong enough to disrupt thed2, 0.2825 0.290
ferromagnetic state would lead to a metastable low-energp2, 0.0366 0.038
G-type state. Calculations were done for both the relaxe®2, 0.7088 0.710
LSDA structure(see below and for the experimental struc- N(Eg) (ev™1) 7.8 5.4 6.0
ture. However, no stabl€-type antiferromagnetic state was (212 (10° cmy/s) 13.8 8.5 8.7
found. In both structures, applications of a staggéBetype  (,,2)2 (10f cm/s) 13.8 9.0 8.5
anuferromagnetlc “field” of 5 mRy to the Rh LAPW spheres (v2)12 (10P cm/s) 13.8 8.2 8.5
resulted in induced moments within the Rh spheres of On%mm (128) 127 0.91 0.78
O.15_uB/Rh (cf. O.4?,_uB/Rh in thg gquillibrium, uncon- (0 0.73 0.51 0.42
strained ferromagnetic ground stgatandicating that the ma- Mo (g) 0.39 0.30 0.25

terial is not close to this antiferromagnetic state. This under-
scores the itinerant nature of the ferromagnetism predicted
within the LSDA. ) ) ) . .
Besides antiferromagnetism, another possible explanatiodd therefore inclusion of these in the calculation, while
for the experimental nonobservation of ferromagnetism demore realistic, would slightly degrade agreement with ex-
spite its LSDA prediction is that the orbital and spin mo- Perimeni.
ments might nearly cancel. This is known to happen in cer- On the other hand, determination of atomic positions re-
tain actinide (5) systems, where the spin-orbit coupling is quires an analysis of the intensities of the x-ray pattern, usu-
large on the scale of the hopping that leads to band formaally done via a Rietveld method. Ford4oxides, the rela-
tion. However, it seems quite unlikely to be the case in aively small atomic number of O relative to the metal atoms
well-hybridized 4 oxide such as SrRhO means that O contributes relatively little to the scattered in-
In view of the differences between the calculations for thetensity and this often makes accurate determinations of the O
experimental structure and the idealized cubic structure, it ipositions difficult. The Rh positions in thenma structure
clear that there is non-negligible magnetoelastic coupling irare fixed by symmetry, and are therefore the same in both
this material. Unfortunately the calculated LSDA forces onmethods. As mentioned, an LSDA determination of the O
the O atoms with the experimental structure were not verypositions is expected to be more reliable in the present com-
small. The largest force is 0.028 Ry/bohr—a number that igpound than the experimental result to date. This expectation
significantly larger than the expected accuracy of LSDA calis based on the calculated forc&s SrRhO; behaves like
culations. On the other hand, experimental crystal structurether perovskite oxides, one may anticipate that LDA O co-
determinations are typically more reliable than theoreticabrdinates would be accurate to 0.1 A, or bétt@n the other
determinations based on the LSDA. In oxides with heavyhand, it is likely that the experimental Sr positions are better
metal atoms, refinements by x-ray diffraction may yield in-than can be obtained in the LSDA. Accordingly, the O coor-
accurate O positions because of the relatively weak scattedinates were relaxed using the LSDA forces, holding the Sr
ing of x rays by light atoms. This is a point that was madeposition and lattice parameters fixed at the experimental val-
early on in the context of perovskite structures by Jona andes. A similar approach was found useful for the structure of
co-workers:® Considering the relative accuracies of LSDA PbZrQ;, although in that case the structure was more com-
calculations relative to x-ray structure refinement, the x-rayplicated and a neutron refinement was kndWwrf This point
lattice parameters, b, andc are clearly much more reliable of view is supportedg posterioriby the fact that, after relax-
than could be determined in the LSDA. These, unlike theng the O positions in this way, an LSDA force of approxi-
internal atomic coordinates, can be determined from the pomately 0.007 Ry/bohr remains on the Sr—below the LSDA
sitions of the peaks in the x-ray scattering. The present locakeliability and also much smaller than the LSDA force on the
density approximatiofLDA) calculations of the equilibrium Sr for the unrelaxed experimental structure. The resulting
volume of SrRhQ@ in the ideal cubic perovskite structure structure parameters are given in Table |, along with other
give an effective lattice parameter=3.89 A, i.e., 1.1% information. Of particular note is the fact that the magnetic
smaller than the effective experimental pseudocubic latticénstability remains, with an equilibrium spin moment of ap-
parameter(N-B- the octahedral rotations that characterizeproximately 0.8.5/Rh, although the magnetic energy is re-
the GdFeQ structure are volume lowering in perovskites duced to 4 meV/Rh. As a test, a calculation was done for the
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10 - T T - L T T found in other compounds known experimentally to be near
H quantum critical point§*3°

Density-functional theory is, in principle, an exact
ground-state theory. It should, therefore, correctly describe
the spin density of magnetic systems. However, common ap-
proximations to the exact density-functional theory, such as
the local spin-density approximatioi.SDA) and general-
ized gradient approximatiofGGA), neglect Hubbard corre-
lations beyond the mean-field level, with the well-known re-
sult that the magnetic tendency of strongly Hubbard
correlated systems is often underestimated. Overestimates of
magnetic tendencies, especially in the LSDA, are very much
. . . . . ; . . less common. Another type of correlation that is missed in
02 04 06 O-ir?n w )1 12 14 16 18 these approximations is quantum spin fluctuations. This is

8 because the LSDA and GGA are parametrized based on elec-

FIG. 3. LSDA fixed spin moment energy as a function of spin tron gases with densities typical for atoms and solids. How-
magnetization per formula unit for SrRpQising the ideal cubic ever, the uniform electron gas is very far from magnetism in
perovskite structurgbottom curve, the experimentaPnmastruc-  this density range. In solids near quantum critical points, the
ture (middle curve, and the relaxed®nmastructure(top curve. result is an overestimate of the magnetic moments and ten-

dency toward magnetisiti.e., misplacement of the position

of the critical poinj due to neglect of the quantum critical
LSDA relaxed structure, including spin orbit in a secondfluctuations?®*” While a very large number of compounds
variational step, and keeping all other computational paramdisplaying failures of the LSDA due to neglect of Hubbard
eters the same. Although the equilibrium spin moment decorrelations exists, only a very few cases showing LSDA
creased by 0.Q5g/Rh with the inclusion of spin orbit, the failures due to neglect of quantum critical fluctuations are
LSDA prediction of a ferromagnetic ground state remained.known.

The fixed spin moment energy as a function of the spin To summarize, the present LSDA calculations show that
moment per formula unit is shown in Fig. 3 for the ideal STRhG; has a very soft ferromagnetic ground state. Assum-
cubic perovskite structure, and the experimental and LSDANg that the LSDA relaxed crystal structure is close to the
relaxedPnma structures. These calculations were done ustrue structure, as seems likely, the energy of the ground state
ing the standard fixed spin moment technique in which thds only 4-meV below the non-spin-polarized case. This lon-
total energy and constraining field are calculated as a funcditudinally soft ferromagnetic state is a consequence of the
tion of the Constrained ferromagnetic mom%ﬂ'he sharp Iatt|Ce diSt.OI‘tion .from the |dea| CUbiC Stl’U(?ture. |f Ser’]O
increase in the energy apd; for the Pnmastructures is due did occur in the |d¢al perovskite structure it would be a ro-
to the gap in the band structure abdge. This yields a fixed bustly ferromagnetic metal such. as Sr%u@urthermore, as
spin moment energy versus magnetization that is reminiscer{(‘ay be seen from the. low F.e"“' velocities and heavy bands,
of NaCo,0;, where the energy also decreases with momen erromagnetic fluctuations will strongly affect transport prop-

up to a gap and then increases strongly, and where the LSD. rties. This is very much like what was found fogBr,0;,

. . . . z%though in that material the LSDA magnetic energy was
a_llso predicts aferromagn_enc ground state, while SXPENMERtund to be larger on a per transition metal bdsiFhus
finds a strongly renormalized paramagnetic meta. non-Fermi-liquid behavior in transport properties should be

Returning to the ruthenates, where, as mentioned, triplef,coapie in SrRhQIN the range where quantum magnetic
superconductivity occurs, SRuG, is a paramagnetic metal, g,cations are active. The question then is the size of that
whose basic ground-state properties are apparently well dgggion. According to recent semiquantitative theoffe¥ the
scribed by density-functional calculatioffs” although the ey parameters are the softness of the LSDA ferromagnetic
strength of certain incommensurate antiferromagnetic flucstate against longitudinal fluctuatiorisharacterized by the
tuations are possibly overestimafécht the other end point  fixed spin moment curjeand the region of the Brillouin
of the Ruddlesden-Popper series, SrRiga robustly ferro-  zone where the soft magnetic fluctuations can occur. Making
magnetic metd*®whose ground state is apparently also wellthis quantitative requires knowledge of an unknown cutoff,
described in density-functional calculatiofi$® The inter-  that roughly divides the soft quantum fluctuations, not in-
mediate bilayer compound §Ru,O; is a strongly enhanced cluded in the LSDA, from harder fluctuations that are in-
paramagnetic metdf,which shows a metamagnetic quantum cluded in the LSDA. However, it appears that SrRhdoes
critical point under applied field¥. Density-functional satisfy the conditions for having significant quantum critical
calculationd®>*3incorrectly predict that this compound is fer- fluctuations, and comparing the LSDA ferromagnetic ground
romagnetic with a sizable moment of @.8/Ru and substan- state with the experimental result, it would seem that these
tial magnetoelastic couplintf. This overestimate of the mo- must be present. Considering the heaviness of the band struc-
ment in density-functional calculations is characteristic of ature, these should be observable in transport. As such it
material subject to large quantum critical fluctuations, and isvould be very interesting to make detailed measurements of

E (meV/A.u.)
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