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We study the magnetic transition in StRuOs, the only itinerant 4d ferromagnet, employing x-ray absorption
fine structure study and state-of-the-art band-structure calculations. Both experimental and theoretical results

reveal an unusual evolution of the local structural parameters around the spectator element, Sr, across the
magnetic transition. Interestingly, such evolution of the Sr-related bonds nucleate at a temperature, 7*, higher
than the magnetic transition temperature, indicating the presence of a precursor effect. Contrary to common
belief, these results point to the active role played by the Sr ion in the magnetostructural coupling present in

this compound.
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I. INTRODUCTION

Perovskite structured oxides of general formula ABO; at-
tracted a great deal of attention followed by the discovery of
exotic properties such as high-temperature superconductivity,
giant magnetoresistance, etc.! The crystal structure of
SrRuOj; forming in perovskite derived structure is shown in
Fig. 1. The electronic and magnetic properties of these com-
pounds are determined by the BOg units shown by the
shaded units in the figure. The A-site elements, sitting in the
void between corner-shared BOg units are generally believed
to provide cohesion in the lattice without direct involvement
in the properties of the material. Recent studies of 4d
transition-metal oxides such as ruthenates, however, appar-
ently exhibit exception to this common belief. For example,
SrRuOj is the only ferromagnetic 4d transition metal oxide
(T-=165 K) (Ref. 2) despite the fact that Ru possesses simi-
lar correlation-induced moment in all its composites.> On the
other hand, a similar compound, CaRuO; does not show
long-range ferromagnetic order*~® and exhibit possible non-
Fermi-liquid behavior.”

Evidently, the observation of varied magnetic ground state
in ruthenates does not follow the conventional wisdom that
attributes the role of nonmagnetic ions such as Sr, Ca located
at A sites as spectators. The conventional wisdom, though
seems justified from the perspective of electronic structure;
the alkaline earths at A sites contribute negligibly to the den-
sity of states at the Fermi level, €7.%'%!! Thus, the anomalous
experimental observation appears apparently puzzling. Re-
cent band-structure calculations* and x-ray photoemission
study,'' however, indicate significant covalency between
A-site elements and oxygen that introduces orthorhombic
distortions.!? It, therefore, seems natural to A-O covalency
and consequent changes in the structural parameters to be
linked to their varied physical properties observed in these
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systems which needs attention.!»'* The magnetovolume

effect’> observed in SrRuO; and not in CaRuO; points to a
definite role of structure on magnetism in these compounds.

In this paper, we study the evolution of the structural pa-
rameters of STRuO; and associated disorder as a function of
temperature using x-ray absorption fine structure (XAFS)
study.'® Element specificity of XAFS makes it best suited to
resolve the structures selectively around different atoms, viz.,
magnetic Ru and nonmagnetic Sr. We corroborate our experi-
mental findings in terms of state-of-the-art band-structure
calculations. Our XAFS results exhibit anomalous thermal
evolution of Debye-Waller factors (DWFs) associated to Sr-
related bonds across the magnetic transition. The structural

FIG. 1. (Color online) Crystal structure of SrRuO; forming in
perovskite structure. RuOg units are shown by shaded octahedra. Sr
atoms which sit in the hollow formed by corner-shared RuOg units,
are shown by big circles. The oxygen atoms at the apical positions
of the RuOg octahedra are labeled as O1 and those at the plane are
labeled as O2.
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evolution for individual RuOg octahedra, on the other hand,
is found to follow the usual trend expected due to thermal
expansion/contraction without showing any anomalous be-
havior across the magnetic transition. This is in contrast to
the previous observations of magnetoelastic effects and
distortion-mediated magnetic transitions in various other
compounds, all involving the magnetic ions.!”!® Interest-
ingly, such thermal evolution nucleates at a temperature,
T* higher than the Curie temperature revealing a possible
precursor effect.

The remainder of the paper is organized as follows. Sec-
tion II includes the details of the experimental measurements
carried out in this study. In Sec. III, we present the method-
ology and the details of the computations carried out in this
study. Section IV describes our obtained results along with
the discussions. Section V provides the conclusion.

II. EXPERIMENTAL DETAILS

High-quality sample of StRuO; was prepared in the poly-
crystalline form following solid-state reaction route as de-
scribed elsewhere.!” Good crystalline quality was confirmed
by x-ray diffraction (XRD) and various bulk measurements.
For example, the magnetic susceptibility measurements ex-
hibit a ferromagnetic transition at 165 K, the highest found
so far in various studies using samples both in single crys-
talline and polycrystalline forms. This establishes good qual-
ity of the sample. In order to perform XAFS measurements,
the sample was further ground to 5 um particle size and
pasted on scotch tape. XAFS data at Sr K edge (16.105 keV)
and Ru K edge (22.117 keV) were collected at the undulator
beamline of MRCAT (Materials Research Collaborative
Access Team), Advanced Photon Source, USA.2> The
temperature-dependent measurements (10-300K) were per-
formed in transmission using a Displex cryostat. The data
were processed using ATHENA and the structural parameters
were fit using FEFF8 and FEFFIT packages.?!

III. CALCULATIONAL DETAILS

The structural optimization was carried out in the pres-
ence and absence of magnetism in terms of nonspin-
polarized and spin-polarized calculations using the plane-
wave-based pseudopotential framework of density-functional
theory (DFT) as implemented in Vienna ab initio simulation
package (VASP).?> The exchange-correlation functional was
chosen to be that of generalized gradient approximation. The
optimized geometries were obtained by full relaxation of the
atomic positions and the lattice constants. The spin-orbit in-
teraction at Ru site was included in the calculations in scalar
relativistic form as a perturbation to the original Hamil-
tonian. The positions of the ions were relaxed toward equi-
librium until the Hellmann-Feynman forces become less than
0.001 eV/A. We used projected augmented wave? poten-
tials and the wave functions were expanded in the plane-
wave basis with kinetic-energy cutoff of 500 eV. Reciprocal-
space integration was carried out with a k mesh of 6X6
X 6. A k mesh of 6 X6X6 gives rise to 64 k points in the
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FIG. 2. (Color online) Fourier transform of the k2-weighted
XAFS data at different temperatures at (a) Ru K edge and (b) Sr K
edge.

irreducible part of the Brillouin zone, which was found to be
sufficient to achieve convergence.

The Wannier functions were computed using the down-
folding technique within the framework of muffin-tin orbital
(MTO) based Nth-order MTO (NMTO) (Ref. 24) method.
The reliability of the calculations in the plane-wave and
muffin-tin orbital basis sets has been cross-checked.

IV. RESULTS AND DISCUSSIONS

The Fourier transform of the k*-weighted XAFS data,
x(r) at Ru, and Sr K edges are shown in Fig. 2. To reduce the
uncertainties in fit parameters, the data sets for different tem-
peratures were fit simultaneously constraining the coordina-
tion number for each bond to be common between the data
sets. Other parameters, viz., bond length and DWF were al-
lowed to vary.?> All the fits showed excellent fit quality (R
factor <0.005).2! In Fig. 2(a), we observe that the peaks at
Ru K edge increases gradually with the decrease in tempera-
ture. However, those at St K edge shown in Fig. 2(b) exhibits
anomalous temperature evolution. Most notable changes are
observed in the vicinity of 3.5 A. Moving from high tem-
perature to low temperature, the spectral function at 200 K is
found to be almost identical to the one at 300 K indicating no
change in structural parameters within this temperature
range. The spectral function begins to change below 200 K,
changes being most significantly across the magnetic transi-
tion. This is evident by comparing the changes in spectral
functions between 140 and 130 K, and those between 200
and 300 K and between 80 and 10 K.

The Ru-O bond parameters and DWFs were best fit for
k'-weighted Fourier transforms of the Ru K-edge data over
the range of 2.5-13 A~!. The derived Ru-O bond lengths as
well as DWFs are shown in Fig. 3(a). The Ru-O bond length
does not exhibit significant change with temperature, the av-
erage values being about 1.945 A, the small increase may be

094440-2



EVIDENCE OF ACTIVE ROLE PLAYED BY THE...

1.96} (a) Ru-0 (©)
I 15
1.95 —
Lo %
1.94 05
12.0
3.92}(b) Ru-Ru (d)

6.0

3.88

Bondlength (A )

100 200 300 100 200 300
Temperature (K)

FIG. 3. (Color online) Temperature dependence of the bond
lengths (left column) and corresponding Debye-Waller factors (right
column) for the structural units around Ru sites.

related to the thermal expansion. The DWF corresponding to
Ru-O bonds are shown in Fig. 3(c), which show a very low
static value. Increase in temperature leads to a small and
gradual rise in magnitude of DWF demonstrating rigidity of
the Ru-O octahedra.

The higher shell peaks at Ru K edge include contributions
from (i) Ru-Sr scattering appearing between 2—3 A, (ii)
Ru-Ru and Ru-O-Ru multiple-scattering (MS) contributions
appearing between 3—4 A. For fitting MS paths, their bond
lengths and coordination number were parametrized for an-
gular dependence.'*?® The result corresponding to Ru-Ru
bond length is shown in Fig. 3(b), the temperature-induced
effect is very similar to that observed in Fig. 3(a). Interest-
ingly, the static value of the Ru-Ru DWF shown in Fig. 3(d)
(Ref. 27) is larger than that of Ru-O bonds.

The results obtained from Sr K-edge data are shown in
Fig. 4. The immediate neighborhood around Sr consists of a
wide distribution of O atoms at different bond lengths be-
tween 2.45 and 3.11 A. This is reflected as bimodal distri-
bution [e.g., O1 and O2 in Fig. 2, where O1 and O2 are
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FIG. 4. (Color online) Temperature dependence of the bond
lengths (left panel) and corresponding DWF (right panel) for the
structural units around the Sr site. The solid line in the bottom-most
right panel represents the calculated Debye-Waller factor from cor-
related Debye model corresponding to the Debye temperature of
525 K.
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out-of-plane and in-plane oxygen (see Fig. 1) of the RuOg
octahedra, respectively] in the Fourier-transformed XAFS
data. The neighbors farther out are Ru and Sr. The O and
Sr/Ru parameters were best fit for k'- and k3-weighted Fou-
rier transforms of the Sr K-edge data over the k range
32-12.5 A1

The results at Sr K edge are shown in Fig. 4. The thermal
evolution of the bond lengths shown in the left panel of Fig.
4, though nonmonotonic, is negligible (within the uncertain-
ties of the analysis). On the other hand, the Debye-Waller
factors shown in the right panel of Fig. 4 evolve significantly
with temperature. This brings out the essential observation of
this study. For example, (i) DWF corresponding to all the
bonds (Sr-O, Sr-Sr, and Sr-Ru) show anomalous thermal
evolution in the sense that all the changes are highly non-
monotonic and occur across a temperature range around 7'
as marked by shaded region in Fig. 4. The change is most
profound in the case of Sr-Sr bonds. (ii) The thermal evolu-
tion of DWF deviate from the standard model of phonon
evolution (e.g., correlated Debye Model), as shown by solid
line in the bottom-most right panel of Fig. 4. The DWF was
calculated using correlated Debye model in FEEF6 and as-
suming reported values of Debye temperature for this com-
pound. The Debye model captures the thermal phonon con-
tributions (both acoustic and optic modes) in a solid. Thus, a
deviation from correlated Debye model suggests important
contributions such as Jahn-Teller (JT) distortion, polaron for-
mation, etc., which are beyond the consideration of this
model. A similar deviation found in manganites in an earlier
study'® was attributed to the Jahn-Teller type of distortions.
While Jahn-Teller type of distortions may be applicable to
parameters related to Ru-O bonds, it may be ruled out for
Sr-Sr bond. Thus, the deviation from the Debye model ob-
served in the present case, may be attributed to the
magnetization-induced changes in the lattice distortions from
ideal crystal structure. This deviation, therefore, manifests
the importance of Sr in the magnetization of this system.

The relatively less sensitivity of the individual RuOg oc-
tahedron to the ferromagnetic transition is not unexpected
considering the fact that the magnetic moments of 2.7up
observed in the paramagnetic phase does not change signifi-
cantly across the paramagnetic to ferromagnetic transition.>
The “nonmagnetic” Sr atoms, on the other hand, as explained
above, are found to be sensitive to the magnetic transition. In
order to probe the issue of the importance of Sr in magnetism
of this compound further, we have carried out structural op-
timization in the presence and absence of magnetism in
terms of nonspin-polarized and spin-polarized calculations.
The covalency” between occupied O 2p states and the
empty Sr d states, which drives the GdFeO; kind of ortho-
rhombic distortion in SrRuOj;, pulls each O1(02) closer to
one (two) of its four nearest Sr neighbors. This introduces
four nearest neighbors to Sr out of 12 oxygen neighbors in
the cubic phase. In addition, the Sr cube gets distorted mak-
ing one body diagonal shortest. The distortion around Ru,
reflected in the differences of Ru-O bond lengths, includes
the difference of in plane, Ru-O2 and out of plane, Ru-Ol
bond lengths as well as the in-plane Jahn-Teller distortion
which makes four of the Ru-O2 bond lengths divided into
two groups. In Table I, we list the calculated distortion of
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TABLE I. Relative changes in the distortion of Sr-O, Sr-Sr, and Ru-O bonds in absence and presence of

ferromagnetism. For details, see Ref. 30.

Struc. with magn. off

Struc. with magn. on Relative change

(&) (A) (%)
A(Sr-O1) 0.37 0.33 114
A(Sr-02) 0.35 0.31 12.1
A(St-S0)gigg 0.27 0.29 6
A(ST-S1) e 0.07 0.08 13
A(Ru-0) 0.01 0.01 0

Sr-O bond lengths, A(Sr-O), Sr-Sr bond lengths, A(Sr-Sr),
and Ru-O bond lengths, A(Ru-O) for the optimized geom-
etries obtained in absence and presence of magnetic
ordering.° It is evident that while the changes in A(Sr-O1)
and A(Sr-O2) are as big as 11—12 % and that of A(Sr-Sr) are
6—13 %, the distortion of the RuOg4 octahedra remains un-
changed upon switching the magnetism on and off. This
clearly supports the experimental observation of the sensitiv-
ity of Sr-related parameters upon the magnetic transition.
The covalent bonds in this class of perovskite materials
can be visualized by a set of localized Wannier functions for
the occupied O 2p bands.?® For this purpose, we used
NMTO (Ref. 24) based downfolding technique of the con-
struction of Wannier functions. All the degrees of freedom
other than O 2p, have been downfolded to arrive at a truly
minimal basis set that span only the O 2p bands. In Fig. 5,
we show the plot of such Wannier functions centered at one
of the O2 oxygen in the two optimized geometries; one ob-
tained in absence of magnetism and another in its presence.
The central parts of the Wannier functions have the p, char-
acter while the tails exhibit the covalency effect with the
neighboring Ru atoms and Sr atoms. The relatively strong
covalency effect between 4d element Ru and O is seen in
tails shaped as Ru 7,, residing at two neighboring Ru sites,
which remain practically unchanged between two Wannier
functions. The tail sitting at the Sr position with shortest
02-Sr bond length, however, shows significant changes in its
relative weight between the two Wannier functions (shown
by encircled region). It is to be noted here that one should
focus on the relative changes rather than the absolute mag-

FIG. 5. (Color online) Wannier functions of the minimal set of
O 2p NMTOs calculated for optimized geometries with magnetiza-
tion off (left panel) and magnetization on (right panel). The orbital
shapes (constant amplitude surfaces) with = signs are labeled by
red and blue colors, respectively.

nitudes. While the magnitude of Ru-O covalency is much
larger than that of Sr-O covalency, it is the Sr-O covalency
that changes upon switching on the magnetism. The above
experimental and theoretical results, put together, clearly
suggest the sensitivity of Sr on magnetic transition, the mag-
netism being sensed well by Sr via a change in Sr-O cova-
lency.

The importance of O 2p A-site d covalency in determin-
ing the GdFeO; kind of distortions often observed in the
ABOj5 structure was predicted long ago by Goodenough.?!
An extensive series of semiempirical simulations carried out
during last two decades supported this hypothesis.'>?*3% Ab
initio calculations for StRuQOj; also showed that Sr-O cova-
lency plays a significant role in determining the Ru-O-Ru
bond angle and the GdFeO; kind of distortion that the crystal
structure experiences.* The intersite magnetic coupling be-
tween Ru atoms depends on Ru-O-Ru exchange path that
helps electrons to hop from one site to the other and to
couple Ru moments. Therefore, the intersite exchange cou-
pling, which is a sensitive function of Ru-O-Ru bond angle,
is expected to be influenced by the Sr-O covalency. Indeed,
the DFT optimization shows Ru-O-Ru angle to change by
about 3° upon switching on the magnetism. Individual RuOgq
octahedra, on the other hand, plays the role of magnetic cen-
ters and not the mediator of intersite magnetic couplings, and
presumably, therefore, is insensitive to the magnetic order-
ing. One would, though, expect this change in Ru-O-Ru
angle to be reflected in other Ru-related structural parameters
in some way. As mentioned earlier, the peak between 3—4 A
in Ru K-edge spectra has contribution from (i) Ru-Ru single
scattering and (ii) Ru-O-Ru double scattering, etc. Though
the large intrinsic uncertainties (~8°) in angular variation in
backscattering factor for small angles prohibits the extraction
of thermal variation in Ru-O-Ru angle directly from XAFS
data, the larger values of Ru-Ru DWF compared to Ru-O
DWEF hints to this effect.

Further examination of Fig. 4 brings out another interest-
ing point. The magnetism-dependent structural evolution
nucleates already at a temperature about 200 K (the right
edge of the shaded part in Fig. 4), higher than the ferromag-
netic T¢ of 165 K, hinting to a precursor behavior. The ob-
servation of such precursor effect associated to various phase
transitions (e.g., the signature of ground electronic states
such as electron pairs in the case of superconductors,* short-
range order in the case of magnetic systems,>* pseudogap
phase) is a widely discussed topic in the recent day research.
Although numerous studies are available in the literature on
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this topic, the origin of pseudogap phase and/or the tempera-
ture, 7" at which such phase nucleates, is debated. Our re-
sults, discover such a scenario in SrRuOj; associated to its
magnetic transition, thereby suggesting generic nature of
precursor effect associated to various phase transitions and
also establishes its link to structural parameters® indicating a
magnetostructural coupling as has been discussed in the lit-
erature before.! One may note that the possibility of such
anomalous behavior arising from multiple phases leading to
multiple 7’s is ruled out, both from magnetic, XRD mea-
surements and extended x-ray-absorption fine structure (EX-
AFS) fitting.¢

V. CONCLUSIONS

In summary, we investigated the structural evolution
across the magnetic transition in SrRuO; employing XAFS
and band-structure calculations. The Debye-Waller factors
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calculated from the experimental spectra reveal important
role of the nonmagnetic Sr ion in the magnetic transition in
contrast to the conventional wisdom attributing such effects
only to the magnetic ions. This conclusion is consistent with
the results obtained independently from the state-of-the-art
ab initio band-structure calculations. This finding indicates
that the magnetostructural coupling is mediated by the Sr
ion, which normally one would expect to play the role of a
spectator. Furthermore, this interesting phenomenon is found
to occur with the precursor effect associated with the mag-
netic phase transition.
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