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Using high-resolution neutron powder diffraction we have shown that in Sr,RuQO, the onset of supercon-
ductivity is not accompanied by long-range structural distortions. This is in marked contrast to the isostructural
copper-containing layered perovskites and points toward a more conventional superconducting mechanism. We
have observed a structural response to the metal-to-insulator phase transition near 100 K.

The recent discovery of superconductivity in Sr,RuO,
(T.=0.93 K) (Ref. 1) provides clear evidence of supercon-
ducting behavior in a noncuprate oxide with the K,NiF,
structure. Understanding the relationship between this ruth-
enate and the high-T', family of cuprates might point toward
the peculiarities of the latter. It is of particular interest that in
Sr,RuO, a second-row transition metal is in the B site and
that the spin state is S=1 (low spin, 4d*), as opposed to the
S=1/2 (3d°) in the cuprates. Examining these differences in
the electronic structure of isostructural compounds might ad-
dress the question why copper is so special with regard to
superconductivity.

Across the first-row transition metal series, initially the
high-spin ions show a decrease in ionic radius for a given
valence, which is due to changes in the crystal-field stabili-
zation and the increased nuclear charge Z. As the high en-
ergy e, orbitals are being populated, their antibonding char-
acter leads to a reversal of this trend and longer metal-to-
oxygen distances are the result. The second- and third-row
transition metals are generally low spin ions and no interrup-
tion of the ionic radius contraction is observed.

For further comparison, the first-row S=1 Ni?" (high
spin, 3d®) layered perovskites appear not to be supercon-
ducting, nor does the second-row S=1/2 rhodium analog
(low-spin, 4d°) Sr,RhO,.! Another interesting difference
between the first- and second-row transition metal containing
compounds is the defect accommodation. Oxides of the type
Ln,MO, with the K,NiF, structure containing first-row tran-
sition metals such as M =Co?*, Ni?*, Cu?" are readily hole
doped via intercalation of excess oxygen or by heterovalent
substitution on the A site (e.g., by Sr** or Ba** for Ln**).
In the case of Ru** the electroneutrality of the Sr,O, rock-
salt layer does not encourage the intercalation of excess oxy-
gen. Thus the cuprates are insulating unless they are hole
doped, whereas the ruthenate is intrinsically a poor metal or
superconductor. In the cuprates, electronic states at the Fermi
level are induced by hole doping; in the ruthenates, these
states arise as a result of decreased electron correlations. Un-
fortunately, in the case of the ruthenate it seems that T, is in
the vicinity of 1 K, 20—-50 times lower than the correspond-
ing doped K,NiF,-type cuprates.

In the case of La, ,Ba,CuQO, the resistivity is strongly
influenced by low-temperature structural phase transitions.
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According to Maeno et al.,! x-ray investigations of the low-
temperature structure of Sr,RuO, down to 5 K did not show
any evidence of structural changes. Detailed structural data
near T, (~1 K) are therefore highly desirable to establish
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FIG. 1. Rietveld refinement plots of Sr,RuQ, at room tempera-
ture and 0.35 K. For details see text.
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TABLE I. Crystallographic parameters of Sr,RuQ, at various temperatures refined in the space group I4/mmm (No. 139, International

Tables for Crystallography).

Temperature a c Temperature a c
295 K 3.87100(9) 12.7397(4) 12K 3.86122(9) 12.7214(4)
x y z B(1,1) B(22) B(3,3)
St 0 0 03526(4) 03(1) 031 0.6(2)
St 0 0 03526(3) 0.6(1) 06(1) 0502 Ru 0 0 0 0.0(1) 0.0(1) 0.603)
Ru 0 0 02(1) 02(1) 0.9(3) o1 12 0 0 002 052 0.1(2)
o1 12 0 0 05(2) 04(2) 1002 02 0 0 016334) 04(1) 04(1) 0.103)
02 0 0 0.16204) 071) 0.7(1) 0.4(3)
8K  3.86132(8) 12.7218(4)
200 K 3.86656(8) 12.7323(3)
St 0 0 035294) 03(1) 0371 0.6(2)
St 0 0 035253) 05(1) 05(1) 0202 Ru 0 0 0 0.0(1) 0.01) 0.6(3)
Ru 0 O 0 01(1) 0.1(1) 03() ol 12 o 0 0.0(2) 0.8(2) 0.0(2)
o1 12 0 0 0.1(2) 00(2) 0.8(2) 02 0 0 016344 051 051) 0.1(3)
02 0 0 01615@4) 0.6(1) 06(1) 0302
6K  3.86145(7) 12.7220(3)
150 K 3.8644(1) 12.7256(5)
St 0 0 03526(3) 03(1) 031 0602
St 0 0 035214) 0.4(1) 04(1) 0.4(3) Ru 0 0 0 0.0(1) 0.0(1) 0.5(3)
Ru 0 0 03(2) 032 0.0(3) o1 12 0 0 002) 072 0.1(2)
o1) 12 o 0 0.02) 072 0.1 02 0 0 016334) 04(1) 04(1) 0.1(3)
02 0 0 0.16334) 04(1) 04(1) 0.103)
44K 3.86135(7) 12.7216(3)
100 K 3.8630(1) 12.7240(4)
St 0 0 03524(3) 04(1) 04Q1) 0.702)
St 0 0 035243) 04(1) 04(1) 0.7(2) Ru 0 O 0 0.1(1) 0.1(1) 0.7(2)
Ru 0 0 01(1) 0.1(1) 0.7() o1 12 o 0 00(2) 0.6(2) 0.1(2)
o1 12 o 0 0.02) 06(2) 0.1(2) 02 0 0 016353) 05(1) 051) 0203)
02 0 0 016353) 0.5(1) 051 0203)
035K 3.86111(7) 12.7217(3)
50K 3.86229(9) 12.7229(4)
St 0 0 035333) 01(1) 0.1(1) 0.50)
St 0 0 035273) 03(1) 03(1) 042 Ru 0 O 0 0.0(1) 0.0(1) 042
Ru 0 0 0 02(1) 02(1) 03(3) o1 12 0 0 0.0(2) 0.72) 02(2)
o1 12 o 0 02(2) 0202 042 02 0 0 0.16283) 04(1) 04(1) 0.02)
02 0 0 016194) 04(1) 04(1) 0303)

similarities or differences with copper-containing layered
perovskites. Sr,RuO, shows a pronounced anisotropy of the
normal-state resistivity: The resistivity in the RuO, plane
Par is ~107* Q cm perpendicular to it p.~4X1072
Q) cm. The electronic anisotropy characterized by the ratio of
p./pap is ~220 at room temperature and increases to
~850 at 2 K. Near T~130 K p. exhibits a crossover from
nonmetallic to metallic behavior.! A careful search for a
small structural variation associated with the metal-to-
insulator transition would provide valuable insights into its
origin which is thought to be purely electronic.

We performed low-temperature neutron powder diffrac-
tion measurements below and above T, using the high-
resolution neutron powder diffractometer at the High Flux
Beam Reactor at Brookhaven National Laboratory. The in-
strument offers a resolution of Ad/d~5X10"* at a wave-
length of 1.8857 A. The unique design of the vertically fo-
cusing monochromator is based on using Ge(115) wafer

stacks>® where each wafer was deformed to obtain the de-
sired anisotropic mosaic and then reassembled to 24 stacks.
These were independently focused onto the sample position
to provide a symmetrical peak profile at an optimized reso-
lution and flux. The detector array is made out of 64 3He
detectors separated by 2.5° in 26.

The data were refined using PROFIL, a Rietveld refine-
ment program written by J. K. Cockcroft (University of Bir-
beck, U.K.). Refined crystallographic parameters are pro-
vided in Table I. The room temperature parameters agree
well with those of a single crystal x-ray study published by
Walz and Lichtenberg* as well as with the results of Rietveld
refinements of neutron powder diffraction pattern by Huang
et al’ and Neumeier et al.® The low-temperature structural
data are also similar to the data at 13 and 10 K presented by
Huang et al.’ and Neumeier et al.,° respectively.

On cooling no change in the symmetry of the unit cell
could be detected. Two neutron powder diffraction patterns
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FIG. 2. The variation of the equatorial and axial Ru-O distances as a function of temperature
in the RuOg octahedra of Sr,RuQO, as a function of temperature. 3.205
The ratio of these two distances is a measure of the D, distortion. [ ]
]
3.2045 [ 3
3.294 |- e
are presented in Fig. 1, one at room temperature and the [
second at 7=0.35 K. The extra peaks present in the 0.35 K 3.2935 - 7
are due to the aluminum heat shields in the 3He/*He cry- b
ostat. The tick marks indicate the positions of the allowed 3.203 |- ]
Bragg reflections in space group 14/mmm; the lower curve is . ]
the difference between observed and refined intensities. 3.2925 - ]
It is apparent from the results presented in Table I that the ;
a lattice constant contracts by roughly twice as much as ¢ 3292 - ]
when cooling down to 0.35 K. This leads to an anisotropic
squashing of the RuOg octahedra: the four equatorial Ru- 3.2915 - ]
O(1) are shortened as the apical Ru-O(2) are elongated by
the same amount as the shortest Sr-O(2) distance is reduced. s ) 1‘0 oo 1000

The net result is a tighter octahedral packing and an in-
creased tetragonal distortion of the RuOg octahedra. This
D, distortion of the octahedra can be accompanied by tilt-
ing at low temperatures, as is the case in other layered per-
ovskites structures such as La, ,Sr,CuO,. It has been
shown that some phase transitions due to octahedral tilts are
continuous so that the resulting low-temperature structure
can be determined by irreducible representations of the high-
temperature space group. The librational phonon modes in-
volved transform accordingly and correspond in many cases
to soft modes that condense at the phase transition. In the
case of Sr,Ru0, !, the D, distortion is enhanced when cool-
ing and no first-order structural phase transition is observed.
There is a clear enhancement of the D, distortion around
100 K. Figure 2 shows that while the equatorial Ru-O(1)
distance continues to decrease and then levels off near 10 K,
the apical Ru-O(2) distance increases after the transition into
the metallic state. In a simple angular overlap model the
D, distortion of the RuOg octahedra causes the low-lying

Temperature (K)

FIG. 3. The variation of the lattice constants and the c/a ratio of
Sr,RuQ, as a function of temperature.

t,, orbitals to be split into two groups. Increasing the tetrag-
onal distortion when cooling by elongating the apical Ru-
O(2) distance will perturb the d,, and d,, orbital more than
the d,, orbital. The ratio of the two ruthenium-to-oxygen
distances in the RuOg4 octahedra is a crude approximation of
the energetic difference of the two ¢,, levels created by the
D, distortion. This can lead to an effective charge transfer
from the d,, and d,, levels into the d,, level. Cava et al.’
have investigated the insulator-to-metal transition in
Sr,Ir; _,Ru, Oy, solid solutions and found that the ratio of the
lattice parameters c/a increases with increasing Ir concentra-
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tion. At an Ir concentration of roughly 0.3 (x=0.7) there is a
noticeable change in slope. This critical concentration coin-
cides with a maximum in the Curie moment per formula unit.
Above 70% Ru concentration the local moment falls off dra-
matically and in pure Sr,RuO, virtually no localized mo-
ments are left. Thus the increase of the c/a ratio in
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Sr,Ru0, (Fig. 3) on cooling appears to mimic this behavior
and can be associated with a transition from a localized to
itinerant electronic state near 100 K.
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