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Structural Aspects of Metamagnetism in Ca,_,Sr,RuQOy:
Evidence for Field Tuning of Orbital Occupation
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The crystal structure of Ca,_,Sr,RuO, with 0.2 = x = 1.0 has been studied by diffraction techniques
and by high resolution capacitance dilatometry as a function of temperature and magnetic field. Upon
cooling in zero magnetic field, the crystal structure and the octahedra shrink along the ¢ direction and
elongate in the a and b planes, whereas the opposite occurs upon cooling at high field (x = 0.2 and 0.5).
These findings yield evidence for an orbital rearrangement driven by temperature and magnetic field,
which accompanies the metamagnetic transition at low temperature. The temperature and magnetic-field
dependencies are found to be governed by the same energy scale.
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The phase diagram of Ca,_,Sr,RuQO, possesses quite
different end members with the superconductor Sr,RuQO,
[1] and the antiferromagnetic Mott insulator Ca,RuQO, [2—
5]. For small Ca content the RuOg octahedrons exhibit a
c-axis rotation (space group I4,/acd), and for higher Ca
content (x < 0.5) an additional octahedron tilt around an
in-plane axis occurs (space group Pbca) [6]. These dis-
tortions, through reduction of the hybridization, imply
smaller band widths, which enhance the correlation effects
[7]; in addition, there may be a change in the Madelung
potentials. For Sr content lower than 0.2, Mott localization
finally occurs.

Remarkable physical properties are found in compounds
in the metallic regime but close to localization, 0.2 < x <
0.5. At T ~ 2 K, samples with x ~ 0.5 exhibit a magnetic
susceptibility a factor of 200 higher than that of pure
Sr,Ru0O, [8]. In addition, the linear coefficient in the
specific heat is exceptionally high, of the order of C/T ~
250 mJ/mole K? [8,9], well in the range of typical heavy
fermion compounds. For Sr concentrations lower than x =
0.5, the magnetic susceptibility at 2 K, measured in a low
field, decreases with decreasing Sr content and concom-
itant increasing tilt [S]. In this concentration range the low-
temperature low-field magnetization is small compared
with the extrapolation from both high temperature and
high Sr concentration. However, a metamagnetic transition
occurs in these compounds at low temperature yielding a
high-field magnetization for x = 0.2, which actually ex-
ceeds that for x = 0.5 [8]. A similar metamagnetic tran-
sition has been reported for Sr;Ru,O; [10], where the
related quantum critical end point has been proposed to
cause remarkable transport properties.
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The role of the orbital degrees of freedom is well docu-
mented for the metal-insulator transition and the insulating
phases in the Ca-rich 214 ruthenates [3,11], but much less
is known about the impact of the orbital occupation in the
metallic part of the Ca,_,Sr,RuO,-phase diagram. By de-
tailed structural analyzes we show that the variety of
physical phenomena in metallic Ca,_ Sr,RuO,—in par-
ticular, the metamagnetic transition—is associated with a
tunable orbital occupation of the 1,, levels.

Single crystals of Ca,_,Sr,RuO, were grown by a float-
ing zone technique in image furnaces at Kyoto University
(x = 0.2, 0.62 and 1.0) and at Université Paris Sud (x =
0.5) following the technique described in [12]; a powder
sample of Ca; gSry,RuO, was prepared at Universitit zu
Koln [13]. Single crystal neutron diffraction experiments
were performed on the lifting counter diffractometer 6T.2
at the Orphée reactor in magnetic fields up to 7 T. Using the
GEM diffractometer at the ISIS facility, powder diffraction
patterns were recorded in fields up to 10 T. Thermal
expansion and magnetostriction were studied in magnetic
fields up to 14 T [14].

The thermal expansion was determined on the single
crystals of compositions, x = 0.2, 0.5, 0.62, and 1.0; see
Fig. 1. In all samples, we find qualitatively identical
anomalies occurring at low temperature; however, these
are by far the strongest in Ca;gSry,RuQO,. There is a
shrinking of the ¢ axis and an elongation of the RuO,
plane at low temperature. In contrast to these low-
temperature anomalies, the thermal expansion at higher
temperature is qualitatively different within the series.
Whereas all high-temperature effects may be explained
by structural arguments [15], the thermal-expansion
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FIG. 1 (color online). Temperature dependence of the inte-
grated relative length changes (a),(b) and the thermal-expansion
coefficients (c),(d) for different Sr concentrations: (a),(c) and
(b),(d) refer to the in-plane and c directions, respectively.

anomalies at low temperature must have an electronic
origin. The expansion coefficients exhibit extrema below
10 K, defying an explanation by anomalous phonon
Griineisen parameters, since there are no optical or zone-
boundary modes in the energy range of 1 meV and below.
Instead, the electronic Griineisen parameter at low tem-
perature appears to be extraordinarily large.

The thermal-expansion anomalies have been confirmed
by diffraction techniques for Ca;gSry,RuQO, analyzing
both orthorhombic in-plane directions independently; see
Fig. 2. The low-temperature expansion upon cooling is ob-
served along both in-plane directions, whereas the a and b
directions show a different thermal expansion at higher
temperature due to the tilt-induced and temperature-
dependent orthorhombic distortion. The low-temperature
anomalies are thus not directly related to the tilt distortion.
Nevertheless, the fact that all features are strongest in the
sample with strongest tilt distortion suggests a pronounced
coupling.

For Ca;gSry,RuQy,, there is clear evidence that the
anomalous structural behavior at low temperature is ac-
companied by anomalies in the magnetic and electronic
properties. First, the flattening of the octahedrons at low
temperature is accompanied by a strong reduction of the
in-plane electric resistivity. Second, the magnetic suscep-
tibility deviates from Curie-Weiss behavior in this tem-
perature range, presenting a maximum at about 8 K [4,5].
Third, the specific heat ratio C,,/T also exhibits a maxi-
mum at about 5 K, very close to those in thermal expansion
[8,16]. One has to conclude that the structural anomaly in
Ca, gSry,Ru0Oy is associated with an electronic crossover
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FIG. 2 (color online). Lattice parameters as a function of tem-
perature and magnetic field. Left column: temperature depen-
dence of the orthorhombic lattice parameters in Ca; gSrj,RuO,
determined with a laboratory x-ray diffractometer and the GEM
diffractometer at ISIS. Middle column: magnetic-field depen-
dence of the lattice parameters obtained by neutron diffraction
on GEM at 0.35 K. Right column: magnetic-field dependence of
the RuO-bond lengths; the octahedron gets clearly elongated in
the magnetic field (7 = 0.35 K).

governed by a characteristic temperature of the order of
T* ~ 6 K. In Ca, 5Sr;5RuQ,, there is a similar though
much weaker effect in the in-plane resistivity [4] and a
comparable increase in C), /T upon cooling to about 1 K
[8,16]; the related reduction of the low-temperature mag-
netic susceptibility seems to be hidden by its normal low-
temperature increase. It appears that the characteris-
tic temperature 7 of the electronic crossover clearly
seen in Ca; gSrg,RuQ, shifts to much lower values in
Ca; 551y sRuO,. We may conclude that the anomalous
temperature dependencies of transport and magnetic prop-
erties are associated with the flattening of the lattice occur-
ring upon cooling.

The response to the metamagnetic transition in
Ca; ¢Sry,RuO, was studied by neutron diffraction (see
Fig. 2), by the measurement of the magnetostriction [14]
[Figs. 3(a) and 3(d)], and by heat capacity studies
[Fig. 3(e)] [16]. In the magnetostriction experiment [see
Figs. 3(a) and 3(d)], the field was oriented along the ¢
direction and the length change was recorded parallel to the
field. The metamagnetic transition is clearly seen at 7 T
leading to an enhancement of the ¢ axis by g, = ALT(B) ~
6 X 10™%. The structural change at the metamagnetic tran-
sition is coupled to changes in magnetization and electrical
resistivity. On one side, as shown in Figs. 3(a)—3(c), mag-
netization, length change, and c-axis magnetoresistivity
scale with each other. On the other side, the field derivative
of the elongation corresponding to the magnetostriction
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FIG. 3 (color online). Comparison of the magnetic-field de-
pendencies in Ca; gSry,RuQy: (a) the longitudinal magnetostric-
tion . = AL/L for a field along the [001] direction, (b) the
magnetization for fields along [110] and [001] directions (note
that the metamagnetic transition depends on the orientation of
the field), (c) the magnetoresistivity along the [001] direction,
(d) the field derivative of the magnetostriction data of part (a),
(e) the field derivative of the magnetization and the linear co-
efficient of the specific heat C—T” at T = 0.4 K [16], and (f) the in-
plane longitudinal magnetoresistivity. Resistivity, magnetoresis-
tivity, and magnetization data were taken from Refs. [4,5,8].

and that of magnetlzatlon show a similar field depen-
dence as the in-plane magnetoresmtwlty. Also the specific

heat over the T ratio at low temperature, - % [16] increases
around the critical field but much less than . All these
observations indicate that Ca; gSry,RuOy, transns between
two different magnetic instabilities or ground states. The
entities of the left side of Fig. 3, c-axis elongation, mag-
netization, and c-axis resistivity, reflect the change in the
ground state, whereas specific heat and the in-plane resis-
tivity reflect the enhanced fluctuations at the metamagnetic
transition. Indeed, inelastic neutron scattering has recently
revealed strongly enhanced magnetic fluctuations of in-
commensurate character in Ca,_, Sr,RuO, for x ~ 0.5
[17], which are different from those in pure Sr,RuO, [18].
The close relation between the metamagnetic transition
and the temperature driven crossover in Ca;gSry,RuQO,
can further be seen in their characteristic energy scales:
the characteristic temperature 7 ~6 K~ 0.5 meV and the
critical field B, ~7 T ~ 0.4 meV are of the same order.
Close to x = 0.5 the characteristic energy scale appears to
be much smaller; therefore, the electronic crossover is less
pronounced and the metamagnetic transition is shifted
towards lower fields. The critical field indeed decreases
when enhancing the Sr content from x = 0.2 to 0.4 [8].
The comparison of the thermal-expansion coefficients
measured with and without magnetic field is shown in
Fig. 4 for Ca,; 4Sry,RuO, and Ca, 5SrysRuQ,4. The pro-

Temperature (K)

FIG. 4 (color online). Thermal expansion (top row) and inte-
grated length changes (bottom row) determined at different
magnetic fields. The left and right parts present data for
Ca,; gSry,RuO, and Ca;5SrysRuO,, respectively. Data were
taken parallel to the field applied along the c¢ direction (left
and middle columns) and along the RuO, planes (right column).

nounced shrinking along the ¢ direction in zero field is
successively suppressed by the field and turns into a
low-temperature elongation at fields larger than 6 T. In
contrast, the effect observed along the RuO, planes in
Ca, 551y sRuO, changes from a low-temperature elonga-
tion into a low-temperature compression at high fields.
These measurements illustrate once more how closely the
temperature-dependent crossover and the metamagnetic
transition are related.

In the diffraction experiment the metamagnetic transi-
tion is smeared out due to the random orientation of the
grains with respect to the field [8]. However, the overall
magnetostriction remains clearly visible; see Fig. 2.
Crossing the transition into the high-field phase we find a
shrinking along both in-plane directions and an enhance-
ment along the ¢ direction. The absolute value of the
magnetostriction along c agrees well with the dilatometer
result. The structural distortion occurring upon cooling in
zero field may be suppressed and even be inverted by
applying a high field at low temperature. From the neutron
powder diffraction data, we may deduce that the crystal
structure remains essentially unchanged with the field. In
particular, there is no evidence for superstructure reflec-
tions which would appear or disappear with magnetic field.
By measuring the tilt superstructure reflection on a single
crystal with the lifting counter diffractometer 6T.2 at the
Orphée reactor, we can precisely determine the tilt angle
reduction to only 3% (under a field of 7 T), in agreement
with the powder diffraction study. The powder diffraction
experiments, however, show that the structural change at
the metamagnetic transition is directly related to the elon-
gation of the RuOg octahedron; see Fig. 2. The relative
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increase of the Ru-O2 bond, % ~ 14 X 10™* is larger
than that of the c-axis parameter, ~6 X 10~%. Note that the
error bars in Fig. 2 refer to the absolute precision of the
bond length; the relative precision is much higher.

The flattening of the RuOg octahedrons upon cooling
and the elongation under magnetic field resemble the ef-
fects observed across the metal-insulator transition in
Ca,Ru0O, [6]. However, in Ca,RuQ,, the changes are
about a factor 40 larger than the temperature effect and
still a factor 15 larger than the magnetic-field effects in
Ca, gSry,Ru0,. Nevertheless, the structural anomalies in
Ca,; gSry,RuO, are associated with the same electronic
effect; in all cases the effects in the Ru-O-bond lengths
are stronger than those in the lattice parameters. At zero
field, the d,, orbital energy is lowered upon cooling com-
pared to those of the d,, and dyZ orbitals. Consequently, a
transfer of electrons from the one-dimensional bands of d,,
and d,, character into the planar y band of d,, character
occurs similar to observations in pure Ca,RuQO, [11] (for
notation, see [19]). Upon increasing magnetic field, the
opposite effect occurs—electrons move into the d,, and
d, orbitals. In Ca, gSry,RuO, and related materials, the
orbital occupation is hence tuned by temperature as well as
by magnetic field.

One may ask why the essential change of the physi-
cal properties in Ca; gSry,RuQOy is related with structural
effects so much smaller than those occurring in other
ruthenates such as Ca,RuQO, [6] or LayRu,0, [20]. This
strong sensitivity can be related to the presence of two
almost degenerate magnetic instabilities, which, however,
remain dynamic and do not yield static ordering [17].

Metamagnetism in Ca; ¢Sty ,RuO, and in Sr;Ru,0; was
discussed on the basis of itinerant and of localized elec-
tron models [10,21]. For the Ca,_,Sr,RuO, compounds, a
full localization of only one of the #,, orbitals was as-
sumed, but this scenario is debated [21,22]. A localized or
nearly localized band explains the extraordinary large
electronic Griineisen parameter due to the resulting high
density of states (DOS) near the Fermi level. The orbital
rearrangement in this picture corresponds to a rearrange-
ment between nearly localized and metallic bands. The
physical properties of the Ca,_,Sr,RuO, ruthenates
strongly resemble those of LiV,0,4 [23,24] or those of
typical heavy fermion compounds. In particular, there is
a striking similarity with CeRu,Si,, which also exhibits a
comparable electronic specific heat coefficient, a meta-
magnetic transition, and two competing magnetic insta-
bilities [25]. But in CeRu,Si,, the states with local char-
acter arise from the Ce-4f states, whereas both local and
itinerant states are associated with the 4d orbitals in
Ca,_,Sr,O,. The van Hove singularity (vHs) in the y
band formed by the d,, orbitals and the related DOS
peak [19] might be another key element for metamagnet-
ism in Ca; gSry,RuQy, since it appears to be very sensitive
to the Sr content [7,26]. The orbital rearrangement in

Ca,_,Sr,RuO, described above will change the position
of the vHs in respect to the Fermi level and thereby its
relevance for ferromagnetism.

In conclusion, we find strong anomalies in the tempera-
ture and the field dependence of the crystal structure in
Ca,_,Sr,Ru0Q, (0.2 < x <0.5), demonstrating the role of
the orbital degrees of freedom in the metallic part of the
Ca,_,Sr,RuO4-phase diagram. The 7,, orbital occupation
appears to be tuned by Sr concentration, temperature, and
external magnetic field.
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