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Magnetic excitations in the metallic single-layer ruthenates Ca,_,Sr,RuQ,
studied by inelastic neutron scattering
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By inelastic neutron scattering, we have analyzed the magnetic correlations in the paramagnetic metallic
region of the series Ca,_,Sr,RuOy, 0.2 < x < 0.62. We find different contributions that correspond to two-
dimensional ferromagnetic fluctuations and to fluctuations at incommensurate wave vectors QllC = (0.11,0,0),

IZC = (0.26,0,0), and fo;} = (0.3,0.3,0). These components constitute the measured response as a function of
the Sr concentration x, of the magnetic field, and of the temperature. A generic model is applicable to metallic
Ca,_, Sr,RuOy close to the Mott transition, in spite of their strongly varying physical properties. The amplitude,
characteristic energy, and width of the incommensurate components vary only slightly as functions of x, but
the ferromagnetic component depends sensitively on concentration, temperature, and magnetic field. While
ferromagnetic fluctuations are very strong in Ca; 33S1p;RuO, with a low characteristic energy of 0.2 meV at
T = 1.5 K, they are strongly suppressed in Ca, §Sry,RuQy, but reappear upon the application of a magnetic field,
and form a magnon mode above the metamagnetic transition. The inelastic neutron scattering results document
how the competition between ferromagnetic and incommensurate antiferromagnetic instabilities governs the

physics of this system.
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I. INTRODUCTION

The family of layered ruthenates has been the focus of
interest since the discovery of superconductivity in Sr,RuOy
(Refs. 1 and 2) whose unconventional nature is still being
investigated. The series Ca,_,Sr,RuOy4, which arises from
Sr,RuQ,4 by substitution of Sr by Ca, exhibits a variety of
exciting phenomena on its own. Although the replacement
of Sr by Ca does not change the number of charge carriers,
the electronic and magnetic behavior is closely coupled to
slight structural changes and varies considerably as a function
of the Sr content x.>* Ca,RuQ, is a Mott insulator and
is antiferromagnetically ordered below 110 K,>® while for
x > 0.18, the ground state is metallic. The strongly enhanced
values of the magnetic susceptibility indicate that the system is
close to a ferromagnetic instability at approximately x = 0.5.
Cay_,Sr,RuO4 samples with x ~ 0.5 exhibit a remarkably
large value of the Sommerfeld coefficient of the specific
heat in the range of heavy-fermion compounds. Moreover,
for 0.2 < x < 0.5, a metamagnetic transition from a state
with low susceptibility, reminiscent of antiferromagnetic
correlations, to a state with high magnetic polarization is
observed.”® The metamagnetic transition is also observed
in the closely related bilayer ruthenate Sr;Ru,07,° where a
discussion about its quantum-critical behavior has generated
further interest. The high concentration dependence of the
ground state in Ca,_,Sr,RuQ, points to a complex interplay
of distinct magnetic correlations. A precise characterization
of the magnetic excitations in the layered ruthenates seems
interesting owing to several reasons: First, ferromagnetic
fluctuations are considered to play an important role in
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the superconducting pairing in Sr,RuOy4. As ferromagnetic
fluctuations are difficult to study in this material, insight can
be more easily gained from the Ca,_,Sr,RuO4 compounds.
In addition, the complex magnetism in Ca,_,Sr,RuQy arises
from the interplay between structural and orbital degrees of
freedom, which is relevant in many transition-metal oxides. An
orbital-selective Mott transition has been proposed to explain
the fascinating magnetism in Ca,_, Sr,RuQy.'°

Before we discuss the experimental findings, we briefly
introduce the general concepts to describe magnetic fluctua-
tions in itinerant magnets, and we summarize previous studies
on magnetic correlations in layered ruthenates, introducing
the magnetic contributions to the magnetic scattering in
Ca,_, Sr,RuQy4 by the aid of an intensity map measured forx =
0.2. We then discuss in separate sections the three antiferro-
magnetic and the ferromagnetic components of the excitation
spectrum in Ca,_, Sr,RuO4 with 0.2 < x < 0.62, and finally
we analyze the effect of magnetic fields on these correlations.

II. NEUTRON SCATTERING ON MAGNETIC
FLUCTUATIONS IN ITINERANT MAGNETS

Magnetic inelastic neutron scattering (INS) measures the
imaginary part of the susceptibility as function of wave vector
and of frequency (energy transfer iw). The cross section is
given by'!

d*o F*(Q)

10 "(Q,w), 1
i%do X T ep(— 22y * @ M

where F(Q) is the magnetic form factor.
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The spin dynamics in itinerant paramagnetic systems such
as the layered ruthenates has the character of fluctuations,
i.e., correlations limited in space and in time, around the
paramagnetic ground state. x” is nonzero in large portions
of Q,w space, and it is the structure inside this excitation
continuum that contains information about the magnetic
interactions.

In principle, one may analytically calculate the susceptibil-
ity x” via the Lindhard function, i.e., by a sum over all possible
excitations of electrons from occupied into empty states, and
by taking into account correlation effects via an additional
interaction parameter (see, for instance, Ref. 12). If this is not
feasible owing to insufficient knowledge about the electronic
band structure, one may still use more general expressions for
x" that are valid near the ferromagnetic or antiferromagnetic
instabilities. Expanding the inverse susceptibility as x,° (1 -
iw/Ty) (see Refs. 12 and 13), the imaginary part of the
susceptibility is conveniently written in the form

ol
Xq 2 + 1—3'

x"(q,0) = (2)

At different g, the frequency spectrum has thus qualitatively
the same form, which frequently is referred to as a “(single)
relaxor” in the literature, and which has its maximum at
w=T,.

Xq isexpressedas X, = 7z —~. The form of I'y depends
on the nature of the magnetic instability, i.e., if it is ferromag-
netic (propagation vector go = 0) or antiferromagnetic (all
qo# 0, i.e., possibly incommensurate). In the ferromagnetic
case, one obtains

T, = Togq(l +&%g), 3)

while in the antiferromagnetic case

Iy = o(1 + £%(q — go0)). O]

The parameters I'y and & depend on the microscopic details
and on how close the system is to the magnetic phase transition.
From the phenomenological point of view, they can be used
to parametrize the magnetic fluctuations in Q,w space in a
convenient and remarkably simple way. & defines the length
scale, which may be regarded as a correlation length, and I'y
defines the energy scale.

The additional factor g in (3) causes I' to vanish forg — 0,
which implies that the shape of x”(g,w), despite its continuum
character, resembles that of a dispersive excitation. (Owing to
its vague resemblance to a magnon in the ordered state, such
an excitation is often called a paramagnon.) In contrast, there
is no dispersive feature in the antiferromagnetic case (4); it is
maximum at (go,l).

An illustration of how the intensity is distributed in both
cases will be given in the context of the discussion of the
experimental results later on (see Sec. VI).

III. SAMPLES AND EXPERIMENTAL ASPECTS

Owing to the limitations by neutron flux and by signal
strength, large samples are necessary to study magnetic
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excitations in layered ruthenates by INS. The experiments
have been performed on single crystals of Ca,_, Sr,RuO,4 with
concentrations x = 0.2 and 0.62, which have been obtained
by a floating zone method at the University of Kyoto and had
masses of 1.9 and 1.8 g, respectively.

Different triple-axis spectrometers have been used: 4F1,
4F2, 1T, and 2T at the LLB, Saclay, IN14, IN12, IN22, and
IN20 at the ILL, Grenoble, and Panda at FRM-II, Garching.
On the thermal neutron spectrometers 1T, 2T, and IN22 we
used a fixed final neutron wave vector k; = 2.662 A" and
graphite filters. On IN20 we have used the newly available
Flatcone multidetector with ky =3 A~! in order to obtain a
mapping of the intensity distribution.'* On the cold neutron
spectrometers (unless otherwise stated) ky has been set to
1.5 A~! and beryllium filters were used to suppress higher
orders. In all cases, focusing monochromators and analyzers
have been employed. Magnetic fields up to 10 T have been
applied using vertical cryomagnets.

In order to access different regions in reciprocal space, the
samples have been mounted either in a [100]-[010] orientation,
i.e., with @* and b* in the scattering plane, or in a [100]-[001]
orientation that gives access to momentum transfers along
c¢*. Here and in the following, the notation is based on a
unit cell that corresponds to that of Srp,RuQy, i.e., a =b =
3.76 A, and ¢ = 12.65 A for x = 0.62 and ¢ = 12.55 A for
x = 0.2. This notation neglects the structural distortions—a
rotation of the RuOg¢ octahedra around the vertical axis and
an additional tilt in the case of x = 0.2 (Ref. 15)—that have
to be described in a larger unit cell (ﬁa V2a 2c¢). Samples
were well characterized by neutron diffraction; in particular,
by regarding characteristic superstructure reflections of the
structural distortions, we can state that the Ca; gSrp,RuO,4
sample was twinned with approximately equal amounts of both
twins. This compound is orthorhombic with a small splitting
of the in-plane lattice constants owing to the tilt distortion.
Furthermore, we verified that the structure corresponds to the
so-called D-Pbca phase and not to the L-Pbca phase, which is in
close proximity in the phase diagram.'> (These two structural
phases correspond to the two possible senses of rotation of
next-nearest layers with respect to each other; it is the same in
L-Pbca and opposite in D-Pbca, which causes a doubling of
the c lattice parameter.'%)

All measurements were carried out with unpolarized
neutron beams. Phonon scattering should not occur in our
experiments, as no optical phonons exist in the analyzed energy
and ¢ range,'® and the contamination by acoustic phonons is
avoided when working around Q = (1,0,0). There is no Bragg
scattering at this Q point because of the symmetry of the crystal
structure (including the distortions), but as argued below,
(1,0,0) can nevertheless be considered as a magnetic zone
center. The measured signals are consistent to the previous
results on magnetic excitations in the ruthenates (for instance,
Refs. 17-19), and studies of the Q and temperature depen-
dence further corroborate the magnetic character. Using the
lattice dynamical model described in Ref. 16, we may
calculate the distribution of the dynamic structure factor of
an acoustic phonon branch at O = (2,0,0) and fold it with the
experimental resolution in order to describe a phonon scan.
Using the same folding for the magnetic data, it has been
possible to assign absolute susceptibility units to our data.
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IV. OVERVIEW ON MAGNETIC EXCITATIONS
IN THE RUTHENATES

Magnetic excitations have so far been studied by INS in
several layered ruthenates. The most detailed description is
at present available for Sr,RuQy.'”'829-23 Furthermore, the
bilayer compound Sr3Ru, 07 has been investigated.?*>® The
excitations in these materials have the character of fluctuations
that are both relatively broad in Q and w. In Sr,RuQy, these
fluctuations reside at Q = (0.3,0.3,0), i.e., at incommensurate
wave vectors on the diagonal of the Brillouin zone. In
Sr3Ru, 07, excitations at two inequivalent wave vectors have
been identified that are on the a* (respectively b*) axis of the
Brillouin zone.

Apart from a strong interaction within one double block
in the case of the bilayer ruthenates, no dependence on the L
component of Q = (H,K,L) has been found after correction
for the decrease governed by the ruthenium magnetic form
factor. Thus, there is no relevant magnetic correlation between
moments in different RuO; layers, and it is sufficient to regard
the two in-plane dimensions and to neglect the L component
of Q. The two-dimensional (2D) Brillouin zone is quadratic,
and all Q’s with integers H and K are zone centers, i.e., any
excitation at such Q, in particular at (1,0,0) or (0,0,L), is of
ferromagnetic character.

In Sr,Ru0y, the magnetic excitation at Q}Sg =(0.3,0.3,L)
is very well understood on the basis of the underlying
electronic band structure;?’ the Fermi surface consists of
three sheets, and QL% is the nesting vector connecting the
so-called o and B sheets that arise from the ruthenium 4d,,
and 4d,, orbitals.’’*® In Sr;Ru,07, the Fermi surface is far
more complex,?* so it is less simple to identify which parts
of it give the relevant contribution.

In the single-layer ruthenates, however, there are other
wave vectors at which magnetic correlations have been
observed: In Ca,_,Sr,RuO, with x = 0.62," large contri-
butions at the incommensurate wave vectors (0.22,0,0) and
equivalent ones have been observed; in Ca, Srg,Ru0,,!
similar excitations have been seen, and even a separation in
two contributions at Q¢ = (0.12,0,0) and Q¢ = (0.27,0,0)
could be resolved. In all these respects, the Ca-doped ma-
terials Ca_, Sr,RuQy are thus fundamentally different from
SI‘QRU.O4.

Finally, ferromagnetic correlations have been identified in
Ca, gSrg,Ru0y at elevated temperatures or upon application of
a magnetic field.>' To what extent ferromagnetic correlations
play a role also in Sr,RuQ, and its superconductivity remains
so far an open question.

An overview of the distribution of scattered intensity is
obtained from the data in Fig. 1 taken for Ca; gSrp,RuQy,
which covers a wide region of a plane in reciprocal space.
The data have been obtained using the Flatcone multidetector
option of the IN20 spectrometer'# with the sample oriented in
the a,b plane. By tilting the sample and by placing the detector
array in an inclined position out of the horizontal plane just
above the direct beam, a map of scattering vectors with a
constant finite vertical component of L = 1.4 is obtained. The
accessible horizontal components of Q (H and K) are small
in this configuration, which is convenient for the study of
magnetic scattering.
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FIG. 1. (Color online) Magnetic scattering in Ca; gSry,RuO, at
T =2Kand AE = 4 meV. (a) Intensity map over several Brillouin
zones at a constant value of L = 1.4. A smooth background has been
subtracted. Data was taken on IN20 using the flat-cone setup. (b)
Magnetic scattering in one Brillouin zone, obtained from the data in
(a) by projecting to the range H,K = [—0.5,0.5], thereby averaging
the scattering from different Brillouin zones (after correction for the
Ru magnetic form factor). (c) Sketch of the (2D) Brillouin zone
and the positions of the different signals. (d) Intensity along a line
Q = (H,0,1.4), obtained by integration of the 2D data set in (b).
(e) The same for a diagonal cut through the Brillouin zone through
(0,0,1.4). The datain all parts of the figure are normalized to a monitor
count rate that corresponds to ~1 min counting time per point.

In the intensity map in Fig. 1(a), one clearly sees the
magnetic intensity centered at the points with integer H and
K, in accordance with the above discussed 2D character of
the magnetic fluctuations. Owing to the magnetic form factor,
the intensity is weaker as the modulus of Q is higher, i.e.,
in the outer regions of the map.

The sketch in Fig. 1(c) summarizes all the different posi-
tions of the signals that have been discussed in the beginning
of this section (see also Ref. 31). The crosslike intensity
pattern that dominates in the intensity map, in particular, when
reducing itto one (2D) Brillouin zone [see Fig. 1(b)], originates
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from the superposition of intensity stemming from the signals
at Q' and Q'F. The resolution, effectively broadened also by
the averaging over several zones, is not sufficient to separate
these contributions in the map, as it is well possible in the
data previously collected at lower-energy transfer and with
a different experimental geometry.’' The intensity at Q1 is
relatively weak compared to the one near the zone center,
and therefore this QL(;, signal is only weakly visible in the
color plot. When integrating the 2D data set over a stripe of
~0.1 A=! width that runs along the diagonal of the Brillouin
zone, these signals are clearly distinguishable [Fig. 1(e)].

V. INCOMMENSURATE FLUCTUATIONS

In this section we discuss the different contributions to the
incommensurate scattering that exhibit an antiferromagnetic
character. The observation of peaks at Q = (0.7,0.3,0) and
(1.3,0.3,0) in Ca; 33 St 62RuQy4 [see Figs. 2(a) and 2(b)] proves
that the signal that arises from nesting of the o and B bands
in Sr,RuQ4 and that has been observed in Ca; gSrg,RuQOy4 as
well (see Fig. 1 and Ref. 31) is also present for x = 0.62.
Fitting the position of these peaks on different equivalent O
vectors yields H,K = 0.301 £ 0.005, i.e., the same values as
in the case of pure Sr,RuQy.!” This signal thus indicates that
the nesting of the o and B band remains intact despite all
changes in the crystal structure and in the Fermi surfaces.
First-principles calculations®> come to the conclusion that,
apart from the back-folding effect, the « and B sheets of
the Fermi surface are only slightly affected by the rotational
distortion of the structure.’3** The invariance of this nesting
signal also suggests that the filling of these bands with
respect to the y band does not significantly change from the
values in Sr,RuQOy. In a simple model that assumes a rigid
filling of the band structure, we calculate that an increase of
the occupation number n(w) + n(g) by ~0.1 electron would
already shift the nesting peak more than 0.02 in H and K
along the diagonal of the Brillouin zone—by far more than the
maximum shift consistent with the experimental error bars.
Even though the details of the real band structure might slightly
change this estimation, it imposes a very low boundary of
the shift of electrons among the orbitals, and is thus in clear
contradiction to the proposed scenario of an orbital selective
Mott transition,'® which requires integer filling of the bands.

Figures 2(c) and 2(d) show scans along the b* axis across
Q = (1,0,0) for x = 0.62. The shape of the signal resembles
closely that in Ca; 5Srp,Ru0,.3" It exhibits steep edges at
approximately H = #0.35 and has, apart from a minimum
in the center, a broad and flat plateau in between. These
features are observed in scans at a number of different energy
transfers and temperatures. A satisfactory fit thus cannot be
performed with a single symmetric (Gaussian) contribution
of whatever width, but requires at least two contributions on
both sides. A fit using symmetric Gaussian peaks yields the
positions g; = (1,0.10 £ 0.01,0) and ¢, = (1,0.26 £ 0.01,0),
which are nearly the same values as those reported for
Cal.SSro,zRuO4.3l

The obtained description of the data is fully satisfying for
Caj 33Srg 62 RuQy as well as for Caj gSrg,RuOy; furthermore,
the description is consistent for both cases. The large width
and the significant overlap of the single contributions do not
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FIG. 2. (Color online) Incommensurate signals in
Cay 3Sr0.2RuO,. (a) and (b) Diagonal scans across Q.; the
thin dotted line is the scattering-angle-dependent background. (c)
and (d) Transverse scans (background subtracted) across (1,0,0),
crossing the positions Q'€ and QIF at two temperatures. Scans were
taken with an energy transfer of 4 meV on the 1T spectrometer.

allow us to resolve if there are even more structures intrinsic to
these fluctuations or not. At least an additional ferromagnetic
component, which is discussed in detail in the next section,
still plays some role at this energy and is the likely origin of
the less well-pronounced minimum at (1,0,0) and the slightly
lower ¢; in comparison to Ca; gSrg,RuQy.

A. Relation between incommensurate signals and
the Fermi surface

It appears most interesting to associate the different in-
commensurate scattering contributions with nested parts of
the Fermi surface, similar to the case of the excitations at
Qfx% in Sr,RuQy. The analysis for Ca,_, Sr,RuQOy is, however,
much more difficult because the structural distortions and the
large unit cell render the Fermi surface very complex, and the
present knowledge about the Fermi surface in Ca;_, Sr,RuQO4
is insufficient to clearly assign the origin of the Q!¢ and QI°
peaks.

There seems to be an overall consensus concerning the
electronic structure of the two end members, Sr,RuO4 and
Ca;RuOy. In Sr,RuOy the four electrons are equally distributed
amongst the three #,, bands, yielding a filling of 2/3 for the
three orbitals.>*3* For this electronic arrangement the van
Hove singularity near g = (0,0.5,0) in the y band associated
with the d,, orbitals is situated only slightly above the Fermi
energy. On the other side of the phase diagram, the Mott state
in Ca;RuQy is associated with orbital ordering driven through
the strong structural changes. The pronounced flattening of the
octahedron in Ca,RuO4 (Ref. 35) results in a full occupation
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of the d,, orbitals and in half-filled d, .- and d,-orbital states
undergoing the Mott transition.>*343%37 Qualitatively this
picture of orbital order seems to be valid for all Ca,_, Sr,RuO4
undergoing the metal-insulator transition, i.e., for x < 0.2.
The electronic structure of the metallic samples with a
slightly larger Sr content studied here remains a matter of
controversy both in experiment and in theory. Anisimov et al.'°
proposed an orbital-selective Mott transition with the idea
that correlations should first result in a localization of the
dy; and d,, states, because the corresponding bands exhibit
a smaller bandwidth in pure Sr,RuO,. The rotation of the
octahedra around the c¢ axis, however, is found to strongly
influence the y band associated with the d,, orbitals owing
to the variation of the hopping.*** The dy, band essentially
flattens with the rotation and slightly shifts to lower energies
whereas the d,, and dy,, bands are only slightly affected.??*37
The Fermi surface associated with the d,, band undergoes
a topological transition, as the van Hove singularity shifts
from above to below the Fermi level, so that the character
of this band becomes holelike. The electronic band-structure
calculations hence suggest that the y band associated with the
dy orbitals is much closer to localization than the other bands,
in disagreement with the initial idea of an orbital selective Mott
transition in the d-d,, orbitals.'”

There is strong experimental evidence that the anoma-
lous properties of Ca,_,Sr,RuO4 with x ~ 0.5 are mainly
associated with the y band and with the d,, orbitals. A
spin-density study on Ca; 5SrgsRuQ, directly proves that the
high magnetic polarization in these phases arises from the
dy, orbitals,*® which are hybridized with in-plane oxygen
orbitals. Optical spectroscopy also identifies the d,,-band
renormalization as the origin of the heavy-mass behavior in
Ca; 5SrysRu04.3° Furthermore, several angle-resolved pho-
toemission spectroscopy (ARPES) measurements confirm the
essential modification of the y band induced by the rotation of
the octahedra.***? Wang et al.*” report a holelike y band for
x = 0.5, in agreement with the theory and magnetoresistance
oscillations.*> However, for even smaller Sr content, in the
doping range where the tilt distortion is also present, x = 0.2,
Neupane et al.*? report the complete disappearance of the
y-Fermi surface sheet, whereas Shimoyamada et al* find
that all bands cross the Fermi level for this concentration. All
three ARPES studies*** clearly document that the d, states
are strongly renormalized. The y-band width around the wave
vectors associated with the van Hove singularity, (0.5,0,0), is
remarkably small; it amounts to only a few meV,*' similar to
the values reported for Sr3Ru,07.>° The extreme reduction of
the y-band width results in a high electronic density of states
at the Fermi level, which manifests itself in the heavy-mass
states®” as well as in the remarkably strong thermal expansion
anomalies in Ca,_,Sr,RuO, for 0.2 < x < 0.6.4

Besides the signals at QL%, all magnetic correlations
observed in our INS experiments should be attributed to the y
band. The amplitude of the incommensurate signal at Q'C and
Q¢ in Ca, 35St ©2RuO; (Ref. 19) is three times larger than that
of the incommensurate nesting signal in pure Sr,RuQy.!” The
rotational distortion of the structure should have a relatively
small effect on the d,; and d,. bands, so it appears very unlikely
that the magnetic signal associated with these bands changes
so drastically between Sr,RuQO4 and Ca, 335196 RuO4. This
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conclusion is corroborated by the fact that the Q(IX% signal,
which can unambiguously be attributed to these bands, remains
constant between x = 2 and x = 0.2. As there is little change
in the QllC and leC signals for x = 0.2 and 0.62, it appears
reasonable to assume that for x = 0.2 this incommensurate
scattering does not arise from the d,.and d,; bands either.
Although the ferromagnetic fluctuations originate from the
y band and the high density of states at the Fermi level, it
is still possible that some sections of the y surface are at
the same time responsible for the signals at Q!¢ and QIC.*?
In a very simple approach, the holelike Fermi surface for
x = 0.5 (Refs. 19, 37, and 40) may explain a peak in the
Lindhard susceptibility associated with electron transfer from
(0.5, 4+ 6,0) to (0.5, — 48,0) and thereby an incommensurate
signal on the tetragonal axes, but for any quantitative statement
the knowledge about the electronic structure in Ca; 5Sry sRuO4
is clearly insufficient.

B. Contribution of the spin fluctuations to the
electronic specific heat

As do other excitations, the incommensurate magnetic
fluctuations contribute to the specific heat. Their contribution
to the coefficient of the electronic specific heat at low
temperature can be approximated as*

mky 1 )

TR STy
q

where the sum is over the whole Brillouin zone. Performing a
very simple estimation (taking I" constant in an area defined
by the widths of the peaks) with the fitted parameters for
Ca; 3Srp,Ru0, yields 160 mJ/mol K2, which is reasonably
near the directly measured value’ of 175 mJ/mol K? and
proves that the remarkably high electronic specific heat can
be understood in terms of the magnetic fluctuations. For
Caj 33519 2RuOy4, in which the coefficient of the electronic
specific heat has the even higher value of 250 mJ/mol K2, an
analogous estimation has already been performed,'® yielding
perfect agreement, y,; = 250 mJ/mol K>.

In view of the similarity of the incommensurate fluctuation
spectrum of both Sr concentrations, it appears reasonable
to assume that their contribution to y,; is approximately
equal. The main difference between Ca;33Srg¢RuO,4 and
Ca; gSrpoRuOy4 is the presence of the ferromagnetic com-
ponent; the different value of the specific heat coefficient
therefore gives a rough estimate for the contribution of the
ferromagnetic fluctuations to the specific heat.

C. Model for the incommensurate fluctuations
in Ca; gSry,RuQy

As the full band-structure-based analysis of the magnetic
excitations seems impossible at the moment, we develop a
model based on the general expressions derived in Sec. II. The
antiferromagnetic correlations can be described more easily in
the case of Caj gSrp,RuQy, as there is no ferromagnetic part
to be taken into account at low temperature.

Using Eqgs. (2) and (4) for fluctuations close to a general
incommensurate antiferromagnetic instability, one obtains, in
a global fit to the available data, including the convolution
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with the experimental resolution, a very good description of
the incommensurate magnetic excitations at Q'€ and Q'C in
Ca, gSrg,Ru0y4. To account for the two inequivalent wave
vectors, each of them is assumed to contribute according
to these equations, and the contributions of these and the
symmetrically equivalent positions in the Brillouin zone are
simply summed up. As the widths are large, this implies a
quite significant overlap of these signals, which prohibits the
separation of the individual contributions. I'y and £ are thus set
equal for both parts. It turns out that £ can be taken as isotropic
in the plane. Note that we may neglect the orthorhombic
distortion as the tetragonal [100] and [010] directions remain
equivalent in the orthorhombic lattice. Finally, we do not take
into account any anisotropy of the fluctuations in spin space—
in general, though, one would expect that in an anisotropic
system only one component of the fluctuations diverges when
approaching the magnetic instability. The geometric effect
when measuring in different orientations indicates that these
fluctuations are mainly polarized in the plane, i.e., x/, is
significantly larger than x/ in contrast to the finding for the
nesting signal at Qg3 in pure Sr,Ru0,.*

The parameters that we use to describe the spin fluctua-
tions in Caj gSrg,RuO, at low temperature are g; = 0.12 +
0.01,4, =0.27£0.01,Ty=2.7£0.2meV,and § =59+
0.3 A. The latter value corresponds to less than twice the lattice
spacing and shows that these correlations still exhibit a very
short length scale, even shorter than that of the fluctuations at
QL% in Sr,Ru0,.'82!

VI. FERROMAGNETIC CORRELATIONS

A. Low-frequency ferromagnetic fluctuation

In addition to the incommensurate scattering, there is clear
evidence for truly ferromagnetic scattering in Ca; gSrg,RuQOy4
(Ref. 31) as well as in Caj33Srg6RuOy4. In Fig. 3 we
summarize the results of constant energy scans at an energy
transfer of 0.4 meV in Ca, 33Srg 6o RuQy,. The constant-Q scans
were performed at Q™ = (0,0,1.6), which is equivalent to
a ferromagnetic zone center for 2D scattering. The results
of single-relaxor fits are given in Fig. 4. By scanning the L
component, i.e., along (0,0, L) at 10 K and at a constant energy
transfer of 0.4 meV, we have verified that there is no variation
of the amplitude of the signal as function of L apart from that
owing to the magnetic form factor, documenting the 2D nature
of this signal.

It is evident at all temperatures that the scattering is
maximum at O™, and there is no indication of any further
scattering at the incommensurate wave vectors. This is consis-
tent with the presence of the incommensurate fluctuations in
Ca 33Srp 62RuOy, as these are known to have a much higher
characteristic energy of ~2.5 meV."” Note that in Fig. 3 the
signal has already been corrected for the Bose factor, yielding
a quantity that is (neglecting resolution effects) proportional
to the imaginary part of the susceptibility. This reveals well
the pronounced temperature dependence.

In Fig. 3(c) we show fits with a single-relaxor function
(2). This function provides a good description of the signal
and allows one to extract the characteristic energy of the
signal and the real part of the susceptibility at zero frequency,
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FIG. 3. (Color online) Magnetic scattering in Ca; 35Sty cRuOy
taken around the FM wave vector (0,0,1.6) on the 4F spectrometer.
(a) Constant energy scans at different temperatures. Shifted by two
units each. (b) Signal at (0,0,1.6) as a function of temperature. (c)
Signal as a function of energy at different temperatures (shifted by
100/1,%; /eV each). Lines are fits to a single-relaxor function (see text).

which corresponds to the macroscopic susceptibility. Figure 4
contains the results for these parameters, which are both
strongly temperature dependent: The characteristic energy
reaches values as low as 0.2 meV at low temperatures, which
is an order of magnitude lower than the values found for
the incommensurate scattering, and which explains that this
signal has not been observed in the previous studies'® that
focused on a higher-energy range. The susceptibility reaches
very high values at low temperatures, but remains finite. In this
context, let us mention that the unit ;% /eV per ruthenium atom
corresponds to 3.23 x 10> emumol~! in cgs units and (for
the given volume of the unit cell) to 7.102 x 107 in SI. The
obtained values agree with the bulk measurement in view of
the uncertainties related to the calibration process. The value at
low temperatures is less exact because the characteristic energy
is so low that the maximum as function of energy transfer could
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FIG. 4. (Color online) Analysis of FM scattering in

Ca, 38S1962RUO4. (a) Characteristic energy, as obtained from
the fits in Fig. 3. (b) Value of the real part of the macroscopic
susceptibility, calibrated to absolute units, obtained from the same
fits. (Inset: Inverse of the same values.)
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not be well captured by the neutron measurement [Fig. 3(c)].
The good agreement with the macroscopic susceptibility
shows that these fluctuations are indeed the relevant ones
for the observed magnetic properties, in particular, for the
metamagnetism.

When approaching a transition to an ordered state from
above the critical temperature, it is expected that the char-
acteristic energy of the fluctuations approaches zero and
that the susceptibility diverges such that x ~' vanishes. The
evolution of I' and x qualitatively agrees with a transition to a
ferromagnetic state. However, the transition is not reached
at finite temperatures, as the extrapolation of I'" and x~!
would reach zero at ~10 K below zero temperature. At the
temperature of 50 mK there is no indication of magnetic
order in Ca; 33Srg ¢ RuQOy4 [nor in Ca; 5SrgsRuQOy4 (Ref. 19)],
and the amplitude of the fluctuations is consistent with the
just discussed temperature evolution. This behavior can be
compared to that of the incommensurate scattering in Sr,RuQOy,
which also indicates a magnetic transition that is not reached at
finite temperature.'” In both cases the blocking of the transition
at low temperature may be connected with a reduction in the
electrical resistivity. In Ca; 33Stg 6o RuQy4 the suppression of the
phase transition at low temperature may be further related to
the thermal expansion anomaly, which, although being much
weaker compared to that in Ca; gSro,RuQy, is still sizable in
Cay 33S19.62RuO4.*

B. Model for incommensurate and ferromagnetic fluctuations
in Cay 33Sr).2RuOy

When using the corresponding equations (2) and (3),
the fit of the ferromagnetic component is not satisfactory,
contrary to the description of the incommensurate fluctuations.
The reason is that it cannot account for the observed finite
energy of the excitation in the zone center of approxi-
mately I'g = 0.2 meV, as discussed above (see, for instance,
Figs. 3 and 4), and the resulting maximum at H = 0 in the
scans at low-energy transfers in Fig. 5. According to (2) and
(3), x"(w) is zero for g = 0, reflecting the conservation of
total magnetization in the simple underlying model. In the
presence of spin-orbit coupling, for instance, this is no longer
required, although it is not evident how to modify Eq. (3).
Another physical reason for the finite energy at ¢ = 0 may be
that, close to the magnetic instability, which is actually three
dimensional (3D), the assumption of purely 2D fluctuations is
no longer strictly correct, or in other words, the correlation
length along c¢ is no longer zero. This latter effect may
be straightforwardly included in (3) and produces a better
description of the data (lines in Fig. 5). The value &, ~2 A
is only a phenomenological parameter, and a more significant
reason for the finite I at the zone center is likely to be the
spin-orbit interaction. In this context we mention that a similar
effect has been observed in the paramagnetic states of UGe, %
a strongly anisotropic Ising ferromagnetic metal, in UPt3,*’
and in MnP.*8

With the modification of a finite I' at the zone center, the
overall description of the entire data set taken at 7T = 1.5 K
is satisfactory for Ca; 33Srg 6;RuQO,. For the incommensurate
parts, Ty is 2.540.2 meV and & =9.5+0.5 A. For the
ferromagnetic component, the energy scale is much lower,
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FIG. 5. (Color online) Magnetic scattering in Ca; 33Srg.6RuOy
(T =0.05 K, shifted by 20 counts each). The model used to fit
the data in (a) consists of a ferromagnetic contribution and two
incommensurate antiferromagneticlike excitations at Q'C and Q'F.
These components are given by Egs. (2)—(4) and are displayed
separately in (b) and (c). The ferromagnetic one has to be modified to
account for the measured finite energy at the zone center. Data taken
on the IN14 spectrometer.

as already discussed, I'g = 0.34 &= 0.05 meV, but the in-plane
correlation length is very short, &2 = 4.2 £ 0.3 A.

The data in Fig. 4 can be described by a simple temperature
variation of y and I'y, including an offset temperature,

x(T) = and TI'o(T) = G(T + 09), ©6)

T+0

with constants C and G. When combining these expres-
sions with the energy spectrum (2), one obtains x"(w,T) =

CWG”@)Z, so it follows
" w
wx" (0, T)=f T+0) @)
with the function f(x) = C X—Zsz . When plotting wx” against

/(T 4 ©), the data should thus fall on a single curve. In
Fig. 6 this is performed for the ferromagnetic fluctuations
in Caj 33519 6RuO, [data from Figs. 3(b) and 3(c)], which
thereby are described as functions of temperature and energy.
Note, however, that although resembling the Curie-Weiss
susceptibility of an antiferromagnet, the meaning of the
temperature offset ® is quite different in Eq. (6), where the
susceptibility at the magnetic instability is treated, whereas
the antiferromagnetic Curie-Weiss law describes the macro-
scopic (ferromagnetic) susceptibility for an antiferromagnetic
instability.

The analysis in Fig. 4 allows one to obtain the values for
the constants C, G, and ®. We use Ggy = 0.021 meV/K and
®rm = 10 K. In the Curie-Weiss law, the constant C is related

2
to the magnetic moment, C = “=< (n being the number of
magnetic moments per volume). Assuming a free local spin
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FIG. 6. (Color online) Ferromagnetic  fluctuations in
Ca, 33S1062RuO,: Different data sets taken at constant temperature or
energy transfer (same as in Fig. 3). The quantity wx” only depends
on /(T + ®). The line is the function f for the parameter values
discussed in the text.

% per ruthenium atom, one calculates C = 11729/¢% /eVK

comparable to the value of ~11 400 M% /eV K found in Fig. 4.
This analysis further illustrates the strength of the magnetic
scattering in Caj 33Sr( 6o RuQOy.

For the incommensurate fluctuations, the analysis'® pro-
vides Gic =0.1 meV/K and O =25 K. Ci¢ is, to an
estimated accuracy of ~10%, 12 000 % /eV K, practically the
same as Cry, again documenting the strength of the magnetic
correlations.

Furthermore, with this parameter set it is possible to
describe the interplay of ferromagnetic and incommensurate
fluctuations as a function of temperature. ® indicates how
far the system at 7 = 0 is still away from the hypothetical
magnetic instability and the divergence of the fluctuations.
As O is larger for the incommensurate correlations, they
are less temperature dependent in the low-temperature range.
Experimentally, the spin fluctuations (though broadened and
with higher background) can be observed up to room tem-
perature, because the Bose thermal factor [Eq. (1)] roughly
compensates the decreasing magnitude of x (see Fig. 7). The
basic qualitative consequence of the temperature variation
(6) is that the balance between the incommensurate and
ferromagnetic parts changes considerably depending on the
temperature and on the energy transfer of the scan. For the
given parameters and the relaxor spectrum (2) it follows,
for instance, that y/(w,T) > x;-(w,T) under the condition
T > 25 %ha) — 30K, i.e., at high temperatures and/or low-
energy transfer one predominantly measures the ferromagnetic
fluctuations. This effect is well confirmed for x = 0.62 by a
series of scans at various temperatures up to 240 K and energy
transfers up to 8 meV (see Fig. 7). Qualitatively, the same
effect is also observed for x = (.2 at higher temperatures (see
Fig. 8 and below).

C. Suppression of ferromagnetic fluctuations at x = 0.2

Also, Ca; gSrg,RuO, exhibits ferromagnetic excitations,
but in contrast to Caj 33Srg.c2RuQy, they are almost entirely
suppressed at low temperatures. Figure 8 summarizes the
corresponding scans at 1.5 and 10 K. One might argue
whether the central intensity can arise from the overlap of
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FIG. 7. (Color online) Magnetic scattering in Ca; 35Sty cRuOy
as a function of temperature and energy (background subtracted,
shifted by 300 counts each). All constant energy scans along Q =
(1,K,0) were performed on the thermal triple-axis spectrometer 1T.
The signal changes its shape qualitatively owing to the interplay
of ferromagnetic and incommensurate contributions. At high energy
and low temperature the incommensurate signals dominate, whereas
at low energy and high temperature the centered peak in these scans
arises from the ferromagnetic component.

the incommensurate contributions just at the ferromagnetic
wave vector. The data taken at higher temperatures and
higher-energy transfers unambiguously exclude this picture.
Figure 8(e) shows data taken at 7 = 65 K for x = 0.2. For
comparison with low temperature, the blue line shows the
shape of the signal at 7 = 2 K. It is impossible to ascribe the
shape of the high-temperature data only to a broadening; even
for less sharp central maxima, a broadening would need to
be extreme to account for a maximum at K = 0 (green line).
Instead, it can be very easily reproduced by simply adding
an additional signal at K = 0, such as the one in Fig. 3(a),
to the low-temperature data. The incommensurate part of
the scan is thus essentially unchanged, and the difference
between high and low temperature has to be ascribed entirely
to the appearance of an additional ferromagnetic component.
Therefore, also the susceptibility analysis and its temperature
dependence has to be interpreted as owing to changes in the
intrinsically ferromagnetic correlations and not to changes in
the antiferromagnetic ones.

The temperature dependence of the amplitude of the
ferromagnetic signal is in good quantitative agreement with
the macroscopic susceptibility, as has already been discussed
in Ref. 31. The characteristic energies I" are, at the higher
temperatures, of the same order as in Caj 3gSrg s RuQOy4. For
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FIG. 8. (Color  online)  Ferromagnetic  scattering  in

Ca; 3Sro,RuO4. (a) and (b) Scans across QO™ at different
energy transfers and temperatures. (c) Energy dependence at Q™
and fits with a relaxor function (shifted by 20 counts and 30013 /eV,
respectively). (d) Characteristic energy I" of the signal at Q™. (e)
Additional ferromagnetic contribution at 7 = 65 K: The blue line
is the fit to the corresponding scan at 7 = 2 K. For demonstration
purposes, the green curve shows a Gaussian broadening of the
blue curve, which can produce a maximum at K = 0, but only for
parameters that fail to describe the full scan. The red line is the sum
of the blue 7 = 2 K curve and a Gaussian peak at K = 0.

x = 0.2, however, it is obvious that the relatively simple
picture of approaching a magnetic instability cannot be
maintained until low temperature. This is in accordance with
other anomalous effects that take place in this temperature
region, in particular, the remarkable anomalous structural
evolution.** A deformation of the lattice and the environment
of the ruthenium ions occurs, which likely couples to its
electronic configuration, thereby suppressing the ferromag-
netic instability. It is worthwhile to note that these effects
are also present in Caj33SrgRuQy, although to a much
weaker extent.** The close inspection of w shown in the
inset of Fig. 4(b) suggests that also in Ca,3gSrgeRuO4
the emergence of the ferromagnetic instability is damped by
the same mechanism, but to a smaller extent.

VII. MAGNETIC-FIELD EFFECT

At Sr concentrations lower than x = 0.5, Ca,_,Sr,RuQOy4
shows a metamagnetic transition® that manifests itself as a
steep nonlinear increase of magnetization as a function of
the external magnetic field. The metamagnetic transition in
Ca, gSrg,Ru0Oy4 has been well characterized by a number of dif-
ferent techniques (see, for instance, Refs. 7, 43, 44, and 50). In
particular, the inelastic neutron scattering study?' has revealed
the appearance of an excitation mode that resembles a magnon
in a conventional ferromagnet. This proves that—whatever are
its microscopic mechanism and the thermodynamic details—
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a substantial ferromagnetic interaction is induced at the
metamagnetic transition. Ca; 33Srp¢RuO4 does not show a
clear metamagnetic transition, but its high susceptibility still
resembles the peak at the transition of the samples that are
metamagnetic, so that one might argue that it behaves similar
to the high-field state of Ca; gSrg,RuQ,. To further study the
(ferro-)magnetic interactions in both systems, and in particular
compare the ones induces by a field to those present in zero
field in Ca; 33Srg.62RuQy4, we have applied a magnetic field. A
field of 10 T is sufficient to be safely above the metamagnetic
transition in Ca; gSrg,RuQO, and suppress the remainders of
the low-field incommensurate signals. Choosing the same field
value for Ca; 33Srg 6RuQO4 permits to compare both systems
under the same conditions.

The effect of the magnetic field on the zone-center fluc-
tuation is compared for Ca; gSrg,RuOy4 and Ca; 33Srp 6 RuO4
in Fig. 9. In both cases the zero-field response (which is very
weak for Ca; gSrg,RuQy) is shifted to higher energies. The
spectrum is then qualitatively different and a description using
the relaxor function (2) is no longer possible.

The energy gupB, which is the Zeeman energy of an
electron in the magnetic field, amounts to ~1.15 meV for
B =10 T. The spectral form at 10 T can indeed be well
described by a Lorentzian function I'/[(w — wp)> + I'?] —
I'/[(w 4 wp)> + I'?] with wy = 1.15 meV, the broadening,
though, being extreme (heavily overdamped) in the case of
Caj 33Srp 62RuO4. A quantitative comparison of the widths is
not straightforward because the different crystal orientation
in both cases means that the experimental resolution and
the averaging of the susceptibility components is not the
same. The shift of spectral weight to higher energy is
qualitatively the same for both concentrations. Not knowing if
the excitation in Ca; 33519 62RuOy4 disperses in the same way
as in Ca; gSrg,RuQy, it is likely that the spin correlations
are weaker, as is consistent with the larger width, and

oL@  Cay3557g6RUO, | relodBue
7777},5:10T I e B=10T]
| Q- (0,0,1‘.8)-
2 3 4 4

E (meV)

FIG. 9. (Color online) Effect of a magnetic field on the ferro-
magnetic fluctuations in (a) Ca; 33519, RuO, and (b) Ca, §Srp,RuO;.
The temperature is 1.5 K and the background has been subtracted in
both cases (but the scales are not normalized to each other). Lines
correspond to a single relaxor (B = 0, with the characteristic energies
discussed in the text) and to Lorentzian functions (B = 10 T),
respectively. The 0 T datain (b) have been measured with low statistics
only, in order to fix the intensity scale relative to the high-field data
under the same experimental conditions. To determine their spectral
shape and energy scale, we use the information from the previously
discussed zero-field data. The data were taken on the (a) IN12 and
(b) Panda spectrometers.
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in accordance with the lower magnetic moment at 10 T
compared to Ca; §Srg,RuO4 (0.4 5 vs 0.6 ). The ratio of the
susceptibilities obtained by a Kramers-Kronig analysis ' =
[ x"(w)/wdw from the data in Fig. 9(a) (xo1/x10T = 1.8)
is consistent with the ratio of the susceptibilities from the
macroscopic measurement. In Ca; gSrg,RuQy, in addition,
taking into account the data at intermediate fields,! the
corresponding analysis perfectly describes the susceptibility
maximum at the metamagnetic transition near 3 T.

With the high-field data obtained for x = 0.2 it is also
possible to provide a more detailed characterization of the
magnon mode at B = 10 T. Because it rapidly broadens and
weakens with increasing energy, it can best be studied between
1 and 3 meV; Fig. 10(a) displays data taken in this energy range.
The positions of the maxima fall on a quadratic dispersion
curve, with a gap of 1.15 meV as displayed in Fig. 10(b), i.e.,

hw, = A + Dg?, 8)

with D = 47 + 5 meV A”.

Itis, however, evident from the scans and from the color plot
of the intensity in Fig. 10(c) that there is significant broadening
of the magnon mode in ¢ and w. This broadening cannot
be explained by the resolution of the spectrometer, but it is
intrinsic. We have found that it is possible to describe the data
with the usual Lorentzian energy spectrum,

Iy Iy
(0 —wy)* +T, (a)+a)q)2+F3’

x"(q.0) ©)
where w, follows Eq. (8). It is necessary, though, to include
an additional parameter that accounts for the broadening
and the decrease of intensity toward higher energy—this
decrease might be owing to an approach to the Stoner

FIG. 10. (Color online) Magnetic excitations in Ca; gSry,RuOy4
at B=10T (B || c and T = 1.5 K). (a) Transverse scans through
(1,0,0) at different energy transfers (shifted by 7.5 counts each). The
lines are fits to the model described in the text. (b) Dispersion of
the magnon, extracted from fits to the scans in (a) with symmetric
Gaussian peaks. Red data points are taken from Ref. 31. (c) Colour
plot of the data in (a) (background subtracted).
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continuum, where the intensity of the magnon is expected
to disappear.''? Allowing I, to vary as I'; = Iy + cg, one
introduces an additional parameter ¢ that contains a length
scale and that can be considered as modeling an effective
finite spatial correlation. With this model, it is possible to
perform a global fit to all the data that have been taken,
including the resolution function of the spectrometer. The
results are A =1.16£0.03 meV, I'p = 0.55+0.04 meV,

c=56+05meVA, and D =34+2meVA’. Note that
A, although unconstrained, corresponds well to gugpB =
1.15 meV, which means that anisotropy terms are either
unimportant or they effectively average out, and that D
is different from the value given above because the new
parameter ¢ shifts the maxima in the constant energy scans
with respect to the curve defined by (8).

VIII. CONCLUSIONS

The comprehensive INS studies provide a detailed descrip-
tion of the magnetic correlations in Ca,_, Sr,RuQ,. Different
types of magnetic fluctuations are identified: We can separate a
ferromagnetic signal and different features at incommensurate
Q vectors—one on the diagonal of the Brillouin zone at
QL% = (0.3,0.3,0) and a broader and stronger contribution on
the a* /b* axis. This latter one has an internal structure that can
be well described by assuming two overlapping contributions
from Q!¢ = (0.11,0,0) and Q' = (0.26,0,0) and equivalent
positions. Within the accuracy of the measurement—Ilimited
primarily by the large overlap of the signals—there is no
significant difference in the Q positions of these contributions
for the different values of the Sr concentration x = 0.2 and
x =0.62. The signal at Qi can be associated with the

incommensurate signal in Sr,Ru0,4.18 As its origin is well
understood arising from nesting of the o and 8 Fermi surface,
the presence of this signal at the same position indicates that
these sheets of the Fermi surface, and thus also the occupation
of the ruthenium d,; and d,, orbitals, are only slightly changed
in Ca;_,Sry,RuO,4 (x = 0.2/0.62) with respect to Sr,Ru04.*!
The origin, i.e., the relevant sections of the Fermi surface,
of the signals at Q!€/QIC is not yet precisely identified,
but for several reasons they are most likely related to the
y sheet of the Fermi surface. ARPES measurements and
band-structure calculations clearly identify the y band as
the highly renormalized one associated with a heavy-mass
electronic behavior and with a high susceptibility, but a
detailed structure of the y sheet awaits further studies.

There seems to be no significant change of the different
incommensurate components for x = 0.2 and x = 0.62, which
is thus presumably the case for the whole range 0.18 < x <
1.5. Although the temperature dependence of x and I" of these
fluctuations'® indicates that the system approaches a magnetic
instability at incommensurate ordering vectors, the system
obviously can be considered as still sufficiently far away and
not directly in the critical region. The structural and other
variations in this range of x do not very sensitively couple to
this part of the magnetic correlations. The rotational structural
distortion, however, is apparently very important and causes
a significant difference in Sr,RuQ,4, where no excitations are
observed at Q'C or QIF. It is remarkable that in the bilayer

054429-10



MAGNETIC EXCITATIONS IN THE METALLIC SINGLE- . ..

material Sr3Ru,0; very similar excitations as at QllC and

I€ have been observed.?*?® In view of the similar Sr3Ru,0;
crystal structure, which also exhibits the rotational distortion,*
this appears consistent. These two layered ruthenates and their
metamagnetic transitions appear to be very similar to each
other.

The incommensurate fluctuations at Q'C/QC have a char-
acteristic energy of ~2.7 meV, while the characteristic energy
of the excitations at the zone center is only 0.4 meV at T =
10 K in Ca; gSrg,RuQy. In Ca; 33Srg 6o RuQy this latter value
further decreases to 0.2 meV at 7 = 1.5 K and the amplitude
increases, consistent with the picture of Ca,3gSrgeRuO4
approaching a ferromagnetic instability, although not reaching
it at finite temperatures. In Ca; gSrp,RuQy,, the ferromag-
netic part of the response is strongly suppressed at low
temperature. The values of the susceptibility related to the
ferromagnetic signal are, concerning their absolute values as
well as their variations with temperature and magnetic field,
in perfect agreement with the macroscopically determined
susceptibilities, proving that this INS signal reflects the
magnetic correlations that determine the macroscopic physical
properties.

The application of an external magnetic field at low tem-
perature suppresses the incommensurate part of the response.
In Ca;gSrp,RuQOy4, a substantial ferromagnetic component
reappears, reflecting the metamagnetic transition. At high
field, the spectral weight of the ferromagnetic response is
shifted toward higher energy for x = 0.2 and 0.62, opening
a gap that roughly corresponds to the Zeeman energy of an
electron in the magnetic field. In Ca; g§Sry,RuO, a dispersive
excitation mode, corresponding to a magnon in a ferromagnet,
is observed, which is well defined near the zone center and low
energies, and which significantly broadens at energies above
3 meV.

Although only two concentrations have been studied here,
x = 0.2 and 0.62, the results are most likely of relevance for
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the whole range 0.2 < x < 1.5 of the series Ca,_,SryRuOy.
In this region of the phase diagram, the materials are
paramagnetic and metallic at all temperatures. Nevertheless, as
there is a second-order structural phase transition (associated
with RuQOg¢ octahedra tilting), the samples with x = 0.2
and 0.62 have to be regarded as quite different in their
physical properties; Ca,_,Sr,RuO4 seems to approach the
ferromagnetic instability for x decreasing toward 0.5, while a
strongly reduced susceptibility and a metamagnetic transition
are observed at x < 0.5. It is thus important to realize that
the measured magnetic correlations can be well described in
a common model in which a change in only a few parameters
leads to the large differences between the nearly ferromagnetic
and nearly antiferromagnetic compounds.

The ferromagnetic correlations in Ca,_, Sr,RuO,4 depend
sensitively on the Sr concentration x and seem to tune the dif-
ferent magnetic properties with the doping. The ferromagnetic
instability in general arises from the high density of states close
to the Fermi surface of the y sheet, which has been revealed
in several ARPES studies.***? Owing to this high density
of states, the system becomes very sensitive upon structural
changes, as it is best documented in the thermal expansion
anomalies.**>°

In conclusion, the comprehensive INS experiments clearly
reveal the image of competing magnetic instabilities in
Ca,_, Sr,RuQy4. The whole spectrum of magnetic correlations
is well described in the presented phenomenological model
with ferromagnetic and incommensurate antiferromagnetic
contributions. In this competition, it is mainly the variation of
the ferromagnetic component as function of Sr concentration
x, temperature, and magnetic field, that governs the physical
properties.
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