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Spin fluctuations in Sr1.6Ba0.4RuO4: An inelastic neutron scattering study with polarization analysis
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3Jülich Centre for Neutron Science JCNS, Forschungszentrum Jülich GmbH,
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We present inelastic neutron scattering measurements on the ruthenate Sr1.6Ba0.4RuO4 which is on the hitherto
almost unknown Ba-substituted side of the doping phase diagram of Sr2−xAexRuO4 (Ae = Ca, Ba). Unlike the
Ca-substituted side of the phase diagram no (quasi)static magnetic peaks can be observed in Sr1.6Ba0.4RuO4.
Instead, incommensurate spin fluctuations can be observed around q0 = (±0.3,±0.3,0). Both the absolute
intensity of χ ′′(Q,ω) and its energy and temperature dependence as well as the anisotropy ratio χ ′′

c /χ ′′
a,b resemble

the ones in Sr2RuO4. Hence, a random potential implied by the substitution of huge Ba ions as well as the
induced increase of interatomic distances has less impact on the magnetic properties than octahedral tilts implied
by Ca substitution. Moreover, any ferromagnetic spin fluctuations are either absent in Sr1.6Ba0.4RuO4 or below
the detection limit.
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I. INTRODUCTION

Single-layered perovskite ruthenate oxides have attracted
considerable interest basically arising from the observation of
unconventional superconductivity in Sr2RuO4 [1–8]. Similar
as in cuprates and iron based superconductors, it was found
that the superconductivity in Sr2RuO4 also appears in close
proximity to magnetic instabilities [1–4]. However, unlike the
pairing symmetries found in the former two systems, supercon-
ductivity in Sr2RuO4 is believed to exhibit spin-triplet p-wave
pairing [5–8]. It was naturally suggested that ferromagnetic
(FM) spin fluctuations should be responsible for the pairing
mechanism in Sr2RuO4[9]. Only weak FM spin fluctuations
are indicated by neutron scattering measurements [10–13]
and nuclear magnetic resonance (NMR) [5,14]. These coex-
ist with stronger incommensurate antiferromagnetic (AFM)
correlations [3,10,12] which appear at Q0 = q0 + G where
q0 = (±0.3,±0.3,0). Alternatively, it was shown by theory that
anisotropic antiferromagnetic spin fluctuations with χ ′′

c > χ ′′
a,b

can also give rise to the observed p-wave superconductivity
[7,15]. Although slightly weaker than predicted by theory,
an anisotropy of χ ′′

c /χ ′′
a,b = 2 ∼ 3 has, indeed, been observed

by NMR measurements [16] as well as by unpolarized and
polarized neutron scattering measurements [10,17].

Chemical substitution turned out to yield interesting
changes in Sr2RuO4[1,4,11,13,18]. Already at rather low
concentration levels of ∼3% short ranged AFM ordering can
be stabilized by the substitution of Ru by Ti/Mn [18,19].
Neutron studies attribute these AFM correlations to the same
Fermi surface nesting effect between the α/β sheets that is also
responsible for the incommensurate spin fluctuations in pure
Sr2RuO4 [18]. On the other hand, short ranged FM order can be
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induced by the substitution of Ru by Co with a concentration
level as low as ∼2% [19]. These results indicate vicinity of
this system to AFM/FM correlations.

Further interest has been generated from the investigation of
substitution of other elements into the SrO layers which leaves
the Ru-O layer intact [1,4,11,13,20,21]. The Sr2−xCaxRuO4

system exhibits a rich phase diagram [1,4,11,22]. Extensive
neutron scattering, muon spin rotation (μSR), and NMR
measurements have been performed to study this system.
The pure Ca2RuO4 compound is a Mott insulator that
orders antiferromagnetically below 110 K [4]. Additional
incommensurate AFM correlations along the vertical direction
([1/0 0/1 0] direction) was found to coexist with the diagonal
ones [([1 ±1 0]) direction] in a broad composition range of the
metallic phase [13,20]. Recently, a comprehensive magnetic
phase diagram has been drawn which shows that magnetic
order persists over nearly the entire substitution range of
the Sr2−xCaxRuO4 system [1]. However, compared to the
very well studied Ca-substituted side, much less is known
about the Ba-substituted side. Whereas the unit cell volume
continuously decreases with increasing Ca substitution which
is accompanied by additional octahedral tilts [22], the unit cell
volume continuously increases with increasing Ba substitution
but without the change of the crystal structure [23]. Since it
has been recently shown that the superconducting transition
temperature of Sr2RuO4 can be strongly enhanced by strain
[24–26], we decided to study the impact of Ba substitution
in Sr2RuO4 [23]. Here, we report polarized neutron scattering
experiments of Sr1.6Ba0.4RuO4. Our measurements reveal the
persistence of incommensurate magnetic fluctuations similar
as in Sr2RuO4 and the absence of any (quasi)static spin corre-
lations as observed for Ca substitution in Sr1.5Ca0.5RuO4 [20].

II. EXPERIMENTAL

Single crystals of Sr1.6Ba0.4RuO4 up to ∼100 mm in
length and ∼6 mm in diameter were grown by the traveling
solvent floating zone method [23]. The as-grown crystals have
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been characterized by powder x-ray diffraction, resistivity,
and magnetization measurements. At room temperature, the
lattice parameters of our studied Sr1.6Ba0.4RuO4 single crystals
amount to a = 3.8926(3) Å and c = 12.884(1) Å (space group
I4/mmm). Since the neutron scattering intensity is usually
extremely weak for ruthenates, we have co-aligned 14 single
crystals of ∼50 g with a total mosaic spread of distinctly less
than 1◦ [23] as has been characterized at the cold neutron
triple-axis spectrometer RITA-II at the Paul Scherrer Institute,
Villigen, Switzerland (with [100]/[010] orientation in the
scattering plane).

Inelastic scattering experiments with polarized neutron
were performed on this 50 g ensemble at the thermal triple-axis
spectrometer IN22 at the ILL, Grenoble, France. Polarization
analysis was obtained with a setup of Heusler (111) monochro-
mator and analyzer both working in the vertical focusing and
horizontal flat mode. In the entire paper we will use the suffix
x/y/z to denote the neutron polarization: (i) the x direction
is parallel to the scattering vector Q, (ii) the y direction
is perpendicular to Q and within the scattering plane, and
(iii) the z direction is perpendicular to the scattering plane.
Spin-flip and non-spin-flip channels are denoted by SF and
NSF, respectively. In order to suppress higher order neutron
contamination a pyrolytic graphite filter was installed between
sample and analyzer. The experiments were done with a fixed

final neutron energy of 14.7 meV (kf = 2.662 Å
−1

). The
flipping ratio measured on (110) nuclear Bragg peak reflection
amounts to R ∼ 16.

III. RESULTS AND DISCUSSION

In Fig. 1(a) (H,1-H,0) scans at 4 meV are shown for
the SFx and NSFx channels. Two magnetic peaks centered
at Q0 = (0.3,0.7,0) and (0.7,0.3,0) can be seen in the SFx
channel. These magnetic peak positions point to a propagation
wave vector q0 = (±0.3,±0.3,0), which is similar to that
found in Sr2RuO4 [3,12,27] and Ti/Ca substituted compounds
[11,13,18,20]. In addition to these peaks found in the diagonal
scan direction, further peaks were also observed along vertical
directions [(H00)/(0K0)] in Sr2−xCaxRuO4 [13]. However,
in Sr1.6Ba0.4RuO4 no similar observation can be made in
scans through Q = (1,0,0) (i.e., in the vertical direction),
see Fig. 1(b). Moreover, the absence of any magnetic signal
at the two-dimensional ferromagnetic zone center (1 0 0)
indicates that no spin fluctuations with FM character can
be observed with polarized neutrons in Sr1.6Ba0.4RuO4. In
contrast to Sr2−xCaxRuO4 [13,20] also no (quasi)static AFM
correlations can be found in Sr1.6Ba0.4RuO4, see Fig. 1(a).
The inset of Fig. 1(b) shows the low temperature magnetic
susceptibility data (measured in a field of H = 50 Oe) which
indicates the absence of superconductivity down to 0.5 K for
this Sr1.6Ba0.4RuO4 sample.

The imaginary part of the dynamical spin susceptibility
χ ′′(Q,ω) can be obtained after a correction for the detailed
balance factor [28] by the equation

d2σ

d�dE
= N

kf

ki

r2
0

4πμ2
B

|f (Q)|2e−2W

×
∑

α,β

(δα,β − Q̂βQ̂β)
χ ′′

α,β (Q,ω)
(
1 − e

− �ω
kB T

) , (1)

FIG. 1. (a) Constant energy (H,1-H,0) scans across the incom-
mensurate magnetic peak positions with E = 4 meV and T =
1.5 K in both spin flip (SFx) and non-spin flip (NSFx) channels.
Additionally, also the elastic scattering measured with unpolarized
neutrons is shown (blue data points). (b) (1,K,0) scans measured
with E = 4 meV and T = 1.5 K in both SFx and NSFx channels
scanning across the two-dimensional zone center at (1,0,0) where
ferromagnetic fluctuations should be observable. Inset of (b) shows
the low temperature magnetic susceptibility data measured with
H = 50 Oe indicating the absence of superconductivity down to
0.5 K. Solid line through the data points is best fit to a symmetric
double Gaussian profile. Note, the NSFx data have been shifted
vertically to the same background level of the SFx data for a better
view.

where f (Q) is the magnetic form factor of the Ru+ ion as a
good proximation [3]. For Q points within the ab plane the
measured intensities in the spin flip channel can be simplified
as [29]

I SF
x ∝ χ ′′

a,b(Q,ω) + χ ′′
c (Q,ω) + IBKG

ISF
y ∝ χ ′′

c (Q,ω) + IBKG

ISF
z ∝ χ ′′

a,b(Q,ω) + IBKG,

(2)

where IBKG is the background contribution in the spin flip
channel. (Here, we have neglected nuclear contributions.)

Figure 2(a) shows scans across the incommensurate posi-
tion at Q0 = (0.7,0.3,0) that were measured in the SFx channel
for several energy transfers up to E = 20 meV. We have
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FIG. 2. (a) (H,1-H,0) scans across the incommensurate point
Q0 = (0.7,0.3,0) at 1.5 K in SFx channel with indicated transfer
energies. Solid lines are Gaussian fits to the data. (b) Energy depen-
dence of the imaginary part of the dynamical magnetic susceptibility
at Q0 determined from the Gaussian fits. Red solid line is a fit to a
single-relaxor function (see text). (c) The magnetic peak position and
full width at half maximum (FWHM) as obtained from the fits are
plotted as a function of transfer energy. Dash/dash-dotted arrows are
guides to the eye.

calibrated χ ′′(Q,ω) = 2χ ′′
a,b + χ ′′

c in absolute units against
acoustic phonons close to Q = (2,0,0) following a standard
procedure [3,30]. The energy dependence of χ ′′(Q0,ω) shown
in Fig. 2(b) has been determined by Gaussian fits to the cali-
brated data shown in Fig. 2(a). χ ′′(Q,ω) can be parameterized
according to linear response theory (single-relaxor behavior)
[3,29] by

χ ′′(Q0,ω) = χ ′(Q0,0)

ω

ω2 + 
2
, (3)

where 
 is the characteristic energy of 6.7(8) meV and
χ ′(Q0,0) = 209(11)μ2

B eV −1 corresponds to the static spin
susceptibility at Q0. These values are comparable to that
found in pure Sr2RuO4 with 
 = 9 meV and χ ′(Q0,0) =
180 μ2

B eV−1 [3]. Note, one would expect two characteristic
energies and amplitudes corresponding to χ ′′

a,b(Q,ω) and
χ ′′

c (Q,ω) to fit the data in Fig. 2(b). However, such an analysis
cannot be made for the current study which would require
better statistics.

Peak positions and peak widths are shown as a function
of energy transfer in Fig. 2(c). Averaging the peak width
(FWHM) yields �Q = 0.091(4) r.l.u. which corresponds to
a correlation length of 9.4(4) Å that is almost identical to
the values observed in Sr2RuO4. The spin fluctuations found
in the highest Ba substituted sample Sr1.6Ba0.4RuO4 are very
similar to the ones observed in Sr2RuO4 [3]. Also the uniform
susceptibility of Sr1.6Ba0.4RuO4 exhibits a similar magnitude
like that of Sr2RuO4 on the level of χ̃ = χ ′(0,0) ∼ 10−3

emu/mole being different from that on the Ca substituted side
of the phase diagram [4,23].

The temperature dependence of the spin fluctuations in
Sr1.6Ba0.4RuO4 is shown in Fig. 3. With increasing temperature
χ ′′(Q0,6) exhibits a sharp decrease with an extended tail that
persists up to 300 K, see Fig. 3(b). A very similar temperature
dependence has been observed in the parent compound

FIG. 3. (a) (H,1-H,0) scans across the incommensurate point
Q0 = (0.7,0.3,0) at indicated temperatures in SFx channel with an
energy transfer of E = 6 meV. Solid lines are Gaussian fits to the data.
(b) Temperature dependence of the imaginary part of the dynamical
magnetic susceptibility at Q0 determined from the Gaussian fits. Red
solid line is a guide to the eye. (c) The magnetic peak position
and FWHM as obtained from the fits are plotted as a function of
temperature. Dash/dash-dotted arrows are guides to the eye.

FIG. 4. Diagonal scans in all three (x,y,z) polarization channels
across the incommensurate point Q0 = (0.7,0.3,0) at T = 1.5 K with
energy transfers of 4 meV and 6 meV are shown in panel (a) and (b),
respectively. Solid lines through the data points are Gaussian fits.
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FIG. 5. Energy dependence of the anisotropy ratio χ ′′
c /χ ′′

a,b of the
incommensurate fluctuations measured at points Q0 = (0.7,0.7,0)
(black sphere) and Q0 = (0.7,0.3,0) (red diamond) for
Sr1.6Ba0.4RuO4. The NMR result (pink pentagon) measured
for Sr2RuO4 was taken from Ref. [16], and the polarized neutron
data for Sr2RuO4 measured at points Q0 = (1.3,0.3,0) (open square)
and Q0 = (0.7,−0.3,0) (open star) were taken from Ref. [10].
The unpolarized neutron data (half filled square) at 4 meV is from
Ref. [17]. Dash dotted line is a guide to the eye.

Sr2RuO4 by neutron and NMR measurements [3,14]. The
temperature dependence of peak positions and peak widths
are shown in Fig. 3(c). Whereas no temperature dependence
of the peak positions can be observed, a peak broadening
can be observed with increasing temperature. These results
can be understood within the Fermi surface nesting scenario.
With increasing temperature, thermal hopping of electrons into
unoccupied states smears out the Fermi surface, yielding a
decrease of the dynamical spin susceptibility χ ′′(Q,ω) and a
broadening in Q space [3].

A detailed polarization analysis is shown in Fig. 4. Diagonal
scans across Q0 = (0.7,0.3,0) are shown for (a) 4 meV and
(b) 6 meV energy transfer in the three different spin flip
channels. According to equation (2) the anisotropy factor
χ ′′

c /χ ′′
a,b amounts to 1.2(6) and 2.2(9) for 4 meV and 6 meV,

respectively. (We have assumed equal peak width for all three
SF channels in the Gaussian fits and the integrated intensity
have been used to calculate the anisotropy ratio. Note that the
smaller anisotropy factor at 4 meV deviates from the trend (see
Fig. 5) which we attribute to the insufficient statistics of the
data due to the extremely weak signal in the ruthenate system.)
These values are smaller than the NMR results for Sr2RuO4

where an anisotropy factor of 3 has been obtained [16].
However, our results yield similar values compared to neutron
scattering measurements on Sr2RuO4 [10,17]. As observed
for Sr2RuO4[10] the anisotropy of the incommensurate spin
fluctuations in Sr2RuO4 decreases with increasing energy
(and eventually becomes isotropic) which might also explain
the bigger values observed in NMR experiments. We also
made additional measurements at different Q points [i.e.,
Q0 = (0.7,0.7,0)]. The energy dependence of the anisotropy
ratio χ ′′

c /χ ′′
a,b determined from all these measurements is

summarized in Fig. 5. The NMR results and neutron results
for Sr2RuO4 [10,16,17] are also shown for comparison.

IV. SUMMARY

In conclusion, Sr2−xBaxRuO4 is a reference system for
Sr2RuO4 that allows us to study the physical properties
of this interesting system without altering its structural
symmetries. Whereas the maximum Ca-substitution level
amounts to xCa

max = 2 for Sr2−xAxRuO4, due to a miscibility
gap above xBa

max on the other side of the phase diagram
about ∼40% is the corresponding maximum Ba-substitution
level xBa

max [23]. We found that the incommensurate spin
fluctuations observed in Sr2RuO4 at q0 ∼ (±0.3,±0.3,0)
still persist in Sr1.6Ba0.4RuO4 at its maximum Ba-substitution
level xBa

max and that no (quasi)static spin correlations can
be observed in the Ba-substituted side of the phase dia-
gram Sr2−xBaxRuO4. This is unlike observations in the Ca-
substituted side Sr2−xCaxRuO4 of the phase diagram. Thus, the
random potential implied by Ba substitution and the increase
of interatomic distances seems to have a different effect than
changes due to local octahedral tilts arising from Ca substitu-
tion. The incommensurate spin fluctuations in Sr1.6Ba0.4RuO4

resemble the ones observed in Sr2RuO4 including their
absolute values of magnitude, the anisotropy factor, and their
energy and temperature dependencies. Moreover, within our
measurement accuracy FM spin fluctuations were found to
be absent in nonsuperconducting Sr1.6Ba0.4RuO4 (50 g of
co-aligned single crystals).
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