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We have studied the structural, magnetic, and electronic transport properties of (Sry¢Cag ;)3Ru,04
using single crystals grown by a floating-zone technique. The structure analysis by Rietveld
refinements reveals that the Ca substitution for Sr intensifies the structure distortion; the rotation
angle of the RuO4 octahedron increases. This structure change tunes magnetic and transport
properties dramatically. The magnetic ground state switches from an itinerant metamagnetic state
for Sr;Ru,0; to a nearly ferromagnetic state for (SryoCay)3Ru,0;. The Fermi liquid behavior
occurs in Sr;Ru,04, but is suppressed in (SryoCag ;)3Ru,05. These results strongly suggest that
lattice, spin, and charge degrees of freedom are strongly coupled in this system. The band width
narrowing caused by the structure distortion should be responsible for the enhancement of
ferromagnetic correlations and the change of transport properties. © 2009 American Institute of

Physics. [DOL: 10.1063/1.3074784]

The Ruddlesden—Popper type ruthenates
(Sr,Ca),,Ru,05,,; have been the subject of broad interest
in the community of strongly correlated electron system due
to a rich variety of novel magnetic and electronic ground
state properties such as spin triplet superconductivity,l itin-
erant magnetism,2 and antiferromagnetic Mott insulator.” The
double-layered (Sr;_,Ca,);Ru,0; (n=2) system exhibits a
complex magnetic phase diagram.4 The magnetic ground
state evolves from an itinerant metamagnet for x <0.08 to a
heavy-mass nearly ferromagnetic state with an extremely
large Wilson ratio for 0.08 <x<<0.4. This nearly ferromag-
netism (FM) state does not evolve into a long-range FM
order despite considerably strong FM fluctuations, but
freezes into a cluster spin glass (CSG). When the Ca content
is further increased to the 0.4<<x=1.0 range, the system
switches to an antiferromagnetic state. In addition, non-
Fermi liquid behavior occurs as the frozen temperature Tsg is
suppressed to zero near x~ 0.08, suggesting the presence of
quantum critical behavior near this critical composition.

In this paper, we report detailed studies of structural,
magnetic, and electronic transport properties of the sample
(Sry¢Cay ;)3Ru,05, which is close to the critical composition
with x~0.08. Our objective is to further identify the novel
quantum phenomena near this critical composition and in-
vestigate its underlying physics.

Our sample (SryoCag;);Ru,0; was grown using a
floating-zone technique and carefully screened by x-ray dif-
fraction and superconducting quantum interference device
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(SQUID) magnetometer. Since SQUID has an extremely
high sensitivity to ferromagnetic materials, it guarantees that
the selected samples do not involve any FM impurity phases
such as (Sr,Ca)4Ru;0;,.> Our structure analysis was carried
out using general structure analysis system (GSAS) for Ri-
etveld refinement of x-ray diffraction spectra.6 The x-ray dif-
fraction spectrum was taken in the Bragg—Brentano geom-
etry using powdered single crystals and a step-scan mode
with the counting time of 8 s/point. The step-scan size is
0.02°. The measurement was conducted at room temperature.
The resistivity measurement was performed using a standard
four-probe method.

Figure 1 shows the x-ray diffraction pattern in the range
from 20° to 100° for the sample (Sry¢Cay)3Ru,0. The cal-
culated reflection profile shown in Fig. 1 is from the GSAS
refinement. No absorption is taken into account during re-
finements. While the sample has a slightly preferential orien-
tation along the ¢ axis, good assignments of (hkl) indices to
all the peaks were obtained. The refinement factors are R,
=5.86%, Rp=4.33%, and )(2=5.683, respectively. Structure
parameters derived from the refinement is shown in Table I.
We find that the Ca substitution for Sr enhances the structure
distortion while the structure of (Srj¢Cay );Ru,0; can still
be described with the same space group as that of SrzRu,0,
i.e., Bbch (No. 68). The rotation angle of RuOg4 octahedron
increases from 6.8° for Sr;Ru,0O; to 9.77° for
(SryoCag ;)3Ru,05; the octahedron rotation is schematically
shown in the inset of Fig. 1. This rotation angle slightly
increases the orthorhombicity of the unit cell. Such a struc-
ture change driven by the octahedron rotation is similar to
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Downloaded 14 Apr 2011 to 137.30.164.124. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3074784
http://dx.doi.org/10.1063/1.3074784
http://dx.doi.org/10.1063/1.3074784

07E323-2 Qian et al.

4x10* |

9.77°x2

2x10* - ]

+  Observed

L } Calculated |
! ! A Difference
OE A
X 1 L 1 n 1

20 40 60 80 100
260 (Degree)

Intensity (Counts)

FIG. 1. (Color online) Observed (open circles), calculated (solid line), and
different (bottom of the figure) intensities of powder diffraction pattern of
the (SryoCag);Ru,0; sample at room temperature. R,,=5.86%, R,
=4.33%, and X2=5.683. The inset shows the schematic of the octahedron
rotation of RuQg.

what is observed in Ca,_,Sr,RuO, when 0.5 <x< 1.5

The main panel of Fig. 2 shows magnetic susceptibilities
Xac measured at 0.3 T for the samples (Sry¢Cag ;)3Ru,05 and
Sr;Ru,05. For Sr;Ru,05, the susceptibility shows a peak
near 15 K; a metamagnetic transition occurs below this peak
temperature; the metamagnetic transition field is about 5.5 T
at 2 K for Hllab (see the inset of Fig. 2). All these features
are consistent with the results reported previously.9 In com-
parison  with  Sr;Ru,0;,  the  susceptibility  of
(SryoCay 1)3Ru,0; is significantly enhanced and it tends to
diverge at low temperatures, suggesting that magnetic corre-
lations are strongly enhanced. The measurement of magneti-
zation as a function of magnetic field M(H) shows that the
metamagnetic transition is suppressed in this sample. The
concave characteristic of M(H) shown in the inset of Fig. 2
indicates that magnetic correlations in this sample should be
ferromagnetic. The reversible behavior in M(H) upon up-
ward and downward field sweeps shows that no long-range
ferromagnetic order occurs even at 2 K. In addition, we per-
formed the magnetic susceptibility measurement at a low
field, 5 mT for this sample. As shown in Fig. 2(b), we ob-
served an unusual irreversible behavior below 10 K between
zero-field-cooling (ZFC) and field-cooling (FC) histories.
This irreversible behavior does not seem associated with a
spin glassy state since we did not observe any frequency
dependence in the ac magnetic susceptibility x,. of this
sample [see the inset of Fig. 2(b)].

Another important feature in x4 for the sample
(SryoCay 1)3Ru,0; is that it follows Curie-Weiss (CW) tem-
perature dependence and the Weiss temperature 7y derived
from the CW fitting is ~—11 K, which is in contrast with
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FIG. 2. (Color online) (a) dc magnetic susceptibility measured at 0.3 T for
Sr;Ru,05 and (SryyCay,)3Ru,0,. (Inset) The magnetization as a function of
field at 2 K. (b) dc magnetic susceptibility measured at 5 mT for
(Sry9Cay1)3Ru,05. (Inset) The ac magnetic susceptibility measured at vari-
ous frequencies for (SryCay ;);Ru,0.

Tcw~—-40 K of Sr3Ru207.10 Previous studies have shown
that there exist competing magnetic correlations in Sr;Ru,05
due to a multiple band effect; both FM and AFM correlations
coexist.'"™* The negative Weiss temperature of Sr;Ru,0;
suggests that AFM correlations dominate its magnetic
ground state; this point of view has been confirmed in neu-
tron scattering and nuclear ~magnetic resonance
measurements.'"'? The decrease in negative Weiss tempera-
ture for (Sry9Cay;)3;Ru,05 suggests that the Ca substitution
for Sr suppresses the AFM correlations. The divergent be-
havior of y,. at low temperature, as well as the concave
characteristic in M(H) shown in Fig. 2, suggests that FM
correlations in (Sry¢Cag)3Ru,0; becomes dominant. Our

TABLE 1. Results of Rietveld analyses for (Sry4Cag;)3Ru,0; using GSAS program. Like in Sr;Ru,0,, the
structure model with the Bbch (No. 68) space group yields the best fit for (Sr,Cay ;);Ru,05. For comparison,
the structure parameters of Sr;Ru,0; (taken from Ref. 8) are also included in the table.

a b c Rotation angle Tilting angle
(A) (A) (A) (deg) (deg)
Sr;Ru,0, 5.5006(4) 5.5006(4) 20.7250(1) 6.80 0
(Sry4Cayg1)3Ru,0; 5.4827(2) 5.4916(2) 20.6998(5) 9.77 0
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FIG. 3. (Color online) In-plane resistivity as a function of temperature for
(Sry4Cag)3Ru,0; and SrsRu,0;. (Inset) p,, vs T? at low temperatures.

preliminary neutron scattering measurements on this sample
provides a strong support for this point of view.'*

This evolution of magnetic ground state from SrzRu,0-
to (SryCag)3Ru,05 can be well understood in terms of the
structure change caused by the Ca substitution for Sr. As
discussed above, the Ca substitution for Sr results in the
increase in rotation angle of RuOg4 octahedron. According to
the first-principles calculation for Caz_XerRuO4,15 such an
increase in octahedron rotation angle would narrow band
width, which thus increases the density of state (DOS) near
the Fermi surface. On the basis of Stoner theory, the increase
in DOS near the Fermi level should drive the system toward
a FM instability, which is consistent with our observations.
On the other hand, the octahedron rotation reduces the sym-
metry to some extent and therefore changes the shape of
Fermi surface. As a result, the Fermi surface nesting, which
is responsible for the AFM correlation, is weakened. Regard-
ing the irreversibility of x,. between ZFC and FC at low
fields, we have not understood its origin. This certainly de-
serves further investigation.

As shown in Fig. 3, electronic transport properties ex-
hibit a dramatic change with the variation in magnetic
ground state for (SryoCag;);Ru,05. In Sr;Ru,05, the in-
plane resistivity p,, shows a downturn below 15 K, which is
the characteristic temperature for the metamagnetic transi-
tion, while in (Sry¢Cay);Ru,05, this downturn feature is
suppressed. The inset of Fig. 3 shows their resistivities at low
temperatures on the 72 scale. Sr;Ru,0, exhibits a typical
Fermi liquid behavior, i.e., p,,(T) = T?; the Fermi liquid tem-
perature T is about ~10 K. For (Srj¢Cag ;)3Ru,04, how-
ever, the Fermi liquid behavior is completely suppressed and
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its p,(T) can be fitted with a powerlaw temperature depen-
dence T" (n~2.3) for T<<2 K. This powerlaw behavior is
likely associated with the spin scattering since the nearly FM
state of this sample is possibly frozen into the CSG phase at
temperatures below 2 K.

In summary, we have investigated structural, magnetic,
and electronic transport properties of double-layered
(Srp9Cay ;)3Ru,0; solid solution. We found that from
Sr3Ru,05 to (SryoCay;)3Ru,0; the magnetic ground state
switches from a metamagnetic state to a nearly FM state. In
this nearly FM state, an unusual irreversible behavior be-
tween ZFC and FC in magnetic susceptibility at low fields
was observed and the Fermi liquid behavior seen in
Sr3Ru,0; was suppressed. Such changes in magnetic and
electronic properties can be attributed to the increase in the
rotation angle of RuOg4 octahedron caused by the Ca substi-
tution for Sr. These observations suggest that lattice, spin,
and charge degrees of freedom in double-layered ruthenates
are strongly coupled.
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