SCIENTIFIC B ENC A

REP{%}RTS

SUBJECT AREAS:

MAGNETIC PROPERTIES
AND MATERIALS

ELECTRONIC PROPERTIES AND
MATERIALS

SUPERCONDUCTING PROPERTIES
AND MATERIALS

Received
20 August 2013

Accepted
30 September 2013

Published
15 October 2013

Correspondence and
requests for materials
should be addressed to
Z.Q.M. (zmao@

tulane.edu)

Competition Between Antiterromagnetism
and Ferromagnetism in Sro,RuO,4 Probed

by Mn and Co Doping

J.E. Ortmann', J. Y. Liv', J. Hu', M. Zhu?, J. Peng', M. Matsuda?, X. Ke? & Z. Q. Mao'

'Department of Physics and Engineering Physics, Tulane University, New Orleans, Louisiana 70118, USA, 2Department of Physics
and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA, *Quantum Condensed Maiter Division, Oak Ridge
National Laboratory, Oak Ridge, Tennessee 37831, USA.

Spin-triplet superconductivity in Sr,RuQ, has attracted enormous interest. Like other unconventional
superconductors, superconductivity in Sr,RuQy is in close proximity to magnetic instability. Undoped
Sr,RuQ, exhibits incommensurate antiferromagnetic (AFM) fluctuations, which can evolve into static,
short-range AFM order via Ti doping. Moreover, weak ferromagnetic (FM) coupling in Sr,RuO, has
also been suggested by NMR/neutron scattering experiments and studies on Ca,_,Sr,RuO, and
Sr,_,La,RuO,, implying orbital dependent magnetism. We report bulk static, short-range FM order in
Sr,RuO, triggered by <2% Co doping, showing superconductivity in Sr,RuO, is much closer to FM
instability than previously reported in Ca,_,Sr,RuO,. We also find Mn doping can effectively establish
incommensurate AFM order, with Ty ~ 50 K for 3% Mn doping. These new results place Sr,RuO, in a
unique situation where superconductivity lies directly on the borderline of two distinct magnetic states,
highlighting the important role of competing magnetic fluctuations in determining superconducting
properties of Sr,RuO,.

hortly after the discovery of superconductivity at T, ~ 1.5 K in Sr,RuQO,’, it was proposed that the

superconductivity of this material may involve an unconventional pairing symmetry*. Rice and Sigrist®

proposed a phenomenological model of spin triplet p-wave superconductivity in Sr,RuO, based on the
similarities of the Fermi liquid states of Sr,RuO, and liquid *He as well as the ferromagnetism of relative
compound SrRuOj;. The notion of spin-triplet superconductivity in Sr,RuO, has now been demonstrated by
several key experiments’~* and exotic properties arising from spin-triplet pairing have been observed in a growing
number of experiments, such as time-reversal symmetry breaking”'’, chiral order parameter domain'' and half-
quantum fluxoid states'>. However, there is still no clear agreement on the exact nature of the mechanism
responsible for this unconventional pairing symmetry and interest in this question has generated considerable
research over the last 15 years''.

In many unconventional superconductors, such as high-T, cuprates', iron pnictides'’, and heavy Fermion
systems'’, the superconducting state lies adjacent to static magnetic order. Such close proximity of the super-
conducting state to static magnetic order has naturally led to the suggestion that spin fluctuations may play a key
role in the pairing mechanism of these unconventional superconductors. Given that Sr,RuO, shows spin-triplet
superconductivity, it is natural to ask whether or not its superconducting state also lies adjacent to static magnetic
order. A great deal of work has been done to address this question. Early inelastic neutron scattering studies of
Sr,RuO, found evidence for incommensurate spin fluctuations at the wavevector Q;. = (£2n/34a, £2n/3a, 0)'%,
consistent with the theoretical prediction of spin-density-wave (SDW) magnetic fluctuations driven by Fermi
surface nesting between the o and [ sheets derived from Ru 4d,/,. orbitals'®. Such incommensurate magnetic
fluctuations can be stabilized by Ti doping® and short-range, static incommensurate order was probed in neutron
scattering measurements of the 9% Ti-doped sample*'. Although these results have established that Sr,RuOy is
adjacent to incommensurate magnetic order, AFM fluctuations are expected to favor d-wave pairing over p-wave
pairing". According to the phenomenological theory by Rice and Sigrist® and theoretical studies by several other
groups™>*, ferromagnetic (FM) fluctuations are in favor of p-wave pairing. The first-principles calculations by
Mazin and Singh suggest that Sr,RuO, may possess FM fluctuations due to the fact that the Fermi-level of Ru 44,
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bands is close to a van Hove singularity (vHS)*. The evidence for FM
coupling in undoped Sr,RuO, was first observed in O and '"'Ru
NMR measurements by Imai et al.*, which showed that the spin
correlations from Ru 4d,, orbitals are predominantly FM in nature.
Nevertheless, later inelastic neutron scattering measurements on
Sr,RuQ,, while showing some evidence of magnetic excitation at
zone center, suggest that FM fluctuations in Sr,RuQ, are very weak™.

Given that weak FM fluctuations coexist with incommensurate
fluctuations in Sr,RuQOy, one may expect a scenario where chemical
doping can band selectively enhance FM fluctuations or even trigger
static FM order as Ti doping selectively stabilizes the incommensur-
ate order. Such a possibility has been examined by Kikugawa
et al?**. They found that La’* substitution of Sr** in Sr,RuO,
enhances FM fluctuations; this result has been interpreted in terms
of the electron doping from La’" bringing the Fermi level of Ru 4d,,
bands close to the vHS. Also, a new phase diagram of Ca,_,Sr,RuO,
recently established by PSR measurements™ reveals that a FM cluster
glass discovered previously®' near x = 0.5 indeed extends to x = 1.5.
Coexistence of phases with and without spin freezing is observed
even in the x = 1.8 sample. These results imply that Sr,RuO, is
not far from an FM instability. Given the important role FM fluctua-
tions are expected to play in the pairing mechanism and the obser-
vation that AFM order can be induced by a small amount of doping,
it is natural to ask if FM order can also be induced in Sr,RuQO, with
relatively little doping. In this Report, we show that Sr,RuQy is
indeed right on the borderline of short-range static FM order. As
little as 0.8-1.5% Co doping in Sr,RuO, can trigger static, short-
range FM order. Furthermore, we find that Mn doping can enhance
the incommensurate order much more significantly than Ti doping;
3% Mn doping can establish static incommensurate order with Ty ~
50 K, as opposed to Ty ~ 25 K in the 9% Ti-doped sample*'. These
new results underline the strong competition between ferromagnet-
ism and antiferromagnetism in Sr,RuO, and point toward the
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important role of magnetic fluctuations in mediating the supercon-
ducting pairing.

Results

We present magnetic susceptibility data of Mn-doped samples in
Fig. 1a where the data of undoped Sr,RuQj is also given for com-
parison. All Mn-doped samples show irreversibility between zero-
field cooled (ZFC) and field-cooled (FC) histories in susceptibility at
low temperatures for field parallel ¢, but not for field parallel ab,
indicating that Mn doping induces striking Ising anisotropy in
Sr,RuQ,. This observation is reminiscent of Ti-doped Sr,RuO,,
which exhibits similar history dependence in magnetic susceptibil-
ity*. The susceptibility irreversibility in Ti-doped Sr,RuQO, has been
shown to originate from a spin glass state at low temperatures®. To
verify if the history dependence of susceptibility observed in Mn-
doped Sr,RuQ, is also associated with a spin glass state, we examined
the relaxation of magnetization of Mn-doped samples. In general,
significant magnetic relaxation is a signature of a spin glass state. Like
Ti-doped Sr,RuQ,, the Mn-doped samples indeed exhibit remark-
able magnetic relaxation below the temperature T;, where the irre-
versible behavior of susceptibility begins. Fig. 1b shows magnetic
relaxation data collected on the sample with 10% Mn at various
temperatures; T;, of this sample is ~40 K.

Furthermore, we also measured the initial remnant magnetization
M, as a function of temperature for all Mn-doped samples. M, data
was collected by first zero-field-cooling the sample to a given tem-
perature from 300 K, then applying a magnetic field of 5 T for 300
seconds and decreasing the field to zero. As seen in Fig. lc, we
observed a pronounced peak in My(T) for the 10% Mn-doped sample
at a temperature slightly below Tj,, a feature similar to what was
observed in Ti-doped Sr,RuO4*. As mentioned in the introduction,
the spin-glass state in Ti-doped Sr,RuQy is characterized by short-
range incommensurate AFM order. Given that Mn-doped samples
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Figure 1 \ Magnetic properties of Sr,Ru; _,Mn,O,. (a) Magnetic susceptibility vs. temperature measured with ZFC and FC histories; (b) time
dependence of remnant magnetization, measured after first zero-field-cooling the sample to a given temperature from 300 K, then applying a magnetic
field of 5 T for 300 seconds and decreasing the field to zero; (c) initial remnant magnetization M, i.e. M(t = 0), vs. temperature for 10% Mn-doped
sample; (d) temperature dependence of the neutron scattering intensity of the magnetic Bragg peak at (0.3,0.68,0)*(2n/a) for 3% Mn-doped sample, inset:

the magnetic Bragg peak at (0.3,0.68,0)*(2m/a).
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and Ti-doped samples show strikingly similar magnetic behavior in
the measurements discussed so far, it is reasonable to expect a similar
spin glass state with short-range incommensurate order in Mn-
doped samples. Indeed, this has been confirmed by our elastic neut-
ron scattering measurements shown in Fig. 1d, where a magnetic
Bragg peak at (0.3, 0.68, 0)*2m/a (inset) as well as the peak intensity
temperature dependence are presented. These data clearly show 3%
Mn-doped Sr,RuO, forms incommensurate AFM order below Ty ~
50 K with an almost identical ordering wavevector to that found in
Ti-doped Sr,RuO,4*'. It is worth noting that Mn doping is much more
effective than Ti doping at inducing incommensurate AFM order.
The Néel temperature of 3% Mn-doped sample is approximately
twice that of 9% Ti-doped sample (T ~ 25 K), indicating the
AFM coupling is stronger in the Mn-doped system than in the Ti-
doped system.

In Fig. 2a, we present magnetic susceptibility for Co-doped
Sr,RuO,. Like Mn- and Ti-doped samples, Co-doped samples also
show Ising anisotropy in susceptibility, with irreversibility between
ZFC and FC histories apparent for field parallel c. T;, is ~4 K and
10 K, respectively, for 0.8% and 1.5% Co doping. Moreover, Co-
doped Sr,RuO, also shows relaxation of remnant magnetization
below T, as shown in Fig. 2b. These features indicate that Co doping
alsoleads to a low-temperature glassy state in Sr,RuO,. However, the
nature of the glassy state in the Co-doped sample is distinct from that
in the Mn-doped sample, as implied by comparing the initial rem-
nant magnetization My(T) for these two materials shown in Fig. 2¢
and Ic, respectively. Rather than a pronounced peak in My(T) as seen
in the Mn- and Ti-doped samples, the Co-doped sample shows a
monotonic, steep increase in M, with decreasing temperature for T
< T (Fig. 2¢). The difference in magnitude of M, at the lowest
temperatures is also remarkable: My(T = 2 K) for the 1.5% Co-
doped sample is ~35 times greater than My(T = 2 K) for the 10%

a
10
3
1S
O]
Q
>
€
(0]
S
T
S
0 L L
1 10 100
T K 0.06 /.0.06
b ( )'1.4t 1(?3 )1.8
x(Co) = 0.015

N

(‘ne) (w)u1

L x(Co)=0.015

w

N

100

Mn-doped sample. These observations suggest that Co-doped
Sr,RuO, may form an FM cluster glass rather than a spin glass with
incommensurate AFM order, as seen in the Mn-doped samples. This
is indeed verified by the magnetic hysteresis as well as the exponential
magnetic relaxation, as discussed below. As shown in Fig. 2d, with as
little as 1.5% Co doping, the isothermal magnetization data shows
significant hysteresis with a coercive force >0.50 T and remnant
magnetization of ~6.5 mugp/Ru. Such hysteric behavior of magnet-
ization develops only when the temperature is lowered below T;,
(~10 K). The 0.8% Co-doped sample also shows hysteresis, although
itis not as dramatic as that observed in the 1.5% Co-doped sample. In
contrast, none of the Mn-doped samples studied show hysteresis in
isothermal magnetization data and instead show linear field depend-
ence, as seen in the 10% Mn-doped sample in Fig. 2d. The presence of
magnetic hysteresis in the Co-doped samples clearly indicates the
formation of static FM order. Such FM order should represent a
short-range order, since the Arrott plot of magnetization for 1.5%
Co-doped sample does not show any spontaneous magnetization for
T < T, which is the hallmark of a long-range FM order (see
Supplementary Information S1). The notion of short-range order
is also consistent with the observed susceptibility data, which does
not show the sharp increase usually associated with the onset of long-
range FM order, but rather shows a crossover to irreversibility below
T,

The FM cluster glass state in the Co-doped sample is also mani-
fested in the exponential magnetic relaxation. As shown in the inset
of Fig. 2b, the time dependence of magnetization for the 1.5% Co-
doped sample can be best described by M(#) o exp[—(#/1)*%], where
T~ 7.8 X 10° s, which resembles the exponential magnetic relaxa-
tion of the FM cluster phase observed in Ca; 5Sry sRuO,4, where M(f)
o< exp[—(#/1)°%*] (t ~ 2800 s)*'. The large difference in 7 and the
exponent between these two systems should be attributed to the
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Figure 2 | Magnetic properties of Sr,Ru, —,Co0,0,. (a) Magnetic susceptibility vs. temperature measured with ZFC and FC histories. (b) Time

dependence of magnetization, measured after first zero-field-cooling the sample to a given temperature from 300 K, then applying a magnetic field of 5 T
for 300 seconds and decreasing the field to zero. Inset: relaxation curve of M (on logarithmic scale) at 2 K for 1.5% Co- and 10% Mn-doped samples; the
dashed linear line in the inset is used as a reference to show the M(#) for the 10% Mn-doped sample slightly deviates from linearity. (c) Initial remnant
magnetization M, i.e. M(t = 0), vs. temperature for 1.5% Co-doped sample. (d) Isothermal magnetization data for 0.8% Co-, 1.5% Co- and 10% Mn-

doped samples.
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difference in FM coupling strength and the different temperature at
which measurements were performed. In contrast, M(t) for the Mn-
doped sample neither follows the exponential time dependence that
the Co-doped sample follows (as shown in the inset of Fig. 2b), nor
shows In(t) dependence as the Ti-doped sample does (see Fig. 1b)*;
this is in line with our expectation that the glassy states of Co- and
Mn-doped samples are distinct.

It is important to stress that the weak ferromagnetism seen in
magnetization measurements of Co-doped samples is not due to
intergrowth of FM relative compound SrRuO3, as made clear by a
few key observations. First, the Curie temperature T, of SrRuQOj is
160 K for the bulk material®* and in the 110-160 K range for the
phase at nanometer length scale®. Our susceptibility measurements
show no features between 110 K and 160 K. Because the SQUID
magnetometer is extremely sensitive to FM phases, the absence of
any FM response in the 110-160 K range indicates that SrRuO;
intergrowth is negligible in our samples. Secondly, as noted above,
the Arrott plot for 1.5% Co-doped Sr,RuO, does not show spontan-
eous magnetization, which is inconsistent with the long-range FM
order seen in SrRuQs. Finally, we have purposely measured undoped
crystals with significant SrRuQO; intergrowth and found these mixed
phase samples do not show magnetic relaxation behavior (see
Supplementary Information S2), in contrast with the observation
of magnetic relaxation in Co-doped samples. From all these observa-
tions, we conclude the FM response in our Co-doped crystals is
purely an effect of doping and is not due to FM SrRuQ; intergrowth.

Co and Mn doping in Sr,RuO,4 not only lead to two different spin
glass states as discussed above, but also cause distinct electronic
states, as evidenced by resistivity data presented in Fig. 3. For Mn-
doped samples, we observe a low-temperature upturn for both in-
plane (p,,) and out-of-plane (p.) resistivity at the same temperature.
Although the resistivity values of the Mn-doped samples are rela-
tively small (e.g. pop ~ 7.5 X 107> Q cm at 2 K for 3% Mn-doping),
this upturn indicates that Mn doping leads to a weakly localized state,
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Figure 3 \ Electronic transport properties of Sr,Ru; _(Co/Mn),0,. Out-
of-plane (a) and in-plane (b) resistivity, normalized to room temperature
resistivity. The low-temperature weakly localized state of the Mn-doped
samples is apparent for both current orientations. The inset in (a) shows
in-plane and out-of-plane resistivity vs. T* for 0.8% and 1.5% Co-doped
SrzRuO4.

as seen in Ti-doped samples®. To examine if such a low-temperature
upturn of resistivity is associated with the Kondo effect, we have
plotted the resistivity on the logarithmic scale of temperature (see
Supplementary Information S3). We do not observe the expected
log(T) dependence, which excludes the possibility that Mn doping
results in a Kondo effect. The onset of the weakly localized state is
much higher than the irreversibility temperature T;, determined
from magnetization measurements, but coincides with the onset
temperature of incommensurate order probed in neutron scattering,
both occurring at ~50 K in the 3% Mn-doped sample. We note that
the weakly localized state in Ti-doped Sr,RuQO, also begins at
approximately the same temperature as incommensurate order
begins to form in the system®**'. This suggests that local moments
may play a role in the formation of static AFM order in both the Ti-
doped system and the Mn-doped system. This will be discussed
further below.

In contrast to Mn and Ti impurities, we see from the resistivity
data in Fig. 3 that Co impurities are apparently not strong scattering
centers in Sr,RuOy: p,;, remains metallic all the way down to 2 K and
p.is also metallic below ~120 K in both Co-doped samples. Both p,;,
and p, exhibit quadratic temperature dependences at low tempera-
tures as shown in the inset of Fig. 3a, indicating that a Fermi liquid
ground state, which is seen in undoped Sr,RuO,, survives in Co-
doped samples. This is in sharp contrast to the weakly localized state
seen at low temperatures for both Ti- and Mn-doped Sr,RuQO,. Given
that the presence of static incommensurate order is always accom-
panied with a weakly localized electronic state in Mn- and Ti-doped
samples, the observation of Fermi liquid behavior of resistivity in Co-
doped samples implies that Co doping does not induce static incom-
mensurate order except for the short-range FM order. From our
preliminary neutron scattering measurements on the 3% Co-doped
sample, we indeed did not observe any signature of static incommen-
surate order.

In Figure 4a we present a magnetic phase diagram for Mn- and Co-
doped Sr,RuQ,, which is established by the magnetization, resistivity
and neutron scattering measurements described above. Symbols “4”
and “@” represent characteristic temperatures defined from suscept-
ibility irreversibility (T;;) and resistivity upturn (Twr), respectively.
The incommensurate ordering temperature Ty probed by neutron
scattering in the 3% Mn-doped sample is also added to the diagram.
It can be clearly seen that Ty is approximately equal to Ty, but
much higher than T;, for this sample. Such a large discrepancy
between Ty and T, is also observed in the spin glass state of Ti-doped
Sr,RuO, and is explained in terms of a crossover transition from
damped inelastic magnetic fluctuations to elastic magnetic order*'.
This interpretation should also be applicable to Mn-doped samples.
That is, Ty probed in neutron scattering should represent the onset
of damped incommensurate fluctuations, while T;. corresponds to
the onset of static order. Given that Ty, = Ty for the 3% Mn-doped
sample and Ti doped samples®**', we can reasonably use Ty to track
the incommensurate ordering in other Mn-doped samples.
Following this definition, Ty for the 10% Mn-doped sample is esti-
mated to be ~75 K. For Co doped samples, T;, should correspond to
the onset of FM cluster glass as indicated above.

Discussion

The phase diagram in Fig. 4a shows the surprising result that super-
conductivity in Sr,RuQ, is directly adjacent to both static incommen-
surate AFM order and static FM order. Notably, this phase diagram
shows that superconductivity in Sr,RuQ, is much closer to the FM
instability, as compared to the Ca,_,Sr,RuO, phase diagram where
bulk FM cluster glass phase does not appear until x =1.5%. The fact
that bulk static, short-range FM and AFM orders can be induced by
<2% Co doping and 3% Mn doping, respectively, in Sr,RuO,4 un-
ambiguously demonstrates that Sr,RuO, is in close proximity to
distinct magnetically ordered states. This is in stark contrast with
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Figure 4 | Magnetic phase diagram and specific heat data of Sr,Ru;_(Co/Mn),0,. (a) Magnetic phase diagram; PM: paramagnetic, FM CG:

ferromagnetic cluster glass, SG-IC: spin glass state with short-range incommensurate antiferromagnetic order. (b) Doping dependence of Sommerfeld
coefficient v.. (c) Specific heat C divided by temperature vs. T* for undoped, 1.5% Co-, 3% Mn- and 10% Mn-doped samples. The solid lines represent
linear fits. (d) Specific heat C divided by temperature vs. T* for the 0.8% Co-doped sample; the best linear fit (i.e. the solid line) is obtained in the 7-12 K

temperature range.

other unconventional superconductors, which are normally adjacent
to only one ordered state, as mentioned above. The close proximity to
two competing magnetic states places Sr,RuO, in a very unique
situation where superconductivity may depend on competing AFM
and FM fluctuations as discussed by Singh and Mazin previously".
Since such competing magnetic fluctuations most likely come from a
multiple band effect'®, they may account for unusual superconduct-
ing properties in Sr,RuQOy, such as orbital-dependent superconduct-
ivity>***. The fact that such a small amount of doping can trigger
bulk, static magnetic order in our materials also highlights the strong
electron correlation effect present in Sr,RuQ,.

Why do Co and Mn doping induce two distinct magnetic states in
Sr,Ru0,4? Why can static magnetic order be established at such a low
doping concentration in both scenarios? The answers to these ques-
tions are apparently instrumental to understanding of spin-triplet
superconductivity in Sr,RuO,. Before we address these questions,
let’s first briefly summarize the current understanding of the spin-
glass states induced by Ti doping™ and Ca substitution for Sr***, as
well as enhanced FM fluctuations caused by La substitution for Sr***.
As indicated above, the spin glass state in Ca,_,Sr,RuQy is charac-
terized by short-range FM order. It stems from structural distortion
caused by Ca substitution for Sr. Since Ca** has a smaller ionic radius
than Sr**, Ca?* substitution for Sr** leads to RuOg octahedral rota-
tion for 0.5 = x < 1.5, and simultaneous rotation and tilting for 0 = x
< 0.5, First principle calculations revealed that the RuOg octahedral
rotation leads to band narrowing and an increase in the density of
states (DOS) at the Fermi level, N(Eg)**, which enhances FM correla-
tion according to Stoner criterion. For La-substituted Sr,RuQ,,
enhanced FM fluctuations can be attributed to the increase of
N(Eg) arising from electron doping as noted above®*. As for the
spin glass state with short-range AFM order stabilized by Ti doping,
there are two possible mechanisms: a) since incommensurate mag-
netic fluctuations in Sr,RuQO, are thought to be driven by FS nest-
ing", the static incommensurate order caused by Ti doping may be

attributed to the improved FS nesting, or b) the incommensurate
order may be associated with local moment magnetism, as pointed
out in Ref. 37.

Next, let’s examine if the Co and Mn doping effects can be under-
stood in term of the existing knowledge stated above. First, given the
EM cluster glass forms at <2% Co doping, the structural change
caused by doping is nearly negligible, as seen in our x-ray diffraction
analyses. Hence the enhancement of FM correlation in Co-doped
samples should not be attributed to the structural distortion as in
Ca,—,Sr,RuO,4. However, Co doping should lead to electron doping,
since Co and Ru have different chemical valence and the 3d orbital of
Co*" (3d”) or Co** (3d®) has more electrons than the 4d orbital of
Ru** (4d*). If the enhanced FM correlation in Co-doped Sr,RuO,
turns out to be from the band filling as in La-substituted Sr,RuO,, we
would naturally expect a remarkable change in Fermi surface prop-
erties. To verify this scenario, we performed specific heat measure-
ments for both Co-doped and Mn-doped samples. The data are
presented in Fig. 4c and 4d. All of the data below 10 K can be fitted
to C = y.T + BT? except for the 0.8% Co-doped sample, where y,T
and T represent electronic and phonon specific heat, respectively.
The Sommerfeld coefficient v, obtained from these fittings is sum-
marized in Fig. 4b, which shows that v, increases strikingly with Co
doping, up to ~45 mJ/(mol K?) for the 1.5% Co-doped sample, but
decreases with Mn-doping, down to ~29 mJ/(mol K*) for 10% Mn-
doped sample. The enhancement of y. observed in Co-doped
Sr,RuQy is likely due to an increase of N(Eg), suggesting that the
short-range FM order in Co-doped Sr,RuQ, is the result of a Stoner
instability induced by electron doping, similar to what happens in the
La-doped system***. That is, electron doping from Co pushes the
Fermi level of the Ru 4d,, band closer to the vHS.

However, if the mechanism responsible for enhanced FM correla-
tion in both the La-doped system and the Co-doped system is the
same, one obvious question remains: why is Co doping of Sr,RuO, so
much more effective than La doping at inducing static FM order?
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One possibility is that the Co 3d orbitals contribute to the Fermi level.
Thus Co impurities, whether in the 2+ or 3+ valence state, dope
more electrons than La impurities, leading to a faster increase of
N(Eg) with Co doping than with La doping. The faster increase of
N(Eg) with Co doping can be verified by comparing how v, evolves
with La doping to how it evolves with Co doping. From data pre-
sented in*’, we estimate . of 5% La-doped Sr,RuQ, is approximately
equal to 7y, of our 1.5% Co-doped sample, indicating that 1.5% Co
doping leads to approximately the same increase of N(Eg) as 5% La
doping. Noting that the susceptibility of the 1.5% Co-doped sample is
~4-5 times larger than that seen in 5% La-doped Sr,RuO,4, we find
that the Wilson ratio in the Co-doped system is ~4-5 times larger
than that in the La-doped system. The stronger FM interactions in
Co-doped Sr,RuQy, as evidenced by the larger Wilson ratio, could
lead to a longer magnetic correlation length in the Co-doped system
than in the La-doped system, thus leading to static FM order that
is observable by bulk magnetization measurements rather than to
enhanced FM fluctuations, which are observed in the La-doped
samples.

The observation that Mn doping of Sr,RuQO, is more effective than
Ti doping at inducing static incommensurate AFM order could help
us determine the mechanism responsible for incommensurate AFM
order in these two doped systems. If the incommensurate order in Ti-
doped samples is the result of an SDW instability as has been sug-
gested”', then apparently Mn is more effective than Ti at enhancing
Fermi surface nesting between the o and [ sheets. One possible
explanation for this is that Mn increases the size of the o sheet
through hole doping, thus improving the nesting between the o
and B sheets. Another intriguing possibility is that Ti- and Mn-doped
samples involve local moment magnetism. As has been pointed out
in Ref. 37, the Curie-Weiss-like behavior of susceptibility and the
low-temperature weakly localized state of Ti-doped Sr,RuO,4 may
suggest local moment magnetism in the system. Mn-doped samples
also show Curie-Weiss-like behavior above ~200 K and form a low-
temperature weakly localized state, the onset of which is coincident
with the onset of incommensurate order. Furthermore, the system-
atic reduction in 7y, with Mn doping (Fig. 4b) suggests that Mn
pushes the system towards an insulating ground state. Such a reduc-
tion of v, has been observed in Sr,Ru; _,Ti,O4 above x = 0.025%*
and in SrRu; _,Mn,O; above x = 0.2*. In both materials, the reduc-
tion of Y. corresponds to a low-temperature weakly localized or
insulating state as well as antiferromagnetism. From our results, this
is obviously also true for Mn-doped Sr,RuOy,: the low-temperature
weakly localized state and incommensurate AFM order are coupled,
which could further suggest local moment magnetism in the system.
Further study of this issue is necessary to help us better understand
the mechanism responsible for the incommensurate order in Ti- and
Mn-doped Sr,RuO,.

Finally, let us comment on the unusual behavior observed in the
specific heat of 0.8% Co-doped Sr,RuQO,. As show in Fig. 4d, C/T in
this sample exhibits a remarkable upturn at low temperature. This
feature was reproduced in two other measured samples with 0.8%
Co. Such an upturn is not due to impurities since it disappears for
1.5% doping, but indicative of non-Fermi liquid behavior. This
appears to be consistent with the behavior of the low-temperature
resistivity of the 0.8% Co-doped sample, as seen from the inset in
Fig. 3a. In both the 1.5% Co-doped sample and the undoped sam-
ple*’, the T* temperature dependence of resistivity associated with
Fermi liquid behavior holds for T'< 25 K. However, the resistivity of
the 0.8% Co-doped sample o T* only for T < 16 K, indicating that
the Fermi liquid temperature in the 0.8% Co-doped sample is lower
than that in the 1.5% Co-doped and undoped samples. The lower
Fermi liquid temperature in 0.8% Co-doped Sr,RuQ, can reasonably
be attributed to the combined effects of chemical inhomogeneity and
enhanced FM fluctuations from Co doping. Because the doping level
is very low, there is undoubtedly inhomogeneity in the distribution of

Co in the lattice. Hence, some areas of the crystal will have excess Co,
leading to the formation of magnetic droplets with static FM order in
these areas. The observation of slight hysteresis in the 0.8% Co-doped
isothermal magnetization data shown in Fig. 2d is consistent with the
formation of such FM clusters. Other areas of the crystal will have a
deficit of Co and will not form these magnetic droplets. Rather, these
areas will exhibit enhanced FM fluctuations associated with quantum
criticality. The net effect is the observation of a lower Fermi liquid
temperature as measured from resistivity and a low-temperature
upturn in the specific heat of the 0.8% Co-doped sample. The low-
temperature upturn in C/T does not show up in the 1.5% Co-doped
sample. This can be attributed to the fact that the 0.8% Co-doped
sample is closer to the quantum critical point than the 1.5% Co-
doped sample. The higher Fermi liquid temperature observed in
1.5% Co sample is also consistent with this interpretation. We note
that a similar behavior is also observed in the La-doped Sr,RuO,
system where the non-Fermi liquid behavior in specific heat is
observed in the 10% La-doped sample, but not in 13% La-doped
sample®.

In summary, through our studies of Mn- and Co-doped Sr,RuOy,,
we have demonstrated that the superconducting state in Sr,RuQ, is
much closer than previously believed to static FM order and static
incommensurate AFM order. FM cluster glass phase can be triggered
in the system with as little as 0.8-1.5% Co doping; this is to be
contrasted with the Ca,_Sr,RuQy, system, which shows an FM clus-
ter glass phase as x is decreased to 1.5. On the other hand, we find that
Mn doping induces short-range, static incommensurate AFM order,
similar to the Ti doping effect previously reported. The ordering
temperature Ty in Mn-doped samples is much higher than that in
Ti-doped samples, indicating that Mn impurities can induce stronger
AFM coupling than Ti impurities. Our findings in these two doped
systems not only highlight an important role of competing FM and
AFM fluctuations in determining superconducting properties of
Sr,RuQ,, but also provide a unique playground for studying the
novel physics of orbital-dependent magnetism in strongly correlated
materials.

Methods

Single crystal growth and characterization. We have grown single crystals of Mn-
and Co-doped Sr,RuQ, by the floating-zone method*. All single crystals selected for
measurement were first screened by x-ray diffraction to ensure phase purity. The
successful doping of Mn/Co into the crystals was confirmed by energy-dispersive x-
ray spectroscopy (EDXS). For the Mn-doped samples, the nominal concentration of
Mn and the measured concentration were comparable, similar to what was found in
Ti-doped samples®. However, for the Co-doped samples, EDXS analysis showed a
significant discrepancy between the nominal Co concentration and the measured Co
concentration in the crystals. On average, the nominally 3% Co-doped crystals were
found to have a Co concentration of ~1.5% and the nominally 1% Co-doped crystals
were found to have a Co concentration of ~0.8%. Although we grew a nominally 10%
Co-doped crystal successfully, EDXS analysis showed the Co concentration in the
nominally 10% Co-doped samples was comparable to that in the nominally 3% Co-
doped samples, indicating Co has a much lower soluble limit than Mn or Ti in
Sr,RuO,. We used measured doping concentrations in the discussions given above.
All magnetization data was collected by a SQUID magnetometer (Quantum Design,
model VSM), all resistivity data was taken using the standard four-probe method in a
physical property measurement system (PPMS, Quantum Design), and all specific
heat data was measured using an adiabatic relaxation method in the PPMS.

Neutron scattering. Neutron diffraction experiments on the 3% Mn doped sample
were carried out on HB1 triple-axis spectroscopy stationed in High Flux Isotope
Reactor at Oak Ridge National Laboratory.
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