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Enhanced Seebeck coefficient through magnetic fluctuations in Sr,Ru;_,M, 04 (M = Co, Mn)
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The layered perovskite Sr,RuQy is a very intensively studied superconductor, but its pairing mechanism, which
is often coupled intimately with magnetic fluctuations in correlated materials, is still an open question. Here we
present a systematic evolution of the Seebeck coefficient in Co- and Mn-substituted Sr,RuO; single crystals, in
which ferromagnetic and antiferromagnetic glassy states respectively emerge in proximity to the superconducting
phase of the parent compound. We find that the Seebeck coefficient S divided by temperature 7', S/T, shows
a maximum near characteristic temperatures seen in the irreversible magnetization M. in both the Co- and
Mn-substituted crystals, demonstrating both the ferromagnetic and antiferromagnetic fluctuations to enhance the
Seebeck coefficient. Interestingly, S/T increases with lowering temperature in the parent compound, reminiscent
of non-Fermi-liquid behavior, indicating an essential role of coexisting ferromagnetic and antiferromagnetic

fluctuations for the itinerant electrons in SroRuQy.

DOL: 10.1103/PhysRevB.105.184507

I. INTRODUCTION

Unconventional superconductivity in the layered per-
ovskite Srp,RuQ,4 has long attracted interest [1-6]. In partic-
ular, the recent progress from nuclear magnetic resonance
(NMR) experiments has posed strong constraints on the spin
sector of the superconducting order parameter [7-9], offering
a clue about the consistent understanding of several experi-
mental results [10-12] that were difficult to reconcile with
earlier NMR results [13—16], as well as stimulating further
symmetry-based experiments to elucidate the order parameter
[17-19]. As a result, an exotic two-component order param-
eter with broken time reversal symmetry has been proposed,
which is unique, as suggested in several studies [20,21], and
various theoretical attempts have also been made [22-27],
opening an avenue for exploring unconventional pairing in-
teraction to realize such order parameters.

To address this underlying issue, it is crucially important to
establish the electronic phase diagram as a function of external
parameters such as pressure and chemical substitutions, as
is widely discussed in correlated materials [28,29]. Indeed,
although the superconducting state in SroRuQy is extremely
sensitive to impurity [30], dramatic changes in the electronic
state with elemental substitutions have been reported. In iso-
valent systems, for instance, a spin-glass state develops over a
wide range of the Ca content in (St, Ca),RuOy4 [31,32], which
may originate from the degree of freedom in the RuOg octahe-
dra. On the other hand, in Sry(Ru, Ti)O4, an incommensurate
spin-density-wave ordering due to Fermi-surface nesting
appears with glassy behavior [33]. In contrast to the antiferro-
magnetic (AFM) coupling seen in the isovalent systems, La®*
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substitution to Sr>* sites results in electron doping to expand
the electronlike y Fermi surface, leading to ferromagnetic
(FM) fluctuation owing to an enhancement of the density of
states (DOS) at the Fermi energy N (¢p) near the van Hove sin-
gularity (vHs) [34-36]. These results clearly show the compli-
cated magnetic instabilities existing in the parent compound
Sr,RuQy4, which involve complex structural and electronic ori-
gins. Such instabilities were also discussed in several studies
including NMR and neutron experiments [37—41].

Among many substituted systems, Co- and Mn-substituted
Sr,RuQy, serves as a fascinating platform to investigate how
magnetic fluctuations mediate the emergence of superconduc-
tivity because slight substitutions of Co and Mn drastically
transform the superconducting ground state into the FM and
AFM glassy states, respectively [42]. In the Co-substituted
system, the FM cluster glass characterized by an exponential
relaxation of the remanent magnetization appears at low tem-
peratures. Also, the electronic specific heat y, increases with
increasing Co content, indicating an increased N (eg) similar
to La substitution [34]. It is noteworthy that the increase in
N(ep) in a 1.5% Co-substituted sample estimated from y,
is comparable to that in a 5% La-substituted sample, possi-
bly implying an effective electron-doping effect by the Co
substitution [42]. Similarly, the AFM transition temperature
in Mn-substituted samples is much higher than that in Ti-
substituted ones, demonstrating enigmatic roles of the Co and
Mn substitutions in strengthening the magnetic couplings in
Sl‘zRU.O4.

The aim of this study is to examine such magnetic fluc-
tuations in Sr,Ru;_,M,0O4 (M = Co, Mn) by means of the
Seebeck coefficient measurement, which is known as a power-
ful tool for fluctuations because it is a measure of the entropy
per charge carrier [43]. The observed temperature dependence
of S/T (S and T are the Seebeck coefficient and temperature,
respectively) has a maximum near characteristic temperatures
in the magnetization in both Co- and Mn-substituted samples,
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indicating that both FM and AFM fluctuations are responsible
for the enhancement of the Seebeck coefficient. Moreover, in
sharp contrast to the typical metallic behavior in which S/T
remains constant, S/T increases with cooling in the parent
compound, implying both FM and AFM fluctuations remain
in the itinerant electrons in Sro,RuQy.

II. EXPERIMENTAL DETAILS

Single crystals of Sr,Ru;_ M,04 (M = Co, Mn) were
grown with a floating-zone method using an image furnace
with a pair of halogen lamps and elliptical mirrors [42,44]. We
used high-purity SrCOs (99.99%+), RuO, (99.9%), MnO,
(99.99%), and CoO (99.9%) as starting materials. An ex-
cess amount of RuO, of 15% was weighed to compensate
for the evaporation of Ru during single-crystal growth. The
concentrations of Mn and Co in the obtained crystals were
determined by an electron probe microanalyzer. The mea-
sured Mn concentration was 2.9%, corresponding well to the
nominal concentration of 3%. In contrast, the measured Co
concentrations were 1.8% and 0.8% for the nominally 3%
and 1% Co-substituted samples, respectively. The relation be-
tween the nominal and measured concentrations is consistent
with the trend reported in Ref. [42].

The typical dimensions of the measured crystals were
A3 x 0.2 x 0.2 mm?>. The Seebeck coefficient was measured
by a steady-state technique using a manganin-constantan dif-
ferential thermocouple in a closed-cycle refrigerator. The
thermoelectric voltage of the sample was measured with
Keithley 2182A nanovoltmeter. The temperature gradient
(with a typical temperature gradient of 0.5 K/mm) was ap-
plied along the ab-plane direction using a resistive heater. The
thermoelectric voltage from the wire leads was subtracted.
Magnetization was measured using a superconducting quan-
tum interference device magnetometer (Quantum Design,
MPMS) under field-cooled (FC) and zero-field-cooled (ZFC)
processes with an external field of uoH = 0.1 T applied along
the ¢ axis.

III. RESULTS AND DISCUSSION

Figure 1 summarizes the temperature variations of the See-
beck coefficient S in Srp,Ru;_ M, 0O4 (M = Co, Mn) single
crystals. The overall behavior of S in the parent compound
Sr,RuQy is consistent with earlier results [45,46] and is dis-
cussed as an intriguing example to study the internal degrees
of freedom in correlated metals [47]. In the substituted com-
pounds, S increases (decreases) with Co (Mn) substitutions
near room temperature, probably because of the electron
(hole) doping effect as suggested in Ref. [42].

In Refs. [45,46], the Seebeck coefficient in the parent
compound was analyzed in the differential form dS/dT, and
an anomaly was found near 20-25 K. Xu et al. suggested
that a band-dependent coherence develops below the anomaly
temperature on the basis of the results of the Seebeck and
Nernst measurements [46]. Indeed, such a coherence seems to
be vital in this system [48]. To see this anomaly at 20-25 K,
we compare the present data for Sr,RuO4 with the results
extracted from Refs. [45,46] in Fig. 2(a). Although there is
sample dependence in the magnitude, all the data exhibit a
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FIG. 1. Temperature dependence of the Seebeck coefficient S of
Sr,Ruy_ M, O4 (M = Co, Mn) single crystals.

kink around 20-25 K, in good agreement with the present re-
sult. Also note that the effect of the impurity phase of StTRuO;
is negligible because the Seebeck coefficient S in a composite
sample with conductivity o is given as 0§ = ), axoxSi in
a parallel-circuit model, where oy, oy, and Sy, are the volume
fraction, the conductivity, and the Seebeck coefficient for the
material k [49], respectively, and the volume fraction of the
impurity phase in the present crystal was negligibly small.
Here we discuss the Seebeck coefficient in the form
of S/T instead of dS/dT since the Seebeck coefficient in
the free-electron model (oversimplified model to multiband
SrpRuQy) is expressed as S =~ —%TT%, where kg, e, n,
u, and N are the Boltzmann constant, elementary charge,
carrier density, chemical potential, and DOS, respectively
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FIG. 2. Comparison of the temperature dependence of (a) dS/dT

and (b) S/T of Sr,RuQ, single crystals. The red circles show
the present data, and the other symbols are data extracted from
Refs. [45,46].
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FIG. 3. (a) Temperature dependence of S/T of Sr,Ru;_,M,O4
(M = Co, Mn) single crystals. The arrows show the peak tem-
perature Tpeq. (b) Temperature dependence of the irreversible
magnetization M;, = Mpc — Mzpc. The arrows represent the char-
acteristic temperatures 77, T;, and T,,. (See text for details.) In the
inset, Mpc and Mzgc (left axis) and M; (right axis) of the 0.8%
Co-substituted sample are shown together with the definitions of 7
and T,.

[50]. In this form, we can follow the temperature dependence
of the DOS or carrier density, which is widely analyzed
in correlated electron systems, similar to the case of the
pseudogap state in transition-metal oxides [51-53] and heavy-
fermion formation in rare-earth compounds [54]. Note that
the differential dS/dT includes the temperature derivatives
of N(u) and n in complicated forms. Figure 2(b) represents
the temperature dependence of S/T in Sr,RuQy in the present
crystals and the calculated S/T from the extracted data from
Refs. [45,46]. Interestingly, all the data are temperature de-
pendent; in sharp contrast to conventional metals, in which
S/T remains constant [43], S/T significantly increases with
decreasing temperature, the origin of which will be discussed
later.

We then focus on the temperature variation of S/7 in the
substituted systems. Figure 3(a) represents the temperature
dependence of S/T in SrpRu;_ M, 04 (M = Co, Mn), in
which we find a drastic change due to substitutions. At low
temperatures, S/T exhibits a prominent peak structure in the
temperature dependence for both substituted systems. The
peak temperature Tk, defined as the temperature at which
S/T exhibits a maximum, is shown by arrows in Fig. 3(a).
Note that the phonon-drag effect is unlikely to enhance the
Seebeck coefficient in the substituted systems because the
substitutions generally suppress the phonon mean free path
[55].

To shed light on the relation to the magnetism, we plot the
irreversible magnetization M., defined as My, = Mpc — Mzgc,
in Fig. 3(b). (Mpc and Mzgc are the magnetizations measured
under FC and ZFC processes, respectively.) While the onset of
the irreversibility may correspond to a transition to the FM and
AFM glassy states for the Co- and Mn-substituted systems,
respectively [42], a close look at the M;; data reveals that the
onset of the irreversibility is accompanied by a double step.
The inset in Fig. 3(b) shows the temperature variations of Mgc,
Mygc, and M;; for x = 0.008 (Co) at low temperatures. The
Mzrc data decrease more steeply than those in Ref. [42], but
this may be due to the low applied field in our measurement.
From the plots of M;: in the inset, we can see that a weak
irreversibility sets in at 7, = 14 K, and subsequently, the
irreversibility is strongly enhanced below T; &~ 4 K. The weak
and strong irreversibility temperatures 7y, and 7 are defined
as the points of intersection of the two linear lines as shown
by the dotted line in the inset. Importantly, such coexistence
of weak and strong irreversibilities is often observed in fer-
romagnetic spin-glass systems [56—59] and is theoretically
interpreted in terms of the multicomponent vector spin model
given by Gabay and Toulouse [60], in which the transverse
spin components are first frozen at 7;, on cooling, followed
by the freezing of the longitudinal spin components at T,
although it is still under debate whether this represents a true
thermodynamic phase transition.

On the other hand, the temperature dependence of M;; in
the Mn-substituted sample is different from that in the Co-
substituted samples: On cooling, the irreversibility sets in at
T =~ 27 K, which is almost identical to the onset temperature
T;: of the static order [42], and then shows weak tempera-
ture dependence below T ~ 18 K, at which M, displays a
kink structure, as shown in Fig. 3(b). In the Mn-substituted
sample, Tpeqx in S/T is close to this anomaly temperature T,
although the origin of 77 is unclear at present. Note that the
remanent magnetization is also distinct among the Co- and
Mn-substituted systems: While the temperature dependence
of remanent magnetization is monotonic in the Co-substituted
samples, it exhibits an anomalous peak structure below the
onset temperature T, for the Mn-substituted systems [42], im-
plying the existence of a characteristic temperature below Tj;.
The nature of the magnetic glassy state is an issue for future
study using microscopic NMR and neutron measurements.

In Fig. 4, we plot the peak temperature Theox in S/T to-
gether with T, T, and T7 in the phase diagram reported
in Ref. [42]. The peak temperature Tpe.x in S/7 coincides
well with the weak-irreversibility temperature 7, and the
anomaly temperature 7' for the Co- and Mn-substituted sam-
ples, respectively, indicating an intimate relationship between
the Seebeck coefficient and the magnetic fluctuations. Here
since the Co and Mn substitutions induce the FM cluster
glass and the spin-glass states with short-range AFM order,
respectively [42], the present results indicate that both FM
and AFM fluctuations are substantial for the enhancement of
the Seebeck coefficient at Tpe.. Indeed, it bears a striking
resemblance to that in itinerant magnets such as the perovskite
ruthenate CaRuggScy,03 [61] and the doped Heusler alloy
Fe,VAI [62]; in these compounds, the Seebeck coefficient
is enhanced near the ferromagnetic transition temperature
through a sort of magnon-drag effect and is reduced by
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FIG. 4. Phase diagram of Sr,Ru;,_,M, 04 (M = Co, Mn). The
solid circles shows the peak temperature T at which S/T ex-
hibits maximum. The weak and strong irreversibility temperatures
T,, (stars) and T, (triangles) and the anomaly temperature 7' (square)
are determined from the irreversibility magnetization M;;. The onset
temperature T, (open circles) and the regions of FM cluster glass
(CG) and the spin-glass state with short-range incommensurate AFM
order (SG-IC) are extracted from Ref. [42].

applying magnetic field owing to the field-induced suppres-
sion of the magnetic fluctuation. In the antiferroquadrupole
(AFQ) Prlr,Znyy, moreover, S/T exhibits a peak structure
near the AFQ transition temperature for high magnetic field,
where the quadrupolar fluctuation could be enhanced [63].

Now let us recall the S/T behavior in Sr,RuO, (Fig. 2),
which increases with cooling down to the lowest temperature
of the present measurement (~3 K). While Seebeck coeffi-
cients are not strictly linear in temperature even in simple
metals [64], the nonlinearity in Sr,RuQy is unusual. As men-
tioned above, we show suggestive evidence that both FM and
AFM fluctuations drive the enhanced Seebeck coefficient in
the vicinity of the parent compound. It is therefore reasonable
to consider that, even in the parent compound Sr,RuQOy, S/T
is enhanced similarly down to zero temperature, at which both
FM and AFM glassy states tend to terminate for Sr,RuQO4
[42]. Thus, this is a kind of non-Fermi-liquid (NFL) be-
havior close to the quantum critical point [65], which has
also been observed in various correlated materials such as
heavy fermions [66—70] and oxides [71]. Quite intriguingly,
in contrast to the aforementioned systems, both FM and AFM
fluctuations seem to be substantial for the itinerant electrons
in Sr,RuQOy, as seen in the pronounced peak of S/T observed
in both Co- and Mn-substituted compounds.

One may, however, pose a simple question regarding
the specific heat. In Sr,RuQy, the electronic specific heat
shows conventional Fermi-liquid (FL) behavior [72], which
is distinct from the NFL behavior observed in the Seebeck
coefficient; since the Seebeck coefficient is also given as the
specific heat per carrier [50], both quantities are expected to
show similar anomalies [73]. On the other hand, an AFM
quantum criticality may affect the ratio of these quantities at

the zero-temperature limit [74]. It is interesting to note that
this effect of the AFM quantum criticality may be enhanced by
its multiband nature; in Sr,RuQy, the Fermi surfaces are com-
posed of three cylindrical sheets: holelike « and electronlike 8
and y sheets with orders of magnitude of the effective mass of
my < mg < m,, [75-78]. Since the lighter band contributes to
the transport more significantly in general [20,79], the lighter
o and B bands are essential here, and importantly, these «
and f sheets possess AFM instability due to nesting [38—41].
This band-dependent magnetic fluctuation may be the origin
of the anomalous low-temperature increase in S/7. On the
other hand, it is unclear at present how the thermoelectric
transport is affected by the FM fluctuation, the importance of
which is clearly demonstrated in the Co-substituted systems;
the existence of the FM fluctuation is indicated by NMR [37],
although neutron experiments revealed that it is very weak
[38—41].

It is also known that the electrical resistivity of Sr,RuQO4
is well described within the FL scheme [72], in which the
resistivity is given as p(T) = pg + AT", with the exponent
v = 2. On the other hand, the determination of v is delicate
[80], and as seen in other correlated materials, v apparently
depends on the residual resistivity even at the high-purity level
[81]. It may be useful to examine the exponent in high-purity
crystals [82]. We also mention that the thermal conductivity
in the normal state is interesting in the sense that it also
mirrors the entropy flow, while earlier studies were mainly
devoted to the superconducting state [83—85]. Also, the See-
beck coefficient in the system with the Fermi level at the
vHs, which is not achieved with the present Co substitution, is
worth exploring because the topological change in the Fermi
surface at the vHs may lead to a significant enhancement of
the Seebeck coefficient [86,87]. This effect of the vHs could
be investigated in electron-doped Sr,_,La,RuQy.

IV. CONCLUSION

To summarize, we performed Seebeck coefficient measure-
ments in SroRu;_ M,O4 (M = Co, Mn). Although the S/T of
the parent compound Sr,RuQy, increases with cooling down
to the lowest temperature of ~3 K as in previous reports,
for Co- and Mn-substituted systems, S/T is enhanced near
T, and T7 in the irreversible magnetization. The emergence
of the peak structure in S/T can be related to glassy FM
and AFM fluctuations in the Co- and Mn-substituted systems,
respectively, and therefore, the increase in S/7 in Sr,RuQO4
persisting at least down to ~3 K suggests that both FM and
AFM fluctuations are substantial in Sr,RuQ;.
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