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Thermopower in the Ba1−δM2+xRu4−xO11 (M = Co, Mn, Fe) magnetic hexagonal ruthenates2

Florent Pawula ,1 Ramzy Daou,1 Sylvie Hébert ,1,* Denis Pelloquin,1 Jean Juraszek,2 and Antoine Maignan1
3

1Normandie Univ, ENSICAEN, UNICAEN, CNRS, CRISMAT, 14000 Caen, France4

2Normandie Univ, UNIROUEN, INSA Rouen, CNRS, GPM, 76000 Rouen, France5

(Received 12 June 2020; revised 16 February 2021; accepted 29 April 2021; published xxxxxxxxxx)7

The magnetism, magnetotransport, and Seebeck coefficients (S) for three ruthenates Ba1−δM2+xRu4−xO11

(δ = 0.06; M = Mn, Co; x = 0.4) and Sr1−δM2+xRu4−xO11 (δ = 0.02; M = Fe; x = 0.7) compositions have
been studied. Their crystallographic structures contain three metal sites, edge-sharing octahedra forming kagome
lattices, face-shared octahedra with the shortest Ru(M)-Ru(M) distance, and MO5 trigonal bipyramids. These
three compositions have been selected for their transport behavior exhibiting small resistivity values (∼m� cm)
together with a complex ferrimagnetic behavior, with localization increasing from M = Co to M = Fe. This
enabled the thermopower to be measured in hexagonal ruthenates in which the conducting kagome layers are
more or less diluted by three different magnetic cations substituted for Ru. The positive Seebeck coefficient of
the three compounds is found to increase up to 750 K to values in the range of 22 to 35 μV K–1. Such values,
similar to those of perovskite ruthenates, reveal a Seebeck coefficient dominated by the Ru network at high
temperature whatever the foreign magnetic cation is. In addition, below about 50 K, the values of S are very
small for M = Mn and Co, and the S(T ) curves of the Ba1−δM2.4Ru3.6O11 compounds exhibit similarities with
that of ruthenium metal. This is interpreted by shorter Ru-Ru distances as compared with perovskite ruthenates
allowing a metallic direct exchange. The ferrimagnetism associated with the M cation does not seem to play
a major role in transport, as there is almost no impact of the magnetic ordering on thermopower and electrical
resistivity and the values of magnetoresistance remain very small, reaching at most −1% in 9 T at 5 K for
M = Mn, and −0.4% at TC for M = Co. The present results obtained in these phases containing hexagonal Ru
networks show that Hund’s metal model developed to describe the thermopower of perovskite ruthenates with a
Ru square lattice can have a broader range of validity.
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I. INTRODUCTION28

Compared to 3d oxides, the ruthenates with structures de-29

rived from the perovskites possess an extra degree of freedom30

with spin-orbit coupling which can generate unique prop-31

erties. Electronic and magnetic properties can be strongly32

modified in these ruthenium oxides, depending on the crystal-33

lographic structure, where 3D or 2D layers have more or less34

tilted RuO6 octahedra. Among the most investigated prop-35

erties, superconductivity and strong magnetic fluctuations in36

Sr2RuO4 [1,2], and a transition from paramagnetism (PM) to37

ferromagnetism (FM) when going from CaRuO3 to SrRuO338

metallic perovskites have been studied in detail [3–6]. In-39

terestingly, the thermopower in these ruthenates has been40

reported to exhibit a nontrivial behavior with positive val-41

ues, increasing up to high T and reaching a value close to42

+20–30 μV K–1 at T � 300 K, independently of the trans-43

port and magnetic properties [7–10]. More recently, the in-44

triguing transport properties of Sr2RuO4 have been interpreted45

considering the possible existence of resilient quasiparticles46

[11,12]. In Ref. [12], the dominant role at high T of Ru47

spin entropy on the Seebeck coefficient of Sr2RuO4 has been48

evidenced, the spins remaining unquenched at a decoherence49

T much smaller than that of the orbital degrees of freedom50

*sylvie.hebert@ensicaen.fr

[12]. In this model, for tetravalent Ru in structures deriving 51

from the perovskite, solely the 4d3 (hole) and 4d5 (electron) 52

spin degeneracies have to be taken into account at high T , ex- 53

plaining the intriguing constant values all close to 30 μV K–1. 54

Apart from these square lattices of Ru4+, much less 55

is known about the thermopower in ruthenates with other 56

structural types such as hexagonal. Among the latter, the 57

A1−δM2+xRu4−xO11 “124” oxides (A = Ba, Sr; M = Co, Mn, 58

Fe, Cu, Li, Zn, Ni and with −1 < x < 1.5) exhibit interesting 59

properties [13–20] but with a more complex crystallographic 60

structure, the elementary lattice being a stacking of two lay- 61

ers deriving from “R-type” blocks, isotypic to (K, Na, Sr, 62

Pb)V6O11 magnetoplumbite [21,22]. Three different crystal- 63

lographic sites coexist (Fig. 1): a 2D layer with a kagome 64

lattice (6g sites), interconnected by two face-shared octa- 65

hedra (4e sites) and trigonal bipyramids (2d sites). For 66

A1−δM2+xRu4−xO11 (x �= −1) the kagome lattice and face- 67

shared octahedra present mixed occupation by Ru and M 68

cations, while the bipyramids are nearly 100% occupied 69

by M [14–16,23,24]. On the other hand, in BaZnRu5O11, 70

BaLiRu5O11, or BaCu1+xRu5−xO11, the face-shared 4e site is 71

fully occupied by Ru [14,17,25]. The valencies determined 72

from x-ray diffraction and charge-balance calculations are re- 73

ported to be Mn3+ [14], Co2+ or Fe2+/Fe3+, and Ru3+/Ru5+
74

[25]. In BaMRu5O11, the face-shared site contains Ru4+ cal- 75

culated from bond valence sum while the valency is closer 76

to 3.8 in the kagome lattice [14], and recent x-ray absorption 77
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FIG. 1. AM2±xRu4∓xO11 structure of P63/mmc space group with A alkaline-earth (yellow) in 2a sites, 2d trigonal bipyramid sites M(3)O5

(blue), 4e face-shared octahedra sites M(1)2O9 (green), and 6g edge-shared octahedra sites M(2)O6 forming a kagome network as illustrated
in plan [001] (right).

spectroscopy experiments have found that Ru mean valency is78

close to 3.8 for BaCu1+xRu5−xO11, with Cu being dominantly79

2+ [17].80

These materials present a rich variety of properties with81

frustrated magnetism arising from the kagome lattice as82

reported in BaZnRu5O11 [18], in SrNiRu5O11 [20], or in83

SrSn2Ga1.3Cr2.7O11 [26], and possible spintronic applications84

for metallic and ferrimagnetic materials in SrCo1.89Ru4.11O1185

[16] or in BaFe2±xRu4∓xO11 [27]. The complex magnetic86

structure of BaFe2±xRu4∓xO11 with spin chirality in the87

kagome planes leads to a strong anomalous Hall effect [27].88

Also, a possible topological insulator state has been discussed89

in SrNiRu5O11 due to the nonconventional temperature de-90

pendence of specific heat [20].91

For M = Co and M = Mn in A1−δM2+xRu4−xO11, these92

materials are metallic and present ferromagnetic-like magne-93

tization loops [14,24] with a very small coercive field and94

have thus been considered as good candidates for spintronic95

applications. Their magnetic structures strongly depend on96

the magnetic 3d M element, with the easy axis perpendicular97

to the kagome lattice for M = Mn (BaMn2Ru4O11) [14] and98

M = Fe (SrFe3.26Ru2.74O11) [28], or parallel to it for M = Co99

(BaCo1.68Ru4.32O11) [28]. Neutron diffraction refinements for100

M = Mn, Co have demonstrated a lack of magnetic moment101

in the face-shared octahedra, but magnetic moments coming102

only from M in the two other sites, the Ru cations bearing103

no magnetic moments [14]. This unexpected lack of moment104

has also been reported in BaCu1+xRu5−xO11 and may be re-105

lated to a J = 0 state of Ru4+ induced by distortion within106

the kagome lattice [17]. The magnetism in BaMn2Ru4O11,107

SrFe3.26Ru2.74O11, and BaCo1.68Ru4.32O11 comes thus from a108

complex combination of moments diluted on a kagome lattice,109

and moments in the trigonal bipyramids. For M = Fe, the110

three sites are magnetic, with ferromagnetic moments for the111

2d and 6g sites, these moments being antiferromagnetically112

coupled to the 4e site (face-shared octahedra). Similarly, the113

electrical resistivity strongly depends on M, being more or114

less localized (electrical resistivity increasing from M = Co115

to Mn and Fe) and the Hall coefficient is characteristic of n-116

type doping for M = Co in SrCo2Ru4O11, but p-type doping117

for M = Fe in BaFe3.4Ru2.6O11 single crystals [25]. Thus,118

this “124” family constitutes a rich playground to study the119

thermopower in hexagonal systems which resistivity and mag- 120

netism can be modified by changing the M cation, and/or the 121

M/Ru ratio. Even if the complex crystallographic structure 122

with several cationic environments and mixed occupancies 123

precludes a complete understanding of the transport proper- 124

ties, the comparison of the properties of different selected 125

M transition cations can give interesting information on the 126

respective roles of Ru and M. We have therefore selected 127

BaCo2Ru4O11, BaMn2Ru4O11, and SrFe2Ru4O11 for their 128

metal-like (dρ/dT > 0) to more localized transport proper- 129

ties (dρ/dT < 0) and for their soft ferromagnetic to hard 130

ferrimagnetic properties, respectively. Considering the domi- 131

nant role of Ru spin entropy in the thermopower of perovskite 132

and quadruple perovskite ruthenates at high T , the Seebeck 133

coefficient of these 124 oxides has been studied up to 750 K. 134

Also, to explain the low-T metallic thermopower, the Seebeck 135

coefficient of pure ruthenium has been measured. In the fol- 136

lowing, we report the thermopower, resistivity, and magnetism 137

of these hexagonal ruthenates to study the role of both mag- 138

netic ordering on and ruthenium spin entropic contribution to 139

the thermopower. 140

II. EXPERIMENT 141

Polycrystalline samples of BaCo2Ru4O11, BaMn2Ru4O11, 142

and SrFe2Ru4O11 nominal compositions were synthesized 143

by solid-state reaction. Stoichiometric amounts of 1g for 144

BaO:RuO2:CoO1.32:Co metal = 1:4:3/2:1/2, BaO:RuO2: 145

MnO = 1:4:2, and SrO:RuO2:Fe2O3:Fe metal = 1:4:2/3:2/3 146

were ground during 15 min in an agate mortar before being 147

pressed into bar shape. Bars introduced in Al2O3 crucibles 148

were sealed in silica tubes under primary vacuum. These tubes 149

were sintered at 1050 °C for 12 h then 24 h at 175 °C/h 150

for the cobalt and iron compounds; and 1125 °C for 24 h at 151

93.75 °C/h for the manganese compound. To compare these 152

124 oxides with pure ruthenium metal, a ruthenium sample 153

has been shaped from Ru metal powder (Alfa Aesar 99.9%, 154

−325 mesh) using an arc furnace. 155

The x-ray powder-diffraction patterns were recorded at 156

room temperature using a standard powder diffractome- 157

ter X’PERT Pro PANalytical in θ -2θ mode. Two specific 158

wavelengths have been applied: Cu Kα radiation for Co, 159
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FIG. 2. Rietveld refinement of Ba0.94Mn2.4Ru3.6O11 (upper
panel), Sr0.98Fe2.7Ru3.3O11 (middle panel), and Ba0.94Co2.4Ru3.6O11

(bottom panel) with their respective quality factor. Red crosses are
experimental data, black lines are calculated fits, and blue lines are
the differences between fits and data. Note the presence of BaRuO3

(red triangles) as impurity in Ba0.94Mn2.4Ru3.6O11, and Fe (red trian-
gles) in Sr0.98Fe2.7Ru3.3O11.

Mn-based ruthenates and Co Kα radiation for Fe-based160

ruthenate. Powder-diffraction patterns were refined by the Ri-161

etveld method with the FULLPROF software implemented in the162

WINPLOTR package [29].163

The samples’ purity and chemical homogeneity have164

been probed by (scanning) transmission electron microscopy165

((S)TEM) techniques. This work has been jointly performed166

with an FEI TECNAI 30UT (Cs = 0.7 mm) working at167

300 kV and a JEOL ARM200 cold FEG double-corrected168

microscope, equipped with an energy dispersive x-ray (EDX)169

analyzer. Complementary simulated images have been calcu-170

lated with the JEMS software [30].171

Magnetic property measurements were performed using172

either a 5 T superconducting quantum interference device173

magnetometer (Quantum Design) from 2 to 400 K or the AC174

Measurement System option of a 14 T Physical Properties175

Measurement System (PPMS, Quantum Design) from 5 to176

350 K. Electrical resistivities were measured with a four-177

probe method with copper wires and indium contacts using the178

transport option of a 9 T PPMS from 5 to 400 K. Magnetore-179

sistance was also measured at different temperatures and up to180

FIG. 3. Crystal model and STEM ADF image of
Ba0.94Mn2.4Ru3.6O11 (left panel) with ED pattern (left panel
bottom inset), simulation (left panel upper inset), and superposition
of the crystallographic structure extracted from Rietveld refinements
with atom in color (gray: Ru/Mn in 4e and 6g sites, blue: Mn in 2d
sites, and yellow Ba in 2a sites).

9 T in the same configuration and apparatus. Thermoelectric 181

properties were studied using both homemade apparatus 182

(steady-state technique) with indium contacts and the PPMS 183

Thermal Transport Option with silver epoxy contacts, both 184

options being used in a 9 T PPMS from 2 to 390 K. High- 185

temperature Seebeck coefficient and resistivity were probed 186

with a Seebeck Coefficient/Electrical Resistance Measuring 187

System (ZEM-3, ULVAC) from 300 to 775 K. 188

The low-temperature thermopower of metallic Ru was 189

measured in the 8 K < T < 150 K temperature range using a 190

standard steady-state one-heater two-thermometer technique. 191

The temperature difference across the samples was measured 192

using chromel/phosphor-bronze thermocouples attached with 193

Dupont 4929N silver paste. The thermoelectric voltage was 194

measured with reference to the phosphor-bronze leads. In this 195

temperature range the contribution of these leads to the signal 196

is negligible (<50 nV K–1) and has not been subtracted from 197

the data [31]. 198

57Fe Mössbauer measurements were carried out in trans- 199

mission geometry at 300 and 20 K. A 57Co in Rh matrix 200

radioactive source of ∼1.5 GBq activity was employed in 201

constant acceleration mode. The spectra were fitted with the 202

MOSFIT code using the histogram method and Lorentzian 203

lines. Isomer shifts are given with respect to α-Fe at 300 K. 204

III. RESULTS AND DISCUSSION 205

A. Structural analyses 206

The x-ray powder diffractograms of the three samples 207

(Fig. 2) can be indexed in hexagonal cell with the 208

centrosymmetric space group, characteristic of 124 ferrite. 209

This structural filiation is confirmed by the electron 210

microscopy studies especially from the atomic STEM 211

micrographs recorded with an annular dark-field (ADF) 212

detector and their electronic diffraction (ED). Simulations 213

have also been calculated from atomic positions deduced from 214

the Rietveld analysis and superimposed on the experimental 215

005100-3
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TABLE I. Atom occupations from Rietveld refinement with uncertainty between parentheses.

Ba0.94(1)Mn2.44(7)Ru3.56(7)O11 Ba0.94(1)Co2.43(7)Ru3.57(7)O11 Sr0.98(1)Fe2.66(4)Ru3.34(4)O11

Site Atom Occ. (%) Atom Occ. (%) Atom Occ. (%)

2a Ba 94(1) Ba 94(1) Sr 98(1)
4e Mn1 24(2) Co1 22(2) Fe1 45(1)

Ru1 76(2) Ru1 78(2) Ru1 55(1)
6g Mn2 32(1) Co2 32(1) Fe2 26(1)

Ru2 68(1) Ru2 68(1) Ru2 74(1)
2d Mn3 100 Co3 100 Fe3 100

micrograph as shown in Fig. 3. The x-ray diffraction216

(XRD) study reveals also the purity of BaCo2Ru4O11217

sample in contrast to BaMn2Ru4O11 and SrFe2Ru4O11218

samples where the presence of extra peaks on the pattern219

has been detected, revealing small amount of BaRuO3220

(3 wt.%) and Fe (0.02 wt.%), respectively. Refined cell221

parameters are a = 5.8882(3) Å and c = 13.5489(1) Å for222

BaMn2Ru4O11, a = 5.8399(1) Å, and c = 13.4745(3) Å for223

BaCo2Ru4O11, and a = 5.8695(1) Å and c = 13.2883(2) Å224

for SrFe2Ru4O11, consistent with previous reports [14,16,32].225

With those parameters, fixing the oxygen occupancy to226

11 and assuming full metal site occupations, the structural227

Rietveld refinements lead to Ba0.94(1)Co2.43(7)Ru3.57(7)O11,228

Ba0.94(1)Mn2.44(7)Ru3.56(7)O11, and Sr0.98(1)Fe2.66(4)Ru3.34(4)O11229

chemical compositions, respectively. The results of all the230

structural data are summarized in Tables I and II. During 231

the Rietveld refinements, Ru was allowed to be in the 2d 232

trigonal bipyramid site but this leads to a negative occupation 233

or an occupation inferior to uncertainty, and this 2d site was 234

thus considered fully occupied by the 3d cation. In some 235

124 isostructural compounds, a reduction of symmetry from 236

P63/mmc to P63/m has been observed due to ruthenium 237

pairing in the kagome network [18–20]. Here, neither such 238

phenomenon nor 2d sites splitting [13,26], i.e., a reduction 239

of symmetry from P63/mmc to P63mc due to tetragonal 240

bipyramid splitting to two tetrahedra, has been detected. On 241

the one hand, Table I shows that the 2a (A site), 6g, and 2d 242

sites occupancy are relatively similar for the three oxides, 243

within 6% at most. On the other hand, the 4e site (face-shared 244

octahedra) occupancy is similar for Ba0.94Co2.43Ru3.57O11 245

TABLE II. Selected interatomic distances (Å) and angles (°) for A1−δM2+xRu4−xO11 (A = Ba, Sr and M = Mn, Co, Fe) with uncertainty
between parentheses. M(1), M(2), M(3) refers to the M and Ru cations on the 4e face-shared octahedra, 6g edge-shared octahedra, and 2d
trigonal bipyramid, respectively.

Ba0.94Mn2.4Ru3.6O11 Ba0.94Co2.4Ru3.6O11 Sr0.98Fe2.7Ru3.3O11

2.820(7) 2.783(1) 2.754(1)
2.95(1) 2.92(2) 2.94(2)
2.116(8) 1.972(9) 1.917(1)
2.012(7) 2.022(1) 1.989(1)
2.730(2) 2.659(3) 2.625(3)
3.5716(9) 3.5615(1) 3.5569(1)
3.6634(6) 3.6241(6) 3.6340(8)
99.5(5) 99.7(9) 101.0(1)
165.5(9) 166.9(6) 165.7(1)
89.8(5) 88.6(5) 88.0(8)

A–O(1) x 6
A–O(2) x 6
M(1)–O(1) x 3 
M(1)–O(2) x 3 
M(1)–M(1)
M(1)–M(2)
M(1)–M(3)
O(1)–M(1)–O(1) 
O(1)–M(1)–O(2) 
O(1)–M(1)–O(2) 
O(2)–M(1)–O(2) 79.0(7) 81.5(1) 81.2(1)

1.918(1) 1.998(1) 2.037(1)
2.071(9) 2.016(1) 2.054(1)
2.9441(1) 2.9199(1) 2.9349(1)
3.7898(1) 3.7667(1) 3.7291(1)
87.7(7) 90.0(7) 88.8(7)
180.0(1) 180.0(1) 180.0(1)
92.3(6) 90.8(8) 91.2(9)
95.4(6) 93.4(7) 91.7(7)
84.6(7) 86.6(8) 88.3(8)

M(2)–O(1) x 4 
M(2)–O(3) x 2 
M(2)–M(2)
M(2)–M(3)
O(1)–M(2)–O(1) 
O(1)–M(2)–O(1) 
O(1)–M(2)–O(1) 
O(1)–M(2)–O(3) 
O(1)–M(2)–O(3) 
O(3)–M(2)–O(3) 180.0(7) 180.0(9) 180.0(9)

1.922(1) 1.848(2) 1.894(1)
2.204(2) 2.262(2) 2.16(2)
120.0(1) 120.0(1) 120.0(1)
90.0(8) 90.0(1) 90.0(1)

M(3)–O(2) x 3 
M(3)–O(3) x 2 
O(2)–M(3)–O(2) 
O(2)–M(3)–O(3) 
O(3)–M(3)–O(3) 180.0(1) 180.0(1) 180.0(1)
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FIG. 4. Mössbauer spectra of Sr0.98Fe2.7Ru3.3O11 at 295 K (a)
and 20 K (b). The spectra were decomposed into three subspectra
corresponding to the Fe1 (orange), Fe2 (pink), and Fe3 (green) sites
where the iron cations are positioned.

and Ba0.94Mn2.44Ru3.56O11 with 22(2)% and 24(2)% of Co246

or Mn, and 78(2)% or 76(2)% of Ru, but with an occupancy247

of 45(1)% for Fe and 55(1)% Ru in Sr0.98Fe2.66Ru3.34O11.248

Another important fact is the A cation deficiency of 0.06249

for A = Ba and 0.02 for A = Sr. We highlight that A-site250

deficiency has not been reported to date. In the following251

parts, in order to make the reading more comfortable, the252

three compounds will be referred to as A1−δMn2.4Ru3.6O11,253

A1−δCo2.4Ru3.6O11, and as A1−δFe2.7Ru3.3O11.254

For comparison, the Ru metallic sample crystallizes in a255

hexagonal structure, of the same space group of P63/mmc as256

the 124 ruthenates, and its elementary cell parameters are a =257

b = 2.7092(1) Å and c = 4.2887(1) Å with a Ru-Ru distance258

of about 2.67 Å.259

B. 57Fe Mössbauer experiments260

For Sr1−δFe2.7Ru3.3O11, Mössbauer spectrometry was used261

to investigate in more detail the Fe distribution in the dif-262

ferent crystallographic sites and to investigate the Fe nature263

in this oxide. The Mössbauer spectra of Sr1−δFe2.7Ru3.3O11264

compound at 295 K (room temperature) and at 20 K (low265

temperature) are shown in Fig. 4. The room-temperature266

spectrum shape in the paramagnetic phase contains three267

overlapping quadrupole doublets, each one associated with268

a specific Fe site [Fig. 4(a)]. It is important to note that the269

amount of metallic Fe impurity (0.02 wt.%) deduced from270

the Rietveld refinement is too small to be detected by Möss-271

bauer spectroscopy, especially since the spectral area of such272

subspectrum is divided by six in the magnetic state. 273

The accuracy on the measurement of the amount of a given 274

phase is on the order of about 1 to 2%. Therefore, the 275

corresponding subcomponent, if any, would be definitely 276

embedded in the baseline. The doublet with a consider- 277

able quadrupole splitting (�EQ = 1.91 mm s–1) corresponds 278

to Fe at the 2d position, as in comparable 4 f position in 279

BaTi2Fe4O11 (�EQ = 1.70 mm s–1) [13]. The relative spec- 280

tral area of this doublet (38%) is in agreement with full 281

occupation of the 2d site by iron. The additional doublets with 282

smaller quadrupole splitting correspond to the octahedral sites 283

(4e and 6g). These two octahedral sites give a strong overlap 284

of the doublets, and to avoid ambiguous determination of the 285

corresponding hyperfine parameters, the room-temperature 286

spectrum was fitted in a first step by imposing the low- 287

temperature spectral area fractions, and in a second step this 288

parameter was let free. As expected, the spectrum at 20 K 289

[Fig. 4(b)] exhibits well-resolved split lines confirming the 290

development of magnetic ordering and it was fitted by a su- 291

perposition of three sextets of Lorentzian line shape arising 292

from a combined quadrupolar and magnetic interactions. Line 293

splitting allows one to distinguish more precisely the com- 294

ponents (sextets corresponding to the three crystallographic 295

sites), and values of fitted hyperfine parameters and relative 296

spectral area are employed to identify the subspectra and 297

thus to distinguish the various sites (Table III). The 4e, 6g, 298

and 2d site occupancies, derived from the relative spectral 299

areas by assuming the same Lamb-Mössbauer factors, are in 300

good agreement with those obtained by XRD data Rietveld 301

refinements analysis. The room-temperature isomer shift (IS) 302

values lying in the 0.32–0.38-mm s–1 range confirm that iron 303

is in high-spin Fe3+ state; a lower oxidation state such as 304

Fe2+ would give a higher IS value, e.g., above 0.7 mm s–1. 305

The increased measured values at low T are due to the 306

well-known second-order Doppler shift effect. The com- 307

ponents attributed to 4e and 6g octahedral sites have the same 308

IS but different �EQ values. At 20 K, the 2d site has a lower 309

hyperfine field than the other sites, and the large value of 310

the quadrupole shift indicates that the magnetic moment is 311

oriented along the principal axis of the electric field gradient 312

which is reported to be the c axis for SrFe3.26Ru2.74O11 [28]. 313

C. Magnetic susceptibility 314

The temperature-dependent magnetic susceptibilities 315

χ (T ) defined as M(H)/T of the three 124 ruthenates are 316

presented in Fig. 5, in 100 Oe for A1−δMn2.4Ru3.6O11 and 317

A1−δCo2.4Ru3.6O11 [Fig. 5(a)], and in 100 Oe [inset of 318

Fig. 5(b)] and 25 kOe for A1−δFe2.7Ru3.3O11, this higher 319

magnetic field value being justified by the higher coercive 320

field (see below) [Fig. 5(b)]. In 100 Oe, the zero field cooling 321

(ZFC) and field cooling (FC) curves of A1−δFe2.7Ru3.3O11 322

separate for T < 280 K, and the susceptibility measured in 323

larger field presents a broad transition at TC ∼ 280 K as a 324

result of this large external field with almost superimposed 325

ZFC and FC curves. This strong 25 kOe applied magnetic 326

field was used for the susceptibility measurement to 327

exceed the much higher coercive field ∼20 kOe (Fig. 7). 328

The broadened susceptibility curve for M = Fe is very 329

different from those measured at 100 Oe for M = Co or 330
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TABLE III. Hyperfine parameters and relative spectral area of each component deduced from the fit of the Mössbauer spectra of the
Sr0.98Fe2.7Ru3.3O11 compound. IS: isomer shift, �EQ: quadrupole splitting, 2ε: quadrupole shift, Bhf : hyperfine field.

Temperature (K) Component Site IS (mm s–1) �EQ(mm s–1) 2ε(mm s–1) Bh f (T ) Rel. area (%) Occ (%)

300 Fe1 4e 0.381 0.771 37 48
Fe2 6g 0.380 0.528 25 22
Fe3 2d 0.322 1.919 38 100

20 Fe1 4e 0.513 0.205 46.7 34 44
Fe2 6g 0.513 0.197 41.6 27 23
Fe3 2d 0.396 1.685 40.8 39 100

Mn. The A1−δMn2.4Ru3.6O11 χ (T ) curve has a331

maximum around 70 K and the magnetic transition is332

observed at TC = 175 K. For A1−δCo2.4Ru3.6O11, the ZFC333

and the FC curves are separated at low temperature below334

a transition temperature of 110 K. These susceptibility335

curves are very close to those previously reported for similar336

compositions [14,25].337

The temperature-dependent inverse magnetic susceptibility338

χ–1(T ) of these three oxides is shown in Fig. 6 in 100 Oe339

for M = Co and Mn, and in 25 kOe for M = Fe and are340

in good agreement with previous reports [14,15,33]. For341

A1−δMn2.4Ru3.6O11 the behavior is close to an ideal Curie-342

Weiss law with an almost linear increase with temperature343

from 175 to 400 K. On the other hand, the χ–1(T ) curves of344

(a)

(b)

FIG. 5. Temperature-dependent DC magnetic susceptibilities
χ (T ) in 100 Oe for Ba0.94Co2.4Ru3.6O11 and Ba0.94Mn2.4Ru3.6O11 (a)
and in 25 kOe (b) and 100 Oe for Sr0.98Fe2.7Ru3.3O11 (inset of b).
Empty symbols correspond to the ZFC curves and the full ones to
FC curves.

A1−δCo2.4Ru3.6O11 and A1−δFe2.7Ru3.3O11 present a nonlin- 345

ear behavior, the nonlinearity being more pronounced in the 346

case of A1−δCo2.4Ru3.6O11, justifying the use of a modified 347

Curie-Weiss behavior χ = χ0 + C
T −θw

to fit the data. All the 348

parameters are summarized in Table IV along with the R fit- 349

quality criteria. A quantitative analysis is difficult to achieve 350

given the number of required approximations: number of sites, 351

FIG. 6. Temperature-dependent inverse DC magnetic χ−1(T ) in
100 Oe for Ba0.94Co2.4Ru3.6O11 and Ba0.94Mn2.4Ru3.6O11 (a) and
in 25 kOe for Sr0.98Fe2.7Ru3.3O11 (b), with the Curie-Weiss fitting
(parameters are given in Table IV).
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TABLE IV. Parameters extracted from Curie-Weiss fit for Ba0.94Mn2.4Ru3.6O11 and from modified-Curie Weiss fit for Ba0.94Co2.4Ru3.6O11

and Sr0.98Fe2.7Ru3.3O11 with uncertainty between parentheses.

C(K mol Oe emu–1) μeff (μB/f.u.) θw (K) χ0(emu mol–1 Oe–1) R

Ba0.94Mn2.4Ru3.6O11 4.014(6) 5.67 186.2(7) 0.999 72
Ba0.94Co2.4Ru3.6O11 0.802(3) 2.53 115.4(2) 4.4(2)×10–3 0.999 71
Sr0.98Fe2.7Ru3.3O11 2.72(3) 4.67 186.1(8) 2.5(1)×10–3 0.999 78

M/Ru ratio at each site, valence state and spin configuration352

of each cation at each site [14,15,33]. Still, the measurement353

of χ (T ) for M = Fe is interesting as previous studies on sev-354

eral Fe/Ru ratios either in single-crystalline or polycrystalline355

sample showed a linearity between TC value and Fe content356

[16,25]. Following that empirical fact, the T ∼ 280 K value357

extracted from the χ–1(T ) inflexion point (Fig. 6), consistent358

with the Tkink on the T -dependent resistivity curve (Fig. 8),359

leads to an Fe content of 43 ± 5%, which is in good agreement360

with the extracted one from the Rietveld refinement analysis,361

i.e., 44 ± 2%, confirming our structural analysis.362

The field-dependent magnetization at 5 K is shown in363

Fig. 7. The magnetization for M = Co, Mn exhibits very small364

hysteresis with strong magnetization increase at low field,365

reaching 1.5 and 5 μB/f.u. at 50 kOe, respectively, without366

saturation up to 140 kOe (Fig. 7 left inset). Unlike these367

two oxides, A1−δFe2.7Ru3.3O11 has a broad hysteresis, with368

M reaching 2.9 μB/f.u. at 50 kOe. The coercive fields are369

very small for A1−δCo2.4Ru3.6O11 and A1−δMn2.4Ru3.6O11,370

close to 100 Oe, determined from the low-field magnetiza-371

tion curves (Fig. 7 right inset). These small values are in372

strong contrast with the large coercive field HC = 19 kOe for373

A1−δFe2.7Ru3.3O11, characteristic of “hard ferromagnetism”374

resulting from its ferrimagnetism [28]. Such a large value375

close to 20 kOe is remarkable, being more than twice than376

the one of BaFe12O19 M-type hexaferrite at the same T [34].377

To conclude, these hexagonal ruthenates are all ferrimagnetic378

FIG. 7. Field-dependent magnetization at 5 K with, for Mn-
(blue), Co- (red), and Fe- (green) 124 oxides, low-field magnetization
(lower inset) and high-field magnetization up to 14 T (upper inset).

but characterized by different TCs, saturated magnetizations, 379

and coercive fields. 380

D. Transport properties 381

1. Electrical resistivity 382

The temperature-dependent resistivities of the three oxides 383

are shown in Fig. 8, measured up to 600 K. Despite their poly- 384

crystalline nature, they all exhibit small values of resistivity 385

close to 2–15 m� cm from 2 to 600 K, with a clear evolution 386

from metallicity for M = Co to a more localized behavior for 387

M = Fe. These results obtained on polycrystals are in good 388

agreement with the previous measurements of single crystals 389

with A = Ba [15]. The resistivity of A1−δCo2.4Ru3.6O11 is the 390

smallest one, with values on the order of ∼2 m� cm and 391

only a small temperature dependence. An anomaly is clearly 392

seen at TC, also visible in the first derivative curve (inset of 393

Fig. 8), followed by a maximum and a sign change of the 394

slope around 350 K. Also, a small ρ increase is observed 395

at low temperature. A1−δMn2.4Ru3.6O11 resistivity is on the 396

order of ∼5 m� cm and presents a very weak T dependence. 397

Contrary to A1−δCo2.4Ru3.6O11, the dρ/dT slope is negative 398

in the whole T range. It presents a kink at TC, observed on 399

the dρ/dT curve (inset of Fig. 8). A1−δFe2.7Ru3.3O11 be- 400

haves like a semiconductor (dρ/dT < 0), but with a relatively 401

weak low-temperature localization with values on the order of 402

∼15 m� cm at 5 K. Like the two others, it has an anomaly at 403

TC (inset of Fig. 8). 404

A change of regime is observed around 350 K for 405

A1−δCo2.4Ru3.6O11 compound, with a ρ maximum reaching 406

FIG. 8. Temperature-dependent resistivity. Arrows denotes the
magnetic transitions. Inset: dρ/dT curves.
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FIG. 9. T 2-dependent resistivity of Ba0.94Co2.4Ru3.6O11. Also
shown is the linear fit (yellow) to the data in the range 50 to 90 K.

2.4 m� cm. This contrasts with the nonsaturating behav-407

ior observed in the ferromagnetic and metallic SrRuO3, a408

well-known example of bad metallic behavior. This maximum409

of resistivity can generally be interpreted using the Mott Ioffe410

Regel limit which implies that the mean-free path cannot411

be smaller than the typical unit-cell parameter, this criterion412

defining the Mott Ioffe Regel temperature TMIR. This point413

will be discussed later.414

A T 2 behavior is observed at T < TC at relatively high415

temperature, between 50 and 90 K, following ρ = AT 2 + ρ0416

with A = 9.95(2)10–9� cm K–2 and ρ0 = 2.11(1)� cm as417

shown in Fig. 9. In Ref. [16], the Sommerfeld coefficient418

of nominal BaCo2Ru4O11 composition was reported, γ =419

120 mJ mol–1 K–2. The Kadowaki-Woods ratio would thus420

be A/γ 2 = 0.67μ� cm mol2 K2 J2, a value very close to the421

pure transition metals one ∼0.4 μ� cm mol2 K2 J–2, and ∼25422

times smaller than the empirical value expected for a cor-423

related system (10 μ� cm mol2 K2 J–2) [35], showing again424

the major difference with the SrRuO3 oxide for which the425

Kadowaki-Woods ratio reaches ∼6–15 μ� cm mol2 K2 J–2
426

[36,37].427

2. Magnetoresistance428

In the three samples, the influence of magnetic transitions429

does not have a strong impact on the resistivity but is never-430

theless visible by kinks around their respective TCs as shown431

in the inset of Fig. 8. For M = Fe, the kink is observed at432

288 K, in good agreement with the transition observed in the433

magnetic susceptibility at T ∼ 280 K. To further investigate434

the possible impact of magnetism on transport, the magne-435

toresistance (MR) curves have been analyzed. The results are436

presented in Fig. 10, with first the evolution of the magni-437

tude of MR in 9 T as a function of temperature [Fig. 10(a)],438

and in Fig. 10(b), the MR curves versus magnetic field for439

M = Co, Mn, and Fe. All the MR curves are negative, with440

very small values (except for very small and positive values441

for M = Fe around T ∼ 100–200 K). The maximum MR is442

observed for M = Mn at 5 K, reaching −1%. It must be noted443

that the polycrystalline nature should enhance MR properties444

FIG. 10. (a) (-MR) of Co-, Mn-, and Fe-124 oxides as a
function of temperature at 9 T with MR defined as 100 ×
[(ρ(H )−ρ(0))/ρ(0)], and MR as a function of magnetic field in (b).

via tunneling at the grain boundaries [38], thus confirming that 445

MR data are intrinsically small in A1−δM2+xRu4−xO11. This 446

is much smaller than the ones of SrRuO3 measured in thin 447

films [39], close to −6 to −10%, or than the ones of CrO2 448

005100-8



THERMOPOWER IN THE Ba1−δM2+xRu4−xO11 … PHYSICAL REVIEW B 00, 005100 (2021)

FIG. 11. Temperature-dependent Seebeck coefficient. Inset: low-
temperature S(T ) of Co-, and Mn- 124 oxides and Ru metal, from 8
to 150 K.

another example of ferromagnetic oxides with spin-polarized449

transport for which MR reaches up to +25% at 5 K [38,40].450

This is also much smaller than the MR measured in the451

ferrimagnetic Sr2FeMoO6 double perovskites which exhibit452

similar values of electrical resistivities, with MR reaching up453

to −42% in 7 T at 4.2 K [41].454

The evolution of MR with T presented in Fig. 10(a) shows455

that MR continuously decreases as a function of temperature,456

except around TC where a maximum is observed for M = Co457

and M = Mn. At low T, the high-field MR values follow the458

magnetization behavior M, with MR the largest for M = Mn.459

At 5 K and 5 T, the comparison with Fig. 7 shows that460

these MR values follow the evolution of magnetization M461

and moreover reflect the evolution of the M2 behavior, with462

MR ∼ M2, i.e., MR(M = Mn)/MR(M = Fe) = 3, similar to463

the ratio M2(M = Mn)/M2(M = Fe), while these ratios reach464

close values respectively, 2.5 and 3.5, for the comparison465

between Fe and Co. This low-temperature M2 behavior is466

typically observed in the presence of spin-polarized tunnel-467

ing at grain boundaries as in manganites [42] or in SrRuO3468

[38] and most probably reflects the polycrystalline nature of469

the samples. Consistently, the M(H) and MR(H) curves are470

interrelated, as the MR curves are reversible for M = Co,471

Mn, but display hysteresis below ∼25 kOe for M = Fe, in472

good agreement with the large coercive field measured on the473

M(H) loops (Fig. 7). It is interesting to note that three differ-474

ent behaviors are observed depending on the transition-metal475

cation M, with a maximum of MR observed around TC for476

M = Co, a maximum at 5 K observed for M = Mn together477

with a secondary maximum around TC, and finally only very478

small values for M = Fe and no peak around TC. The coupling479

between magnetism and transport at TC is therefore maximum480

for M = Co.481

3. Thermopower482

The temperature-dependent Seebeck coefficients S(T )483

of the three samples are presented in Fig. 11. In484

A1−δMn2.4Ru3.6O11, S(T ) is linear and positive from ∼100 to485

750 K, reaching ∼22.5 μV K–1. At T < 100 K, S is very close486

to 0μV K–1, as for M = Co presented in the inset. At T > 487

100 K in A1−δCo2.4Ru3.6O11, S is linear up to about 350 K then 488

diverges from this linearity to reach ∼25μV K–1 at 750 K. 489

For these two compounds, the slopes of S(T ) above 100 K are 490

equal to 0.0375 μV K–2 for M = Mn and 0.0551 μV K–2 for 491

M = Co. Using the classical Boltzmann equation for S would 492

lead to an equivalent Fermi energy of 7500 K for M = Mn 493

and 5000 K for M = Co, suggesting a large bandwidth for 494

both ruthenates. Unlike the two other compounds, the Seebeck 495

coefficient of A1−δFe2.7Ru3.3O11 is not close to 0 μV K–1 at 496

T < 100 K but increases on the whole temperature range, 497

reaching 32.5 μV K–1 at 750 K. 498

From the crude estimation of an “effective” Fermi energy 499

of 5000 K for M = Co, the analysis of the Mott Ioffe Regel 500

limit previously discussed can be made using the formula 501

ρMIR ∼ 3πh
2π (e2k2

F d )
. The value of ρMIR = 2.5 m� cm for M = 502

Co (Fig. 8) corresponds to d ∼ 0.16 nm, using an effective 503

mass of m = m0 and a very simple spherical Fermi surface. 504

Considering the crude assumptions made for this analysis, this 505

d value seems reasonable especially if one compares to the 506

a unit-cell parameter value, a ≈ 0.6 nm, confirming that for 507

M = Co, the transport properties can be described as a metal 508

with a large Fermi energy. 509

The Seebeck coefficients of BaCo2+xRu4−xO11, with x = 0 510

and 0.5, have been reported previously in the range of temper- 511

ature 80 K < T < 450 K [32], and our values are very close 512

to theirs within ±2 μV K–1 at 100 K. In all three samples, 513

positive S values would suggest holes as majority charge car- 514

riers in the unlikely case of a simple spherical Fermi surface, 515

in contrast to Hall effect measurement in a M = Co 124 ferrite 516

showing a Hall coefficient associated with electrons [21]. 517

As thermopower is a measurement technique less sensitive 518

to grain boundaries than the resistivity, the lack of anomaly 519

observed at TC, unlike in SrRuO3, confirms the moderate 520

impact if any of the spin ordering in the TC region on S. Also, 521

the transition between the metallic state of A1−δCo2.4Ru3.6O11 522

to the more localized state of A1−δFe2.7Ru3.3O11 does not 523

have a strong impact on the Seebeck coefficient. The three 524

thermopower curves only display small differences, especially 525

for M = Co and M = Mn, compared to the large differences 526

observed on χ (T ) and ρ(T ) curves in the whole T range, as if 527

the M cation has no impact. Values are slightly higher in the 528

case of A1−δFe2.7Ru3.3O11 all along the temperature range, for 529

which ρ is slightly higher, but the Seebeck value differences 530

remain low. For A1−δMn2.4Ru3.6O11 and A1−δCo2.4Ru3.6O11, 531

the S(T ) evolutions do not reproduce the same evolution as ρ: 532

S is larger in A1−δCo2.4Ru3.6O11 which is the most metallic 533

compound. Considering the complexity of the band structure, 534

only a complete calculation taking into account the carriers 535

concentration and their mobility could explain this, and give a 536

correct S estimate. 537

Though the thermopower in the TC region and below 538

appears rather classical as Boltzmann equation is used, 539

the high-T S value is characteristic of the ones previously 540

measured in stoichiometric SrRuO3, in substituted and non- 541

stoichiometric SrRuO3, in quadruple perovskites [8,9] and 542

more recently observed in hollandites with Ru in octahedral 543

sites (with a mixed occupation by Cr and Ru) [10]. This 544

value was attributed to spin entropy induced by the ruthenium 545

cations, with a mixed valency Ru3+/Ru4+ or Ru4+/Ru5+ [8]. 546
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For the latter case, the thermopower was written547

S = kB

e

[
ln

(
x

1 − x

)]
+ kB

e

[
ln

(
D(d4)

D(d5)

)]
, (1)

where D(d4) [D(d5)] is the spin-only degeneracy of Ru4+
548

(Ru3+), with D(d4) = 3(S = 1) and D(d5) = 2(S = 3/2). In549

Eq. (1), the first term corresponds to the transport func-550

tions and the second one to the entropic one [43]. The551

entropic part of thermopower is often known as the general-552

ized Heikes formula, and is the high-T limit of thermopower,553

reached as soon as the transport term becomes negligi-554

ble. This entropic term depends on the doping and on555

the spin and orbital degeneracies of the transition-metal556

cation in case of cobaltites, chromium oxides, or ruthenates557

[44,45]. For this latter case, an exact calculation based on558

local density approximation+dynamical mean field theory559

(LDA+DMFT) of the thermopower has been performed for560

Sr2RuO4 [12] with Ru4+, which gave for the high-T limit561

S = (kB/2e)[ln(D(d3)/D(d5))] = (kB/2e)ln2 ≈ 30 μV K–1.562

In this expression, the transport term of Eq. (1) is suppressed563

avoiding the expected but not experimentally observed S di-564

vergence near stoichiometric Ru4+ (x = 0). This (kB/2e)ln2565

value comes thus from the ruthenates Hund’s metal features566

with fluctuating spins and quenched orbitals. Remarkably567

enough, even if very different band structures as compared568

to square-lattice ruthenates are formed in the present three569

hexagonal oxides as evidenced by resistivity measurements570

and by low-T Seebeck coefficient measurements, the trans-571

port term associated with these band structures seems also to572

be negligible, leading to similar values at ∼700 K, close to573

≈30 μV K–1, strongly supporting a spin entropy-dominated574

thermopower as in the case of Sr2RuO4 [12,43].575

4. Comparison of the thermopower of A1−δM2+xRu4−xO11576

with the Ru thermopower577

One uncommon feature is that at low T , S tends to reach578

very small values close to zero in these two compounds in a579

large T range, below 100 K, in contrast to A1−δFe2.7Ru3.3O11.580

Also, for A1−δCo2.4Ru3.6O11, S is not proportional to the581

Sommerfeld coefficient as T tends to 0 K unlike many oxides582

and so, with q = SNave/T γ = 0.014, it does not match with583

the Behnia-Jaccard-Floquet universal line of S/T = f (γ )584

[46], keeping in mind the only available gamma value is585

for BaCo2Ru4O11. The T range close to 0 μV K–1 corre-586

sponds to ∼0.91TC and ∼0.56TC for A1−δCo2.4Ru3.6O11 and587

A1−δMn2.4Ru3.6O11, respectively, and thus does not corre-588

spond to a precise ratio of T/TC. This very small value of589

S could be due to a compensation effect between different590

carriers. Nevertheless, given the very low values typical of591

metal, this could also be a sign of metallic conduction through592

the ruthenium network. As shown in Table II, the M(1)-M(1)593

(dimers of face-shared octahedra) and M(2)-M(2) (kagome594

lattice) distances determined at 300 K are very small, reaching595

∼2.625 to 2.730 Å for M(1)-M(1) and 2.920 to 2.944 Å596

for M(2)-M(2) depending on M. In metallic Ru, the Ru-Ru597

distances are equal to 2.67 Å, very close to the ones deter-598

mined for M(1)-M(1). Thus, at low T , there might be direct599

pathways between Ru-Ru orbitals rather than through Ru-O600

orbitals only [47]. The edge-shared octahedra in the kagome601

layers and the corner-shared connections between these layers 602

and the dimers would ensure delocalization throughout the 603

structure. To the best of our knowledge, no low-T (<80 K) 604

Seebeck coefficient of Ru metal has been published so far. 605

Hence, the ruthenium metal Seebeck coefficient was measured 606

in the range 8 K < T < 150 K and compared with those of 607

A1−δCo2.4Ru3.6O11 and A1−δMn2.4Ru3.6O11, as shown in the 608

inset of Fig. 11. The values at 100 K are very close to the ones 609

previously reported [48]. Intriguingly, very similar behaviors 610

below 50 K are observed for Ru metal and A1−δCo2.4Ru3.6O11, 611

with a maximum around 25 K. The three Seebeck coefficients, 612

with the one of A1−δMn2.4Ru3.6O11, are superimposed for T < 613

25 K. This is in favor of the existence of direct metallic paths 614

at low temperature [47]. The presence of such short Ru-Ru 615

distances is however not a sufficient condition, as S does not 616

tend to metallic Ru values in the case of A1−δFe2.7Ru3.3O11. 617

But for M = Fe, other parameters could justify this difference, 618

as the richer M content of 45% in the face-shared octahedra 619

reduces the number of Ru(1)-Ru(1) dimers. Finally, it should 620

be noted that such very small metallic values could be af- 621

fected by possible phonon drag effect or could be modified by 622

disorder effect as in standard metals. The phonon drag effect 623

should be strongly decreased due to the polycrystalline nature 624

of the samples [49], and understanding a possible phonon drag 625

or disorder effect would require the investigation of several 626

samples with different degrees of disorder, which is beyond 627

the scope of the present paper. 628

IV. DISCUSSION AND CONCLUDING REMARKS 629

In the 124 ruthenates family, A1−δCo2.4Ru3.6O11, 630

A1−δMn2.4Ru3.6O11, and A1−δFe2.7Ru3.3O11 show an 631

interesting evolution of the resistivity, from metallic behavior 632

(dρ/dT > 0), to a negative value of dρ/dT. The electrical 633

resistivities are in the m� cm range and the T dependences 634

of the Seebeck coefficients are consistent with this metallic 635

behavior. Even if the nature of the M cation strongly modifies 636

the magnetic properties, the effect of magnetic ordering is 637

slightly visible only as anomaly on the ρ(T ) curves, and not 638

observed on the S(T ) curves. 639

In the high-T limit, the Seebeck coefficient tends to reach 640

in all three compounds the ruthenium oxides characteristic 641

values near 30 μV K–1 (at 750 K, 25 μV K–1 for M = Mn, Co 642

and 32.5 μV K–1 for M = Fe). This high-T value characteris- 643

tic of ruthenates supports the fact that transport is dominated 644

by the Ru orbitals rather than those of the M magnetic 645

cations. The more localized behavior observed for M = Fe 646

also suggests that the 4e site (face-shared octahedra) plays 647

an important role in the electronic transport as the Ru con- 648

tent in these dimers is smaller for M = Fe than for M = Co 649

or Mn. Detailed band-structure calculations are necessary to 650

explain the respective role of Ru in the kagome layers and 651

their connections through these dimers, both entities showing 652

shorter Ru-Ru distances as compared to perovskite-derived 653

ruthenates. 654

As T decreases, a transition from an entropy-dominated 655

Seebeck coefficient to unprecedented very small metal-like 656

Seebeck coefficient is observed for M = Co and M = Mn. 657

In particular, below 100 K, the S ∼ 0 μV K–1 values similar 658

to those of Ru metal point towards an original mechanism of 659
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Ru-Ru metallic direct exchange associated with the presence660

of short Ru-Ru distance.661
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