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Abstract— We have grown single crystals of novel ruthenates 
(Sr,Ba)(Fe,Co)2+xRu4-xO11 that exhibit long-range ferromagnetic 
order well above room temperature, accompanied by narrow-gap 
semiconducting properties that include a large anomalous Hall 
conductance, low resistivity, high carrier concentration and low 
coercive field, which are properties well suited to spintronic 
applications.  X-ray diffraction, EDX, neutron diffraction and x-ray 
absorption measurements on single crystals firmly establish the “R-
Type” hexagonal ferrite structure (space group P63/mmc, No 194) 
and single-phase nature of all samples.  The electronic structure and 
physical properties can be tuned by simple chemical substitution of 
two elements, M = Fe or Co, or by varying the relative concentration 
of 3d solutes and 4d Ru.  Our magnetotransport, x-ray magnetic 
circular dichroism and magnetic moment data suggest the mechanism 
for FM order is quite different from that governing known dilute 
magnetic semiconductors. 
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I.  INTRODUCTION 
The anticipation of revolutionary advances in 

nanoelectronics and information technologies has stimulated an 
intensive effort to discover new materials for spin-transport 
electronics (“spintronics”), in which the spin of charge carriers 
provides enhanced functionality for sub-micron devices [1,2].  
The injection of spin-polarized electrons from a ferromagnetic 
(FM) metal into a semiconductor in a metal/semiconductor 
heterostructure poses difficult problems related to differences 
in conductivity and spin relaxation time in metals and 
semiconductors [3].  The injection of spin-polarized currents 
into semiconductor electronics therefore requires a highly 
transmissive (i.e., no impedence mismatch) interface between a 
non-magnetic semiconductor and a room-temperature, FM 
semiconductor (FS).  If suitable materials can be discovered, 
room-temperature FS will underpin a variety of novel devices, 
including spin-based field effect transistors, spin-based light 
emitting diodes, and nanoscale MRAM [4,5].   

 “Dilute magnetic semiconductors” (DMS), such as 
(Ga,Mn)As and (Zn,Co)O, are intensively studied prospects for 
spintronics [4,5].  However, the weak solubility of 3d magnetic 
ions in these semiconductor hosts promotes clustering of the 
magnetic dopants, an inhomogeneous FM state, and large 
gradients of electrical conductivity [6,7] that have so far made 
DMS unsuitable for devices; moreover, experimental data and 
theoretical descriptions for DMS remain controversial [8,9].  
The “half-metallic” 3d-oxides CrO2 and Fe3O4 support high 
Curie-temperatures [10]; however, these materials possess 
thermodynamically driven defects that have so far inhibited 
device fabrication [11-13]. Therefore, it is crucial to discover 
high-Tc FS based on a periodic array of magnetic ions. 

We have grown single crystals of a novel family of 
ruthenates (Sr,Ba)(Fe,Co)2+xRu4-xO11 that exhibit long-range 
FM order well above room temperature, accompanied by 
narrow-gap semiconducting properties that include a large 
anomalous Hall conductance, low resistivity, high carrier 
concentration and low coercive field, which are properties well 
suited to spintronic applications [14-16].  A short overview of 
the physical and chemical properties of this new class of FS is 
given below. 

II. EXPERIMENTAL RESULTS 

A. Sample Preparation and Structure 
Polycrystalline samples of BaFe2Ru4O11 were previously 

synthesized [17], but only sparse data for the physical 
properties of BaFe2Ru4O11 and BaMn2Ru4O11 were reported 
[17].  These compounds form within the “R-Type” hexagonal 
ferrite structure (space group P63/mmc, No 194; see Fig. 1) 
[18], which consists of layers of edge-sharing M(2)O6 
octahedra interspaced by layers of face-sharing M(1)O6 
octahedra and M(3)O3 trigonal bipyramids (see Fig. 1).  Note 
that the magnetic Fe, Co and Ru ions of (Sr,Ba)(Fe,Co)2Ru4O11 
reside on a periodic sublattice, in contrast to dilute magnetic 
semiconductors (DMS) [14-16]. 



 
We have grown single crystals of novel ruthenates 

(Sr,Ba)(Fe,Co)2+xRu4-xO11, as described elsewhere [14,15]. We 
find that single crystals form at compositions that differ from 
previously investigated polycrystalline materials [17,18].  For 
example, x-ray refinements on two single-crystals yielded 
compositions BaFe3.39(5)Ru2.61(5)O11 and BaCo1.85(6)Ru4.15(6)O11 
and different occupations for the two sites M(1) (e.g., 
Fe0.64(1)/Ru0.36 or Co0.10(1)/Ru0.90) and M(2) (e.g., Fe0.37(1)/Ru0.63 
or Co0.22(1)/Ru0.78), which also lead to important variations in 
physical properties [14-16].  Nevertheless, microprobe analyses 
yield a stable stoichiometric ratio n(M)/n(Ba) = 6.0 for 
BaM6O11 for every investigated sample. 

B. Magnetic Properties 
Single-crystal BaCo1.85(6)Ru4.15(6)O11, exhibits soft 

ferromagnetism below Tc = 105 K, but with a strongly 
anisotropic susceptibility that obeys a modified Curie-Weiss 
law above 150 K, with a temperature-independent term χ0 = 
3.8 x 10-3 emu/mol, θp = 115 K (70 K), and μeff = 3.08 μB (2.41 
μB) for H ⎢⎢c (H ⊥ c).  Curie-Weiss fits using a spatial average 
χ = (χ⎟⎟ + 2χ⊥)/3 yield μeff = 2.78 μB.  Using μeff = [n1μ1(Co2+)2 
+ n2μ2(Ru3+)2 + n3μ3(Ru5+)2]1/2, where n1, n2 and n3 are the 
respective mole fractions of Co2+, Ru3+ and Ru5+ from x-ray 
refinements, and μi the respective atomic moments for spin-
only Co2+ (S = 1/2), Ru3+(S = 1/2) and Ru5+ (S = 3/2), yields an 
effective moment μeff = 2.81 μB that corroborates the mixed 
valence of Ru [14]. 

In contrast, BaFe3.39(5)Ru2.61(5)O11 develops FM order at a 
remarkable Tc = 440 K that was too high to extract Curie-Weiss 
parameters (due to the limitations of our Quantum Design 
MPMS5 SQUID Magnetometer).  BaFe3.4Ru2.6O11 is a soft 
ferromagnet with saturation moment μS = 1.25 μB/f.u., and 
coercive fields HC|| = 480 Oe and HC⊥ = 92 Oe at T = 300 K 
[14,15].  Note that the magnetization anisotropy (m⊥/m⎟⎟ ≈ 1.5 
at T = 5 K) of BaFe3.4Ru2.6O11 is reduced by more than two 
orders of magnitude, and the easy axis shifts from the ab-plane 
to the c-direction, compared to BaCo1.85Ru4.15O11 (see Table 1, 
below). 

We also discovered the novel Sr-based ferrites 
SrFe2+xRu4-xO11 (Figs. 2 and 3) are FM (or possibly 
ferrimagnetic) at temperatures as high as 488 K [15,16].  
Replacement of Co for Fe lowers TC, as shown by FC χ(T) 
data for BaCo1.8Ru4.2O11 (TC = 105 K) and SrCo2Ru4O11 (TC = 
115 K) single crystals (see Table 1).  These compounds are 
very soft ferromagnets (Hc ≈ 1 Oe at T = 80 K) with saturation 
moments μS ≈ 1.8 ± 0.1 μB/f.u. at T = 5 K and easy axes 
within the ab-plane.  Above 150 K, both BaCo1.8Ru4.2O11 and 
SrCo2Ru4O11 follow modified Curie-Weiss laws with positive 
Weiss constants. Spatial averages χ = (χ⎟⎟ + 2χ⊥)/3 of the 
Curie-Weiss susceptibilities above 150 K yield effective 
magnetic moments, μeff = 2.78 μB (BaCo1.8Ru4.2O11) and μeff = 
2.84 μB (SrCo2Ru4O11), near the values 2.81 μB and 2.74 μB, 
resp., obtained using compositions from X-ray refinements 
and theoretical spin-only values for Ru3+(S = 1/2), Ru5+(S = 
3/2) and Co2+ (S = 1/2).  We again could not extract accurate 

Curie-Weiss parameters for the SrFe2+xRu4-xO11 analogues due 
to their very high TC’s. 

 
Atomic substitutions may produce inhomogeneities in 

magnetization and electrical conductivity (as in DMS), which 
is detrimental to spintronic applications since a sufficiently 
large and uniform carrier spin polarization is needed for 
effective spin injection.  For example, the anomalous Hall 
effect and magnetization of SrFe2.6Ru3.4O11 do not saturate at 
an applied field of 5 T (see Fig. 2), which may indicate canted 
or other complex FM order, or short-range magnetic order 
above TC, as observed in DMS such as (Ga,Mn)As [19]. 

The magnetization distribution and the temperature 
dependence of the FM order parameter can be assessed via 
elastic magnetic neutron scattering.  We have just obtained 
magnetic diffraction data for a small crystal of SrFe2.6Ru3.4O11, 
to deduce the temperature dependence of the ordered moment 
(see Fig. 3).  Additional magnetic powder diffraction 
experiments are underway to assess the magnetic homogeneity 
and structure of selected sample compositions from complete 
linewidth and intensity analyses.   

C. Magnetotransport Properties 
Variations of the 3d (Co,Fe) and 4d (Ru) contents have 

profound effects on the magnetotransport properties of the R-
Type ferrites [14-16], as summarized in Table 2.  The in-plane 
and out-of plane resistivities (ρ⎥⎥ 300 = 3.9 x 10-4 Ω·cm and ρ⊥ 300  
= 1.4 x 10-4 Ω·cm, respectively) of single-crystal 
BaCo1.8Ru4.2O11 are clearly metallic (dρ/dT > 0) (Fig. 4).  The 
Curie temperature is marked by a drop-off of ρ(T) at ~ 105 K, 
above which the in-plane resistivity has strong linear 
temperature dependence similar to that of high-temperature 
cuprate superconductors, and considered a signature of strongly 
correlated or marginal Fermi liquid physics.  In contrast, ρ(T) 
of single-crystal SrCo2Ru4O11 increases with decreasing T, 
consistent with a small semiconducting gap (Δ ~ 1.1 meV) that 
is abruptly reduced  below TC (Fig. 4).  The slopes dρ/dT < 0 
indicate semiconductivity of all single-crystal Fe-based Ba- and 
Sr-ferrites with an activated form ρ(T) = ρ0eΔ/kT and narrow 
gaps Δ ≈ 10-60 meV for current both parallel (ρ⎥⎥) or 
perpendicular (ρ⊥) to the ab-plane (Table 2).  The room-
temperature resistivities ρ300 of the Ba- and Sr-based Fe ferrites 
are in the range of typical narrow-gap semiconductors (0.001-
100 Ω·cm), and therefore have the potential to optimize the 
spin injection and detection efficiencies across a doped-
semiconductor/FS interface. 

The Hall resistivity ρH = R0H + 4πMRs in ferromagnets, 
where R0 is the Hall coefficient resulting from the Lorentz 
force on the carriers, and Rs is the anomalous Hall coefficient 
that depends on the magnetization and spin-orbit coupling [20-
22].  Therefore, ρH has roughly the same field dependence as 
the magnetization in ferromagnets below Tc [20], as 
demonstrated by single-crystal BaFe3.4Ru2.6O11 and 
SrFe2.6Ru3.4O11 for H << 1.0 T and T ≤ Tc (Fig. 6).  The 
anomalous contribution to ρH(H) of BaFe3.4Ru2.6O11 is ≈ 70 μΩ 
cm, which is much larger than those of metallic or 
semiconducting ferromagnets such as (Ga,Mn)As [23] and Fe1-

xCoxSi [24], and indicates a strong, net carrier spin polarization 



that is requisite for an ideal FS injecting contact.  The 
magnetization of BaFe3.4Ru2.6O11 saturates above 1.0 T, and 
consequently ρH becomes much less field dependent with 
dρH/dH = R0 = 1/nec, where n is the carrier concentration. The 
positive slope of the ρH(H) curve at T = 300 K and μoH > 1.0 T 
reveals the dominant charge carriers in single-crystal 
BaFe3.4Ru2.6O11 are holes (Fig. 6) with density n ≈ 2 x 1021 cm-3 
and mobility μH = R0/ρ ≈ 4 cm2V-1s-1.  The ρH(H) observed for 
single-crystal BaCo1.8Ru4.2O11 and SrCo2Ru4O11 have negative 
slopes that indicate the dominant charge carriers are electrons, 
which is distinctly different from the p-type Fe-based ferrites.  
A carrier concentration n ≈ 3 x 1020 cm-3 and mobility μH ≈ 55 
cm2/V-1s-1 can be estimated from the ordinary Hall coefficient 
at T = 120 K for BaCo1.8Ru4.2O11, and n ≈ 1 x 1021 cm-3 and μH 
≈ 2.8 cm2 V-1s-1 at T = 150 K for SrCo2Ru4O11 (see Table 2).    

Subtle crystal/chemical variations could underly the 
surprisingly varied behavior of the R-Type ferrites [14].  An 
intermediate or mixed valence state for a magnetic element can 
lead to unusual physical properties [25,26], and are frequently 
observed for ruthenates [27].  Our x-ray refinements, SQUID 
magnetometer data, and charge balance considerations imply 
Co2+, mixed Ru3+/Ru5+ and Fe2+/Fe3+ are present in single-
crystal BaFe3.4Ru2.6O11 and BaCo1.9Ru4.1O11 [14].   
Additional x-ray absorption (XA) spectra and x-ray magnetic 
circular dichroism (XMCD) experiments were performed at 
beamline 6.3.1 of the Advanced Light Source.  XA spectra 
were recorded in total electron yield mode probing the topmost 
5–10 nm of the sample and XMCD spectra were obtained in 
applied fields of 0.2 T.  XA data for single-crystal 
SrFe2.6Ru3.4O11 and BaCo2Ru4O11 are shown in Figs. 7 and 
8(a) are consistent with mixed valent (+2,+3) Fe and Co 
oxidation states.  Such differences between XAS, 
magnetometer and x-ray diffraction data may reflect strongly 
composition- or temperature-dependent oxidation states and/or 
significant sensitivity of the surface near region probed by soft 
x ray absorption spectroscopy to exposure to air that must be 
checked in future experiments. 

  

III. DISCUSSION 
An especially attractive characteristic of R-Type Ru ferrites 

is that their magnetic and electrical properties can be widely 
varied by substitution of Fe for Ru over a homogeneity range 
(Ba,Sr)Fe2±xRu4 +

− xO11, or Co for Fe within the solid solutions 

(Ba,Sr)(Co,Fe)2±xRu4 +
− xO11. The concomitant increases of the 

semiconducting gap and Curie temperature, and decrease of 
magnetic anisotropy, with increasing Fe content suggest a close 
relationship exists between the magnetic interactions and the 
resistivity behavior (see Tables 1 and 2).  The Co- or Fe-
concentration dependences of TC and Δ of polycrystalline 
Sr(Fe1-yCoy)2±xRu4±xO11 and single-crystal SrFe2±xRu4±xO11, are 
shown in Fig. 9.  Increasing the Co2+ (3d7) concentration 
produces an evolution from a high-TC, p-type FS to a low-TC 
FM metal, which demonstrates that the wider the 
semiconducting gap the higher the Curie temperature.  This 
intriguing trend is opposite to that observed for DMS (where an 
increase in carrier concentration leads to higher TC, but also to 

higher metallicity), and is an important clue concerning the 
mechanism of high-TC ferromagnetism in the R-Type ferrites 
[15]. 

IV. CONCLUSION 
The discovery of new materials often leads to new or 

improved technologies with substantial commercial value---
especially if properties of interest can be widely varied and 
precisely controlled.  We have demonstrated that the R-Type 
ferrite FS can accommodate broad variations of electric and 
magnetic properties via simple substitution of the 3d-4d metal 
concentrations. The stability range and physical properties of 
(Ba,Sr)M2±xRu4 +

− xO11 materials are not completely known, and 
the physical properties of samples covering a wider range of 
compositions with M = (Fe1-xCox) are under investigation. 
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Fig. 1.  (Ba,Sr)M2±xRu4±xO11  (M = Fe, Co) crystal structure: 
Layers of M(2)O6 (octahedra are connected in the [001] 
direction via M(1)2O9 double-octahedra  and FeO5 or CoO5 
trigonal prisms. Ba (Sr) (large spheres) is located within the 
layers of double-octahedra and trigonal prisms.  After [14].   

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Temperature dependence of the FC DC magnetic 
susceptibility χ(T)of single-crystal SrFe2.8Ru3.2O11 for H || ab 
and  H ⊥ ab plane (easy direction) at applied magnetic field 
μoH = 0.1 T.  Inset shows the magnetic moment m vs. H at 
300 K for the two field orientations.  Arrow designates the 
FM ordering temperature Tc. After [15,16].   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Neutron counts for the (100) diffraction peak of 
SrFe2.6Ru3.4O11 versus temperature (H = 0), which mimics 
the temperature dependence of our SQUID data below TC = 
300 K.  The line is a power-law fit of the data, which do not 
follow a mean-field behavior. 

 

 

 

 

 



 

 

 

Fig. 4.  ρ(T) for single-crystal BaCo1.8Ru4.2O11 (I || ab).  
Inset shows ρ(T) for single-crystal SrCo2Ru4O11. Arrows 
designate the FM magnetic ordering temperature Tc.    After 
[15,16].  (Stoichiometric BaFe2Ru4O11 and BaCo2Ru4O11 
were previously described as “poor metals”, since the 
electrical resistivities ρ(T) of pressed pellets exhibited very 
weak semiconducting behavior [18].)    

 

 

 

 

 

 

 

 

Fig. 5.  Temperature dependence of resistivity ρ(T) for 
BaFe3.4Ru2.6O11 and SrFe2.6Ru3.4O11 single crystals. Filled 
and unfilled symbols correspond to electrical current I ⊥ 
ab, and I || ab, respectively.  Inset shows ρ(T) for 
polycrystalline SrFe3Ru3O11 and single-crystal 
SrFe2.8Ru3.2O11.  After [15,16]. 

 

 

 

 

 

 

 

 

 

Fig. 6.  Magnetic field dependence of the Hall 
resistivity ρH(H) of single-crystal SrFe2.6Ru3.4O11 at 280 
and 300 K. The sharp change in slope at 0.1 T (anomalous 
Hall effect) is proof of spontaneous electron spin-
polarization.  Inset shows ρH(H) for single-crystal 
BaFe3.4Ru2.6O11 at T = 300 K.  After [15,16].  

 

 

 

 

 

 

 

 



 

 

 

Fig. 7.  Fe L3,2 XA spectra of SrFe2.6Ru3.4O11 indicating the 
Fe oxidation state in material is mixed 2+/3+. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.  Co XA spectra of Co+2(Co+3)2O4, Co+2O and 
BaCo2Ru4O11 showing the Co oxidation state in the latter 
material is mixed (+2/+3).  The pronounced spectral features 
near 785eV amd 800eV in BaCo2Ru4O11 are due to the Ba M4,5 
absorption edges. 

 

 

 

 

 

 

 

 

Fig. 9.  Co concentration dependence of the Curie 
temperature TC and semiconducting gap Δfor 
polycrystalline Sr(Fe1-yCoy)2±xRu4±xO11 solid solutions 
having nominal compositions 0 ≤ y ≤ 1, x = 0.  Inset: Fe 
concentration dependence of TC and Δfor SrFe2+xRu4-xO11 
(x = 0.6, 0.8 single crystals, x = 1 polycrystal). Solid lines 
are linear fits to the data.  After [15].  

 

 



TABLE I.   MAGNETIC PARAMETERS OF FE- AND CO-BEARING, R-TYPE FERRITES* 

Composition TC  

(K) 

μeff 
(μB/f.u.) 

θp⊥  

(K) 

θp|| 
(K) 

Hc⎟⎟  
(Oe) 

Hc⊥ (Oe) μs 
(μB/f.u.) 

m⊥/m⎟⎟  

SrFe2.6Ru3.4O11 300    10 
(280K) 

10 
(280K) 

 300  

(5K) 

SrFe2.8Ru3.2O11 400    500 
(300K) 

350 
(300K) 

 26  

(5K) 

SrFe3Ru3O11* 488        

SrCo2Ru4O11 115 2.84 106 122 30  

(5K) 

150 (5K) 1.9 

(5K) 

0.1  

(5K) 

BaFe3.4Ru2.6O11 440    480 
(300K) 

92 
(300K) 

1.25 
(300K) 

1.5  

(5K) 

BaCo1.8Ru4.2O11 105 2.78 115 70 2 

(5K) 

200  

(5K) 

1.7  

(5K) 

0.05  

(5K) 

*  Parallel (||) and perpendicular (⊥) symbols refer to “along the ab-plane” (i.e., ⊥ hexagonal c-axis). 

**  Polycrystalline sample; all other samples in Table 1 are single crystals determined to be single phase with appropriate stoichiometries  

via X-ray refinements and EDX (microprobe). 

 

TABLE II.  ELECTRICAL PROPERTIES OF FE- AND CO-BEARING, R-TYPE FERRITES 

Compound Δ⎜⎜(Δ⊥) 
(meV) 

ρ(300K)  
(Ωcm) 

 

n   
(cm-3) 

 

μ  
(cm2V-1s-1) 

 

Rs  
(μΩcm) 

 
BaFe3.39Ru2.61O11 24(30) 9.3x10-4 2x1021 (300 K) 4 (300 K) 70 (300 K) 
SrFe2.8Ru3.2O11 36 10-2    
SrFe3Ru3O11

* 59 10-1    
SrFe2.6Ru3.4O11 12(10) 2x10-3    
BaCo1.8Ru4.2O11  4x10-4 3x1020 (120K) 55 (150 K)  

SrCo2Ru4O11 ∼1 (T>Tc) 5.7x10-4 1021 (120K) 2.8 (150 K)  
*  Polycrystalline material, all other samples are single crystals 
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