
Superconductivity in Ru-substituted polycrystalline BaFe2−xRuxAs2

Shilpam Sharma,1 A. Bharathi,1,* Sharat Chandra,2 V. Raghavendra Reddy,3 S. Paulraj,4 A. T. Satya,1 V. S. Sastry,1

Ajay Gupta,3 and C. S. Sundar1

1Condensed Matter Physics Division, Materials Science Group, Indira Gandhi Centre for Atomic Research, Kalpakkam 603102, India
2Materials Physics Division, Materials Science Group, Indira Gandhi Centre for Atomic Research, Kalpakkam 603102, India

3UGC-DAE Consortium for Scientific Research, Khandwa Road, Indore 452017, India
4Physics Department, Periyar University, Salem 636 011, India

�Received 27 March 2009; revised manuscript received 19 April 2010; published 12 May 2010�

The occurrence of bulk superconductivity at �22 K is reported in polycrystalline samples of
BaFe2−xRuxAs2 for nominal Ru content in the range of x=0.75–1.125. A systematic suppression of the spin-
density-wave transition temperature �TSDW� precedes the appearance of superconductivity in the system. A
phase diagram is proposed based on the measured TSDW and superconducting transition temperature �TC�
variations as a function of Ru composition. Band-structure calculations indicate introduction of electron car-
riers in the system upon Ru substitution. The calculated magnetic moment on Fe shows a minimum at x
=1.0, suggesting that the suppression of the magnetic moment is associated with the emergence of supercon-
ductivity. Results of low-temperature and high-field Mössbauer measurements are presented. These indicate
weakening of magnetic interaction with Ru substitution.
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I. INTRODUCTION

Over the last two years, much progress has been made in
establishing superconductivity unambiguously in MFe2As2
�M =Ba, Sr, Ca, and Eu� systems.1–6 The pristine sample that
has a spin-density-wave �SDW� ground state is pushed into a
superconducting �SC� state by electron/hole doping and ap-
plication of pressure.2,7–10 Band-structure calculations point
to the fact that SDW state arises on account of the special
two-dimensional geometry of Fermi surface that is unstable
to nesting.11,12 Also associated with or preceding the mag-
netic transition is a tetragonal to orthorhombic structural
transition, which is suppressed in the superconducting state.
The strong interplay of structure, magnetism, and electronic
structure have been investigated recently in the Co-
substituted BaFe2−xCoxAs2 system.13 The temperature com-
position phase diagrams determined for the different chemi-
cal substitutions at different sites in BaFe2As2 show a
generic behavior as a function of the concentration of the
substituent, that is, a systematic suppression of the SDW
transition, followed by coexistence of SDW and SC and the
occurrence of a superconducting dome.14–16 Several
transition-metal �TM� substitutions with electrons in excess
of Fe, forming BaFe2−xTMxAs2 compounds, have been stud-
ied but the maximum TC has remained at �25 K.17 A much
higher TC of 38 and �35 K was however observed by opti-
mal hole doping in the Ba1−xKxFe2As2 system2 and in
BaFe2As2 by application of high pressure.10 A systematic
investigation on the role of hydrostatic pressure in the
pressure-dependent resistivity study of BaFe2As2, has re-
vealed that uniaxial pressure favors the occurrence of high
TC at 36 K whereas a lower TC of 29 K occurs under truly
hydrostatic pressure.18 Consistent with this finding are results
that indicate that strained crystals of BaFe2As2 and SrFe2As2
display superconductivity at ambient pressure.19 A compila-
tion of structural data from several compounds of the related
ReOFeAs �Re=rare earth� superconducting family, indicates

that TC is optimized at a particular Fe-As distance20 and/or at
a particular Fe-As tetrahedral angle,21 indicating that the lo-
cal structure of the FeAs4 tetrahedra plays a crucial role in
determining TC. Devising schemes to effect structural distor-
tions by chemical substitution that would lead to higher TC in
the BaFe2As2 system will be useful.

Thus motivated, we examine the effect of Ru substitution
at the Fe site in BaFe2As2. At the outset, it is clear that Ru is
isoelectronic to Fe and being larger in size should introduce
steric effects, affecting the Fe-As bond length leading to dis-
tortions of the FeAs4 tetrahedral motifs. In addition, the
larger radius of the 4d electron shell should increase the
metal-metal overlap in the Fe/Ru layer and increase the hy-
bridization of metal atom with As leading to significant al-
terations in the electronic structure. It is established that
BaRu2As2 forms by solid-state reaction, is isostructural to
BaFe2As2 and is metallic although nonsuperconducting,22 in-
dicating the feasibility of Ru substitution in BaFe2As2. In
this paper, we report on the synthesis of polycrystalline
samples of the BaFe2−xRuxAs2 series for various Ru fraction,
x, and on investigations of their structural, magnetic, and
superconducting properties. The study indicates a systematic
suppression of the low-temperature SDW state with increase
in Ru concentration, leading to the observation of supercon-
ductivity in BaFe2−xRuxAs2 at x�1.0, at �20 K. Notably, at
this composition, the magnetic moment at Fe is suppressed
as verified by Mössbauer measurements and also supported
by the magnetic moment per atom data from the full-
potential total-energy calculations.

II. EXPERIMENTAL DETAILS

The BaFe2−xRuxAs2 �x=0.0, 0.25, 0.50, 0.75, 0.875, 1.0,
1.125, 1.25, and 1.5� samples were prepared by solid-state
reaction from preformed FeAs and RuAs powders and Ba
chunks under 30 bars Ar pressure.23 After an initial heat
treatment at 1233 K for 10 h, the reacted powder was
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ground, pelletized, and sintered at 1173 K for 5 h. All weigh-
ing operations and loading of the reactants into the Ta cru-
cibles were done in a helium-filled glove box. The FeAs and
RuAs powders were prepared in the same setup by heat treat-
ing the intimate mixtures of Fe and As powders in quartz
crucibles in the temperature range of 873–1073 K for 6 h.
The procedure was repeated twice with an intermediate
grinding. The samples were characterized for phase forma-
tion and crystal structure using a STOE diffractometer
operating in the Bragg-Brentano geometry. The resistivity
measurements, carried out in the four-probe geometry, were
done in a dipper cryostat. The diamagnetism of the samples
was confirmed by magnetization measurements in a
CRYOGENIC, U.K. make liquid-helium-based vibrating
sample magnetometer operating at 20.4 Hz. HC2 and the
Hall-coefficient measurements were carried out in an ex-
change gas cryostat in the 6–300 K temperature range under
magnetic fields up to 12 T. 57Fe Mössbauer measurements
were carried out in transmission mode with 57Co radioactive
source in constant acceleration mode using a standard
personal computer based Mössbauer spectrometer equipped
with a Weissel make velocity drive. The measurements
were carried out at 300 and 5 K, and 5 T external magnetic
field applied parallel to the gamma rays �using JANIS Super-
OptiMag superconducting magnet�. Velocity calibration of
the spectrometer was done with natural iron absorber at room
temperature.

III. RESULTS AND DISCUSSIONS

The x-ray diffraction �XRD� results indicate the formation
of the I4 /mmm, ThCr2Si2 structure for all Ru fractions sub-
stituted. A small fraction of impurity peaks due to Ru/Fe and
Ba arsenides were identified. From Rietveld analysis of the
XRD data obtained for the x=0.875 sample, the fractional z
coordinate of arsenic �ZAs�, transition-metal As bond length
and the two �e1,2� tetrahedral angles of FeAs4 tetrahedron
were determined to be 0.3554 nm, 0.2424 nm and 112.51°,
107.97°, respectively. The refined Ru composition was deter-
mined to be 0.864, which is close to the nominal composi-
tion. The tetrahedral angles are similar to those obtained in
the case of isoelectronic substitution of P at As site for the
optimal superconducting composition16 but different from
those seen under the application of pressure.24

The lattice-parameter variations obtained from XRD data
as a function Ru concentration are shown in Fig. 1. It is clear
from the figure that with Ru substitution there is an increase
in the a-lattice parameter whereas the c-lattice parameter
shows a decrease, leading to a decrease in the c /a ratio.
There is an overall increase in the cell volume of �1.18%
for x=1.0. Similar changes were observed in the
SrFe2−xRuxAs2 system.25 The changes in the cell parameters
due to Ru substitution contrasts with the variations obtained
in Co- and P-substituted BaFe2As2 and that under the appli-
cation of pressure,16,24,26 where a monotonic decrease in cell
volume arises as a consequence of a decrease in both the a-
and c-lattice parameters. In the Ba1−xKxFe2As2 system, while
the a-lattice parameter decreases and c-lattice parameter in-
creases, the cell volume remains constant with substitution.27

The temperature dependence of resistivity normalized to
the room-temperature value obtained in all Ru-substituted
samples is shown in various panels in Fig. 2. The well-
known drop in resistivity corresponding to the SDW
transition1 seen in BaFe2As2 is clearly visible at �150 K in
the x=0.0 sample. With increasing Ru substitution, for x
=0.25, 0.50, and 0.625, the room-temperature resistivity de-
creases and the SDW transition shifts to a lower temperature.
The onset of the SDW transition for the different Ru compo-
sitions are marked by “ �” in the figure. For a Ru fraction of
x=0.75, a small bump due to the SDW transition is seen. In
addition, the resistivity in this sample shows a clear signature
of the occurrence of a superconducting transition with an
onset of 22 K, leading to zero resistance. This transition to
the superconducting state is clearly seen in samples with Ru
fraction of x=0.875, 1.0, and 1.125 but the anomaly due to
SDW transition is not observed in them. The normal-state
resistance in these superconducting samples indicates a lin-
ear T dependence up to 250 K. Further for the x=0.625 and
1.25 samples, although a fall in R�T� /R�300 K� is observed,
no zero resistance is seen, and in the sample with x=1.5, no
drop in resistivity is observed. It can be seen from the figure

FIG. 1. �Color online� Variation in the a- and c-lattice param-
eters as a function of Ru fraction substituted.

FIG. 2. �Color online� Variation in normalized resistivity with
temperature in BaFe2−xRuxAs2 for various nominal Ru fractions, x,
as indicated. The origin is shifted for each composition for clarity.
The SDW transitions are indicated by stars.
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that the normal-state resistivity acquires curvature for x
=1.25 and 1.5 samples. For these samples, the R�T� in the
normal state was seen to fit to a Tn power law with n�1.5.
Similar composition-dependent changes in the power-law be-
havior of the normal-state R�T� were seen in the
BaFe2As2−xPx system16 and under the application of
pressure.10 The zero-field-cooled magnetization data of the
four samples with Ru fraction x=0.75–1.125 sample is
shown in Fig. 3. The diamagnetic drop at �20 K is evident
from the data for samples with x in the range of x
=0.75–1.125. No diamagnetic signals were observed for
samples with x=0.625 and 1.25. The presence of zero resis-
tance �Fig. 2� and diamagnetism �Fig. 3� in the samples with
Ru composition in the composition range of x=0.75–1.125
provides unambiguous evidence for observance of supercon-
ductivity in the BaFe2−xRuxAs2 system in this composition
regime.

The variation in resistivity with temperature for the
sample with a Ru fraction of x=0.875, measured under vari-
ous fields upto 12 T is shown in Fig. 4. A systematic decrease
in the superconducting onset with increasing magnetic field
is clearly seen. Broadening of the superconducting transi-

tions upon the application of magnetic field is negligible in-
dicating the minor role of anisotropy and granularity in this
system. This behavior is similar to the results that are ob-
tained for the superconducting Ba1−xKxFe2As2 and
BaFe2−xCoxAs2 compounds.23,26 A linear fit to the onset data
resulted in the evaluation of −dHC2 /dT at TC to be 2 T/K.
This value is close to that obtained for Co substitution in
Ba�Fe1−xCox�2As2 for x=0.034 and 0.07 �Ref. 26� but is sub-
stantially smaller than the value of �7 T /K �Ref. 23� seen
in K-substituted samples having a TC of 38 K. The variation
in the critical field versus normalized TC �TC�B� /TC�0�� are
compared for the three superconducting samples with vary-
ing Ru compositions in the inset of Fig. 4.

In Fig. 5, we summarize the variation in TSDW and TC
obtained from the resistivity curves shown Fig. 2, as a func-
tion of Ru concentration. Data for samples that exhibit zero
resistivity are only included in this figure. The superconduct-
ing onsets obtained from magnetization �Fig. 3� are also
shown in the figure. It is evident from the figure that the
SDW transition temperature decreases from that in the pris-
tine compound for Ru fractions up to x=0.75. Coexistence of
SDW and SC seems to occur in the x=0.75 sample. It is clear
from Fig. 5 that for Ru fractions of x=0.875, 1.0, and 1.125,
only the superconducting phase is stabilized. Superconduc-
tivity is absent for Ru concentration greater than or equal to
x=1.25.

To investigate how Ru substitution affects the electronic
structure, we have performed spin-polarized density-
functional calculations for BaFe2As2, BaFe1.5Ru0.5As2,
BaFe1.0Ru1.0As2, BaFe0.50Ru1.5As2, and BaRu2As2, using the
full-potential linearized plane wave plus localized orbitals
method, with the WIEN2K code27 and the results are shown in
Fig. 6. The details of the calculation are elaborated in Ref.
28. The calculations were carried out using a superstructure,
obtained by the �2� �2�1 construction from the ground-
state-relaxed crystal structure of BaFe2As2 already published
in literature,29,30 as shown in Fig. 6�c� �a�= �a+b�, b�= �a
−b�, c�=c; a, a�, etc., are the real-space lattice vectors of the
original and the transformed structures, respectively�. In this
reconstructed structure, all the four Fe atoms occupy non-
equivalent sites. The experimental lattice parameters of the

FIG. 3. �Color online� dc magnetization as a function of tem-
perature for nominal x=0.75, 0.875, 1.0, and 1.125.

FIG. 4. �Color online� The variation in the SDW transition tem-
peratures and superconducting onsets as a function nominal Ru
fraction x. SDW and superconductivity states coexist for the x
=0.75 sample.

FIG. 5. �Color online� Variation in resistance versus temperature
for various external magnetic fields indicated, for Ru fraction, x
=0.875. Inset shows the field dependence of superconducting tran-
sition temperatures, normalized to their zero-field counterparts, for
x=0.75, 0.875, and 1.125.
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Ru fraction of x=0.5, 1.0, and 2.0 were used for the Ru-
substituted electronic-structure calculations. The calculated
density of states �DOS�, shown in Fig. 6�a� for BaFe2As2, is
in agreement with that obtained earlier.29 The atom-resolved
DOS for d Fe and p As are also indicated in the figure. The
Ba atom does not contribute appreciably to the DOS near the
Fermi level �EF�. A steady increase in DOS at EF was seen
with increase Ru substitution. This is clear from Fig. 6�b�,
where with 50% Ru substitution, the DOS at EF increases to
4.40 eV/unit cell/atom from 1.82 eV/unitcell/atom in the
BaFe2As2 �Fig. 6�a��, implying a change in the local hybrid-
ization characteristics as Ru is isovalent to Fe in this system.
A similar increase in DOS at EF has been observed for the
BaFe2As2 system under the application of pressure and with
K doping.24 The significant broadening and their increased
contribution to DOS suggests that the Fe 3d electrons get
delocalized with Ru substitution. Ru d levels also contribute
to a small extent to the DOS at EF. The converged EF for
BaFe2As2 is 0.60268 Ry while that for BaFe1.5Ru0.5As2 is
0.63645 Ry. Thus the upward shift in EF with increasing Ru
content implies an electron doping due to Ru substitution.

To check on the nature of carriers introduced due to Ru
substitution, Hall-coefficient measurements were carried out
in the 10–300 K temperature range in a home built setup in
the van der Pauw geometry.31 The RH versus T for the single-
crystalline sample of BaFe2As2 and the RH versus tempera-
ture on the polycrystalline BaFe2−xRuxAs2 for the nominal
x=0.75 sample are displayed Figs. 7�a� and 7�b�, respec-

FIG. 6. �Color online� A comparison of the spin-polarized density of states obtained from first-principles calculations in �a� BaFe2As2 and
�b� BaFe1.0Ru1.0As2. �c� A schematic of the structure of the superstructure used in the calculations.

FIG. 7. �Color online� Plots of the Hall coefficient in �a�
BaFe2As2 single crystals and �b� in polycrystalline BaFe2−xRuxAs2

for x=0.75; the measuring field and current used in the experiments
are indicated.
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tively. Both the magnitude and temperature dependence of
the Hall coefficient shown in Fig. 7�a� are in agreement with
earlier reports on single crystals32 of BaFe2As2. From Fig.
7�b�, it is clear that the RH is negative in the normal state of
the superconducting, Ru-substituted sample. The RH values
also show the characteristic drop to zero due to occurrence of
superconductivity below �20 K. The RH value in the nor-
mal state of the Ru-substituted sample shown in Fig. 7�b� is
smaller than that seen in Ba0.65K0.45Fe2As2 and that in the
BaFe1.8Co0.2As2 systems8,31 and is temperature independent.
Assuming a one-band model, this small RH translates to an
electron density, which is approximately ten times as large as
that evaluated for the BaFe1.8Co0.2As2 sample.8

Band-structure calculations were also used to evaluate the
evolution of the magnetic state of BaFe2As2 as a function of
Ru substitution. For the x=0.0 and 0.5 structures, the lowest
energy occurs for the stripe antiferromagnetic order30 and for
the x=1.0 and 1.5 superstructures, the lowest-energy con-
figuration turns out to be paramagnetic. The magnetic mo-
ments of the Fe/Ru atoms were obtained from unconstrained
minimization of total energy during the self-consistent itera-
tions in the spin-polarized calculations. It was seen that the
Ru atoms always align antiferromagnetically to the Fe atoms
and only in the presence of the Fe atoms, do they show a
very small magnetic moment. Also, Ba and As atoms always
remain nonmagnetic. Essentially, Ru atoms also like to re-
main nonmagnetic in this structure. In the x=0.5 and 1.5
compositions, there are three Fe�Ru� atoms for one Ru�Fe�
whereas for x=1.0, there are two Fe atoms for two Ru. Due
to this inherent magnetic disorder present in the x=0.5 and
1.5 compositions, the magnetic moments obtained for all the
Fe�Ru� atoms in the unit cell are different. The variations in
the magnitude of the maximum of Fe/Ru moment and the
averaged Fe/Ru magnetic moment are shown in Fig. 8. Also
shown in the figure, is the sign of the magnetic moment at
each Fe site in a Fe/Ru plane, as obtained from calculations.
Two points clearly emerge from this figure: �1� the average
magnetic moment decreases with increase in Ru and �2� the
antiferromagnetic alignment is preferred only for the x=0.0

and 0.5 compositions. A small contribution from the Ru mag-
netic moment is also evident from Fig. 8. The Ru atoms in
BaRu2As2 show zero magnetic moments.

Figure 9 displays the evolution of the Fermi surface with
Ru substitution, as obtained from band-structure calculations
for the spin-down bands. The three-dimensional Fermi sur-
faces have been plotted for the �2� �2�1 superstructure.
The Fermi surfaces for the original structure29 can be ob-
tained from these by the corresponding transformation for
the reciprocal space �a�=−�b��+a���, b�= �b��−a���, c�

=c�� ;a�, a��, etc., are the reciprocal-lattice vectors of the
original and the transformed reciprocal space, respectively�.
The spin-up bands also show similar features in all the cases,
except for x=0.5. A few points to mention on careful perusal
of Fig. 9 are �i� the Fermi surfaces become more connected
with increase in Ru content, suggestive of increased delocal-
ization of the carriers at EF. �ii� Fermi surfaces for spin-up
and spin-down electrons become very similar with increase
in Ru content, suggesting a preference for a paramagnetic
ground state for a substantial increase in Ru content, �iii� the
Fermi surface gets larger, indicating electron addition due to
Ru substitution, and �iv� nesting decreases with increasing
Ru content, as is evident from the absence of the flat portions
in the Fermi-surface plots.

To experimentally investigate the magnetic moment at the
Fe site, Mössbauer measurements were carried out on the x
=0.0, 0.5, and 1.0 samples at 5 K. The Mössbauer data for
these samples obtained at 5 K are displayed in Fig. 10. The
Mössbauer data displayed for the x=0.0 and 0.5 samples
�Figs. 10�a� and 10�b��, show the characteristic six finger
pattern due to magnetic ordering in the spin-density-wave
state of the samples at 5 K. The magnetic hyperfine split data
is analyzed with NORMOS-DIST program33 and the data of

FIG. 8. �Color online� The variations in the maximum magnetic
moment and the averaged magnetic moment with increase in Ru
concentration as obtained from spin-polarized calculations. The ar-
rows indicate the directions and magnitude of the magnetic moment
at the four distinct sites in a Fe/Ru plane of the supercell obtained
from the calculations.

FIG. 9. �Color online� Evolution of the Fermi surface obtained
from spin-polarized DFT calculations for the spin-up bands in
BaFe2−xRuxAs2 for �a� x=0.0, �b� x=0.5, �c� x=1.0, and �d� x
=2.0.
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superconducting sample is analyzed with NORMOS-SITE

program.33 The hyperfine magnetic split spectrum is fitted to
a distribution of fields for x=0 and 0.5 samples as shown by
solid lines in the figure. The probability distribution of hy-
perfine fields obtained from the fits, for the x=0.0 and 0.5
samples are shown in the inset of Fig. 10�a�. It is clear from
the figure that the hyperfine field distribution has a maximum
at a field of �5 T in the pristine sample and it becomes
more spread out in the Ru containing sample with x=0.5.
The observed value of average hyperfine field �BHF� for x
=0 sample matches closely with that obtained earlier.1,34 The
Mössbauer spectrum of x=1.0 sample shown in Fig. 10�c�
shows a broad singlet which is similar to that reported in
K-substituted samples which show superconductivity at 38
K.34 The fitted data of Fig. 10�c� has an isomer-shift value of
0.55�0.01 mm /s corresponding to superconducting phase
and a doublet with the hyperfine parameters matching with
the FeAs2 impurity phase.35 The fraction of the FeAs2 phase
is estimated to be about �3.5%. Figure 10�d� shows the
Mössbauer spectrum of x=1.0 sample measured at 5 K and 5
T external magnetic field. The fact that the observed effec-

tive BHF �internal field� value is close to that of applied
external magnetic field, within experimental errors, indicates
that there is no magnetic ordering present in the x=1.0
sample. The Mössbauer results thus indicate that the mag-
netic interactions due to the SDW phase weaken with Ru
substitution and are altogether absent in the superconducting
sample with Ru composition of x=1.0.

It will be instructive to compare the phase diagrams de-
termined from our study for the BaFe2−xRuxAs2 system with
those of other systems belonging to the BaFe2As2 class.
Coexistence of SDW and SC phases, occur in all the
phase diagrams irrespective of how the phase changes are
induced, i.e., by pressure or substitution, isoelectronic or oth-
erwise. Our study indicates that optimal TC occurs for Ru
concentration between 0.75 and 0.875. This is similar to the
isoelectronic substitution cases, of BaFe2As2−xPx and
SrFe2−xRuxAs2, in which that optimal superconductivity oc-
curs for x�0.8. Whereas, it contrasts with optimal TC being
observed at x�0.2 in the more extensively studied,
BaFe2−xTMxAs2 systems17 in which the TM atoms add extra
electrons as compared to Fe. This difference emphasizes the
fact that to effect the electronic-structure change conducive
for superconductivity a much larger distortion of the lattice is
required for the case of isoelectronic substitution.

IV. SUMMARY AND CONCLUSIONS

Polycrystalline samples of BaFe2−xRuxAs2 samples have
been synthesized by solid-state reaction from the FeAs,
RuAs powders, and Ba chunks under 30 bars argon pressure.
Resistivity, dc magnetization, Hall-coefficient, and Möss-
bauer measurements were employed to characterize the
physical properties of the series. A phase diagram is pro-
posed that indicates that the spin-density-wave ground state
gives way to the occurrence of superconductivity in the x
range of 0.75–1.125. Hall-coefficient measurements indicate
introduction of electron carriers due to Ru substitution.
Mössbauer results indicate a systematic suppression of the
low-temperature magnetic state with increase in Ru content.
Electron doping and magnetic-moment suppression with Ru
substitution are supported by the total-energy and band-
structure calculations.
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