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Suppression of magnetism in SrFe,_,Ru, As,: First-principles calculations
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The magnetism in SrFe,As, can be suppressed by electron doping with a small substitution of Fe by Co or
Ni, giving the way to superconductivity. Using the virtual-crystal approximation, we find the isoelectronic
substitution of Fe with Ru suppresses the spin-density-wave characteristic of SrFe,As, by decreasing the
Stoner enhancement and increasing the bandwidth due to the more extended bandwidth of Ru 4d compared
with that of Fe 3d. Although Ru is isoelectronic with Fe, such substitution changes the Fermi surface and band
structure greatly. From the first-principles calculation, we find the phase diagram of SrFe,_Ru,As, can be
sorted as three different phases: (I) the stripe antiferromagnetic state (0.0=x<0.6); (I) the low spin state
(0.6=x<1.0), and (III) the nonmagnetic state (1.0=x=2.0). In phase II, the spin-density wave is suppressed
greatly, accompanying with the emergence of superconductivity.
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I. INTRODUCTION

The recent discovery' of superconductivity in the FeAs-
based compound LaFeAsO,_.F, with transition temperature
T-=26 K has generated great excitement. Subsequently,
other related compounds LnFeAsO,_F, (Ln=Sm, Nd, and
Ce) have been synthesized with T ranging from 10 K to as
high as 55 K.2 Later, three new series of compounds
A,_ K Fe,As, (A=Ba, Sr, Ca, and Eu),*° Li,FeAs,'*!2 and
FeSe,_, (Ref. 13) are reported with their maximum 7T, at
about 38, 18, and 8 K, respectively.

The common features of the above mentioned FeAs-based
superconductive compounds are that their phases adopt
quasi-two-dimensional crystal structures in which supercon-
ducting [FeAs] layers are separated by either [LnO], [AO]
layers or Li atomic sheets (except FeSe,_,), which act as
“charge reservoir.” Although the origin of superconductivity
is unknown, it was recognized that (i) the undoped parent
compounds LnFeAsO and AFe,As, are located at the border
of magnetic instability and exhibit temperature-dependent
structure and magnetic phase transition with the formation of
stripe antiferromagnetic; (ii) the bands around Fermi level
are mainly derived from [Fe,As,] block and in the range
from -2 to +2 eV the DOS are mostly derived from Fe 3d
state; and (iii) superconductivity appears with the doping
(electron or hole) or under pressure, accompanying with the
spin-density-wave (SDW) suppression.

Inspired by the results in LnFeAsO, Rotter® predicted
BaFe,As, to be the parent compound of superconductor. Af-
ter that, CaFe,As,,'* StFe,As,,'” and EuFe,As, (Ref. 16) are
suggested to be the parent compounds of superconductor. In
light of the experience in CuO-based superconductor, at the
first stage, researchers changed the charge reservoir to look
for new superconductor. They substituted A by alkali and
found the superconductivity in A,_,B,Fe,As, (B=Na, K, Rb,
and Cs).!”!® Sooner, they focused on the [FeAs] layers be-
cause the bands around Fermi level are mainly derived from
[Fe,As,]| block. Later, superconductivity were found in
Ba(Fe,Ni, Co),As,.'” Recently, superconductivity in Ru sub-
stituted Sr(Ba)Fe,_,Ru,As, was studied by experiment®-23
and theory calculation.?*?> This indicates that the supercon-
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ductivity can be induced by substituting Fe with not only the
3d-transition metals, such as Co and Ni, but also with the 4d-
and 5d-transition metals, such as Ru, Rh, Ir, and Pd.20-23
Transition elements in the 4d and 5d rows differ from their
3d counterparts in several respects. First, since 4d and 5d
orbitals are much more extended than the 34 orbitals, there is
a greater tendency toward covalency both with ligands As
and also in stronger metal-metal d bonds. So, substitution 4d
or 5d elements for Fe in FeAs compounds will enhance the
hybridization with As and expand the bands around Fermi
level, which will modify the properties of the compounds
greatly. Second, again because of the more extended 4d and
5d orbitals, the Hunds coupling on these atoms is weaker
than on 3d atoms, which works against magnetism since the
Stoner parameter of Ru I®"=0.6 is smaller than that of Fe
1f¢=0.9.26

In this paper, we reported first principles calculation re-
sults on SrFe,_,Ru,As,. We found the isoelectronic substitu-
tion of Fe by Ru suppresses the spin-density-wave character-
istic of SrFe,As, by decreasing the Stoner enhancement and
increasing the bandwidth due to the more extended Ru 4d
band as compared with that of Fe 3d. Although Ru is isoelec-
tronic with Fe, such substitution changes the band structure
and Fermi surface (FS). The phase diagram of
SrFe,_,Ru,As, can be sorted as three different regions: (I)
the stripe antiferromagnetic state (0.0=x<0.6); (II) the low
spin state (0.6=x<1.0); and (IIT) the nonmagnetic state
(1.0=x=2.0).

II. METHOD AND DETAILS

The calculations were done with the BSTATE (Ref. 27)
code, with the ultrasoft pseudopotential plane-wave method.
The nonmagnetic (NM) state, checkerboard antiferromag-
netic (AF1) state, and the stripe antiferromagnetic (AF2)
state were considered in this paper. All the lattice constants
and the atomic positions were adopted from the x-ray dif-
fraction data.?” In order to study all the doping level, we used
the virtual-crystal approximation (VCA) established by Bel-
laiche and Vanderbilt.?® Here, we do not directly mix the
pseudopotentials of Fe and Ru to make a new “artificial”
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FIG. 1. (Color online) (a) A comparison of calculated DOS for
SrFe; sRu; sAs,. The solid curve is result obtained by supercell
while the dashed curve gives the result by the VCA calculation. (b)
With GGA approximation, the stabilization energy (per f.u.) and the
moment of Fe atom, varying with Ru concentration. (c¢) With LDA
approximation, the stabilization energy (per f.u.) and the moment of
Fe atom, varying with Ru concentration. (d) The DOS at Fermi
level of Fe[NT®(E}})] and Ru[NRY(E )], the Stoner factor (defined in
the text), varying with Ru concentration.

potential, just like the coherent-potential approximation.?’
On the contrary, we take Fe and Ru atoms to share the same
lattice sites with different weights W,. We have Wy +Wg,
=1, so the total external pseudopotential is expressed by

ex,—E W, * V“ With this VCA method, the partial density
of states (PDOS) of Ru and Fe with different weights W, can
be well defined. After carefully checking the convergence
with respect to the cut-off energy and the number of k points,
we adopted a cut-off energy of 30 Ry for all the states and
generated k points using the Monkhorst-Pack scheme with
10X 10X 16 grids for the NM state and AF1 state with 8
X 10X 10 grids for the AF2 state.

III. RESULTS AND DISCUSSION

First, we test the reliability of substitution of Fe by Ru
within the VCA for SrFe; sRujsAs,. Comparing the DOS
obtained from the supercell and VCA calculation [see Fig.
1(a)], we find this VCA method is reliable for the present
compound. Figure 1(b) shows the magnetic moment and sta-
bilization energy of AF2 with generalized gradient approxi-
mation (GGA) calculation while Fig. 1(c) shows those of
AF1 and AF2 with local-density approximation (LDA) cal-
culation. In Fig. 1(c), we can see the ground state of
SrFe,_ Ru,As, is AF2 in the doping range from x=0.0 to 1.0.
So we will mainly study the properties of AF2 and NM states
in this paper. Comparing Figs. 1(b) and 1(c), we find that
both the stabilization energy and magnetic moment are
smaller within LDA than those of GGA, which is consistent
with previous results on BaFe,As, and LaOFeAs because
GGA overestimates the magnetization in Fe-based com-
pounds. However, GGA and LDA give the same tendency
that the magnetization is suppressed with the Ru substitution.
In Figs. 1(b)-1(d), the phase diagram of SrFe,_,Ru,As, can
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be sorted as three different phases: (I) the stripe antiferro-
magnetic state (0.0=x<0.6); (Il) the low spin state (0.6
=x<1.0); and (III) the nonmagnetic state (1.0=x=2.0).
Because at the Fermi level the DOS is mainly derived from
the Fe and Ru atoms, we defined the Stoner factor?° of the
compound as IFX[NF(Ep)P+IRX[NRYER)]?, where
NF(E[) and NRY(E}) are the density of states (at the Fermi
level) of Fe and Ru, respectively. Here, 17(0.9) and I*%(0.6)
are the Stoner parameters of Fe and Ru.?%3" The stabilization
energy, moment of Fe atom, N'(Ep), NRY(Ey), and the
Stoner factor vary with Ru substitution. We will study the
properties of different phases in the following sections.

A. Phase I: the stripe antiferromagnetic state (0.0=x <0.6)

In this phase, SrFe,_,Ru,As, almost preserves its property
as SrFe,As,. In Figs. 1(b) and 1(c), the stabilization energy
and the moment of Fe decrease rapidly with Ru substitution.
At the same time, N'(E) decreases quickly, accompanying
with NRY(E,) increasing. Let us first focus on the parent
compound SrFe,As, because its property is important to un-
derstand the substituted compounds. From the total density
of states at the Fermi level for both spin channels N(Ey), we
can estimate the value of electron heat capacity 7y (in
mJ K™2) and the molar Pauli susceptibility y, (in

107 emu/mol) in the following relation: y= ?kBN(EF)(l
+\,,) and xp= upN(Ep), where ., is the electron-phonon
coupling constant. As a first approximation, we set \,,=0.
For x=0.0 compound, the N(Ey) is 5.4, which gives the
electron-heat capacity y=12.83 and the molar Pauli suscep-
tibility x=17.96. Our calculated electron-heat capacity is
only about half of the experimental’! one (y=33), which
means strong correlation on Fe atom in SrFe,As,. The band
structure and FS of SrFe,As, are presented in Figs. 2(a) and
3(a), where three holelike FS circled around I' point and two
electronlike FS circled around X point. By shifting the FS
around I" point to X point, i.e., by a vector g=(,7,0), the
holelike FS will largely overlap with the electronlike FS,
suggesting significant nesting effect. The existence of strong
nesting effect would suggest that certain kinds of ordering,
such as charge density wave or SDW,3>33 may develop at
low temperature in the undoped compound, just like
LaOFeAs,3>3 which has been proved by the experiment.’?
The calculated results showed that the AF2 state is favored
by 0.212 eV as compared with the NM state and the moment
of Fe atom is 2.15up. The stabilization energy of SrFe,As, is
larger than that of LaFeAsO (0.189 eV), which may due to
the moment of Fe atom in the former (2.15u) is larger than
in the latter (1.7ug).3* Substituting Fe by Ru, the stabiliza-
tion energy and the moment rapidly decrease to 0.06 eV and
0.21up, respectively. In this phase, the DOS of Fe and the
Stoner factor quickly decrease with Ru substitution, accom-
panying with the increasing of DOS of Ru.

B. Phase II: the low spin state (0.6=x <1.0)

When the concentration of Ru is larger than x=0.6, the
compounds enter into phase II: the low spin state, where the
stabilization energy is smaller than 0.06 eV (per Fe atom)
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FIG. 2. (Color online) The band structure of SrFe,_,Ru,As,: (a) x=0, (b) x=0.6, (¢) x=1.0 and x=1.5, and (d) x=2.0. In units of the
tetragonal primitive reciprocal-lattice vectors, the special k points are denoted as P(%,O, %), 1'(0,0,0), W(i ,i,O), X(%,0,0), Z(0,0, %), and

NG 503)

and the moment of Fe atom is smaller than 0.2uz. Such
small moment is similar to that in LaOFeAs, where the ex-
perimental moment of Fe is 0.38up. In this phase, the com-
pounds are located at the border of magnetic instability,
which will enhance the magnetic fluctuation.®* Such mag-
netic fluctuation is believed to be important for the emer-
gence of superconductivity.>* From Fig. 1(d), it is clearly
seen that the Stoner factor decreases with Ru substitution,
which means that the Ru substitution reduces the DOS at the
Fermi level and suppresses the magnetic instability induced
by the Stoner mechanism. Such phenomena are similar to
that of LaO,_,F FeAs and Ba;_,K Fe,As,, where the elec-

FIG. 3. (Color online) The Fermi surfaces of SrFe,_ Ru,As,: (a)
x=0, (b) x=0.6, (c) x=1.0, and (d) x=2.0.

tron and hole doping suppressed the SDW and the stripe
antiferromagnetism. The superconductivity appears with the
SDW suppression. Although the SDW is suppressed by Ru
“doping,” such doping is significantly different with F atom
doping in LaO,_,F, FeAs and K atom doping Ba,;_ K Fe,As,.
Because Ru is isoelectronic with Fe, substitution Fe by Ru
introduces neither electron nor hole in the system.?* The rea-
son for the SDW suppressing is that the Ru 4d orbitals are
much more extended than the Fe 3d orbitals, so the Hunds
coupling on Ru atoms is weaker than on Fe atoms, which
works against magnetism.

Comparing the band structure and FS of x=0.6 [Figs. 2(b)
and 3(b)] with that of x=0.0 [Figs. 2(a) and 3(a)] we find that
the bands and FS are hardly modified at X point while along
I'-Z line the FS show obviously three-dimensional character:
shrinking at I" point and expanding at Z point for x=0.6. For
the x=1.0, such effect is further enhanced [see Figs. 2(c) and
3(c)]. In this phase superconductivity appears so it implies
that the electrons on the FS along I'-Z line may play impor-
tant roles for the emergence of superconductivity. As men-
tioned above, both the stabilization energy and the moment
are too small to stabilize the compound in the stripe antifer-
romagnetic state so the magnetic fluctuation greatly en-
hanced in this phase. Such magnetic fluctuation is believed
to play important role for the emergence of
superconductivity.>* Therefor, the study of this doping range
(0.6=x<1.0) would be important to seek new supercon-
ductor. Actually, Schnelle ef al.?’ had found superconductiv-
ity in SrFe,_,Ru,As, at x=0.6, 0.7, and 0.8, and Paulraj et
al.?' reported superconductivity in BaFe,_,Ru,As, with T,
=20.8 K at x=0.75.
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C. Phase III: the nonmagnetic state (1.0=x=2.0)

When x> 1.0 the compounds enter into the nonmagnetic
state, where the compounds almost show the properties of
SrRu,As,. In Figs. 1(b) and 1(c), both the stabilization en-
ergy and the moment of Fe decrease to zero. At the same
time, the Stoner factor decreases almost to zero. Therefor, the
ground state of these compounds is nonmagnetic state in this
phase. From the density of state at the Fermi energy for both
spin channels N(Ep)=3.4(state/eV f.u.), we estimate the
electron-heat capacity y=3.9(in mJ K™2) and the molar
Pauli susceptibility y=5.5(in 107 emu/mol). Such results
are perfect agree with Nath et al.’s® experimental values. In
Fig. 2(c), the bands structure of x=1.5 is significantly differ-
ent with those of x=1.0. For x=1.0, there are three bands cut
across the Fermi level at I' point (blue and solid line) while
for x=1.5 (red and dashed line) these bands are suppressed
below Fermi level. Therefore, when x>1.0 the holelike
Fermi surfaces along I'-Z line disappeared [Fig. 3(d)], ac-
companying with the disappearance of superconductivity.
Such results further imply that the FS along I'-Z line and the
magnetic fluctuation may play important roles for the emer-
gence of superconductivity.

IV. SUMMARY AND CONCLUSION

In summary, by our first-principles calculations, the phase
diagram of SrFe,_,Ru,As, can be sorted as three different
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phases: (I) the stripe antiferromagnetic state (0.0=x<0.6);
(IT) the low spine state (0.6=<x<1.0); and (III) the nonmag-
netic state (1.0=x=2.0). Although Ru is isoelectronic with
Fe, the stabilization energy and moment decrease rapidly
with Ru substitution in Phase I. It is well known that the
Ru 4d orbitals are more extended than the Fe 3d orbitals.
Therefor, the Hunds coupling is weaker on Ru than on Fe
atoms, which works against magnetism since the Stoner pa-
rameter / of Ru /R"=0.6 is smaller than that of Fe /*=0.9. In
phase II, both the stabilization energy and the moment are
very small, so the magnetic fluctuation is greatly enhanced.
Such magnetic fluctuation is believed to play important roles
for the emergence of superconductivity. In phase III, the
holelike Fermi surfaces along I'-Z line and the magnetic
fluctuation disappear, accompanying with the disappearance
of superconductivity. Such results imply that the electrons on
the FS along I'-Z line and the magnetic fluctuation may play
important roles for the emergence of superconductivity.
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