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In iron-based superconductors, unravelling the origin of the antiferromagnetism is a crucial step towards un-
derstanding the high-T; superconductivity as it is widely believed that the magnetic fluctuations play important
roles in the formation of the Cooper pairs. Therefore, in this paper, we will briefly review experimental results
related to the antiferromagnetic state in iron-based superconductors and focus on a review of the theoretical in-
vestigations which show applicability of the itinerant scenario to the observed antiferromagnetism and corre-
sponding phase transitions in various families of the iron-based superconductors. A proposal of coupling be-
tween frustrated and unfrustrated bands for understanding the reduced magnetic moment typically observed in
iron pnictides is also reviewed. While all the above theoretical investigations do not rule out a possible existence
of localized electrons in iron-based superconductors, these results strongly indicate a close relation between itin-
erant electrons and the magnetically ordered state and point out the importance of taking into account the orbital
degrees of freedom.

PACS: 74.70.Xa Pnictides and chalcogenides;
75.10.-b General theory and models of magnetic ordering;
71.20.-b Electron density of states and band structure of crystalline solids;
71.10.Fd Lattice fermion models (Hubbard model, etc.).
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Antiferromagnetism and its origin in iron-based superconductors

1. Introduction

Since the first high-T¢ iron-based superconductor was
discovered in 2008, rapid progress has been achieved in
this research field. While the measured transition tempera-
ture has been rapidly raised from 26 K [1] in LaOFeAs to
55 K as La is replaced by Sm [2], it was reported from
Xue's group et al. [3] that there may be significantly large
superconducting gap in the single-layer FeSe grown on
SrTiO3 substrate, which may open a possible avenue to
synthesize new superconductors with higher transition
temperature.

Apart from great experimental effort in seeking new
iron-based superconductors with transition temperature
higher than liquid nitrogen [4-18], much attention also has
been paid to theoretical understanding of the origin of the
high-T. superconductivity [19-26]. It is now generally
believed that the antiferromagnetic fluctuations must play
an important role in the formation of Cooper pairs when
the long range antiferromagnetic order is suppressed. This
is due to the fact that the electron—phonon coupling alone
cannot account for the high transition temperature ob-
served experimentally and the superconducting phase usu-
ally appears in the vicinity of antiferromagnetic state.
Therefore, it becomes a crucial starting point to first un-
ravel the mechanism for the magnetically ordered state.

However, unlike the high-T. cuprates where the antifer-
romagnetic Mott insulating state can be well interpreted
from the strong coupling limit [27], intensive debates per-
sist on whether the magnetic phases can be understood
from weak coupling itinerant limit [21,28-31] or from the
strong coupling localized limit [32-35] since the discovery
of the first high-T. iron-based superconductor LaFeAsO.
Due to the similarities between these two high-T. super-
conductors, such as the phase diagrams in the temperature-
doping plane and the layered lattice structures, a common
origin of the high-T; superconductivity as well as the mag-
netism in both copper-based and iron-based superconduc-
tors is highly desirable. This is actually one of the reasons
why the theories based on the strong coupling limit are
competing with those based on the itinerant limit. Though
various theoretical and experimental investigations point to
a possible scenario of magnetism that exchange interac-
tions between local spins play essential roles [32,36—40],
till now, no direct evidence can confirm the existence of
local spins.

On the other hand, remarkable differences are present
between these two high-T¢ superconductors, for example,
while the undoped cuprates are antiferromagnetic Mott
insulators which can be well described by a one-band
Hubbard model, the parent states of iron-based high-T,
superconductors are antiferromagnetic metals with multi-
bands crossing the Fermi level. As all the 3d orbitals of Fe
ions give contributions to the bands crossing the Fermi
level, it is evident that the itinerant electrons should be
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responsible for the magnetism [21,41-43]. In fact, the itin-
erant point of view is supported by various theoretical and
experimental results [21,28-31,44-48].

Although a compromise between these two limits was
proposed that itinerant electrons and localized spins may
coexist in the iron-based superconductors [49-56], more
unambiguous evidences from experiments besides the an-
gle-resolved photoemission spectroscopy study [57] are
required to confirm such a coexistence. Furthermore, the
mechanism for the coexistence has to be revealed beyond
the slave-spin mean-field calculations [49]. After all, more
sophisticate investigations like dynamical mean field theo-
ry studies did not support the localization of any electrons
in 3d orbitals [58,59].

In this paper, we will first briefly review recent experi-
mental investigations on the antiferromagnetic states in
iron-based superconductors. Then, we will focus on a re-
view of theoretical results presented by some of the authors
and their collaborators and further supply new findings,
which show clear evidences that magnetism in iron-based
superconductors is closely related to the itinerant electrons.
Our results imply that it is necessary to take into account
the itinerant electrons if one would like to properly de-
scribe the physics of iron-based superconductors. Howev-
er, the correlation effect can not be completely ignored as
it can strongly suppress the magnetic moment, which may
be responsible for the small magnetic moment observed
experimentally in iron pnictides.

The remaining paper is organized as follows. In Sec. 2,
experiments on the antiferromagnetic phases in different
families of iron-based superconductors are presented, in-
cluding effects of doping, substitution, and applying exter-
nal pressure. In Sec. 3, the theoretical results based on cal-
culations from first principles and a simplified effective
model which can capture the essential physics of iron-
based superconductors are shown. Conclusions are given
in Sec. 4.

2. Experimental results

Up to date, a large number of iron-based superconduc-
tors have been discovered. According to the neighboring
anions surrounding the irons, these iron-based materials
can be cataloged into two groups, namely, iron pnictides
(FePn) and iron chalcogenides (FeCh). For FePn, it can be
further divided into 4 families based on their chemical for-
mulas, including 111 (like LiFeAs and NaFeAs) [10-12],
1111 (like REOFeAs with RE =rare earth elements and
AEFFeAs with AE =Ca, Sr) [1,4-6,60,61], 122 (like
AEFeyAs; where AE = Ca, Sr, Ba) [7-9] and 21311 (like
SrpVO3FeAs) [13]. For FeCh, there are two different struc-
tures, such as FeSe;_xTex [14-16], called 11 family, and
AxFeo_ySe; (A=K, Cs, Rb and TI, etc.) [62,63,65-67],
named 122* family. All the above families consist of either
alternatively stacked FePn/FeCh layers and other layers or
simply stacked FeCh layers. Unlike the cuprates where
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only Néel ordered antiferromagnetic states are observed,
different magnetic patterns have been reported in different
families of the iron-based superconductors. Moreover, not
only by charge-carrier doping but also by applying external
pressure or isoelectronic substitution, the long range anti-
ferromagnetic order can be suppressed and accordingly the
superconductivity arises in the iron-based superconductors.
Due to the complexity of the magnetic states in the iron-
based superconductors, we will first briefly review the ex-
perimental results of the widely studied families.

2.1. FePn

Typically, collinear antiferromagnetic ordered states are
found in most of the Fe—As compounds, except for LiFeAs
[10,11] and KFepAs; [64,68]. Below the spin density wave
transition temperature [69], the spins on irons are arranged
ferromagnetically along the orthorhombic b axis and
antiferromagnetically along the a and c axes (nhote that
a > b here) [70]. All the Fe—P compounds are found to be
nonmagnetic, such as LaOFeP [71], LiFeP [72] and
BaFeoP> [73].

2.1.1. 1111 structure. The magnetic moments of
ReOFeAs detected in experiments are very small. Inelastic
neutron scattering measurements indicate an Fe moment of
0.35up [74] for Re = Pr, 0.36ug for Re = La [75], 0.25ug
for Re = Nd [76], and 0.8ug for Re = Ce [77]. The mag-
netic transitions occur around 130 K, preceded by the
structure phase transitions from tetragonal to orthorhombic
state at about 150 K [69]. Substitution of oxygen by fluo-
rine, served as electron doping to the Fe-As plane, can
suppress both the antiferromagnetic order and structure
distortion in ReOFeAs compounds [75,78,79]. By applying
external pressure, it is found that the magnetic transitions
are suppressed. For example, the undoped LaOFeAs exhib-
its a magnetic phase transition at 134 K [80] which de-
creases at a rate of —13.7 K/GPa as a function of applying
pressure [81]. For undoped SmOFeAs, although the mag-
netic transition also occurs at around 130 K, similar to
undoped LaOFeAs, it is found that magnetic transition
decreases with pressure at a rate of -6 K/GPa [81], chang-
ing more slowly than LaOFeAs.

2.1.2. 122 structure. Inelastic neutron scattering meas-
urements on AEFesAs; (AE =Ba, Ca, Sr) parent com-
pounds show larger magnetic moments on Fe than those in
the 1111 family. The magnetic moment is 0.99ug in
BaFeoAs; single crystal [82], 0.94ug in SrFepAs; single
crystal [83] and 0.8ug in CaFepAs, [84] single crystal.
Magnetic transition from nonmagnetic state to the collinear
antiferromagnetic state and structure transition from 14/mmm
tetragonal to Fmmm orthorhombic phase are found to occur
at the same temperature in undoped AEFesAs; [69]. In
various substitution cases such as BaFez(Asi—xPx)2 [85],
Baj_xKxFeoAsy;  [86,87], Ba(Fei—xCoyx)2Asy  [88],
Ba(Fe1—xRuy)2As2 [89] and Ba(Fe1—xNix)2Asz [90,91], it
is found that the critical temperature of magnetic and struc-
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tural phase transitions decreases. Separation of these two
transitions is found in some critical doping level. In the
investigations of applying external pressure, it is shown
that the magnetic and structure transitions are suppressed
while superconductivity is induced [92]. And it is also pro-
posed from a study of comparisons between pressure and
doping effects that structural distortion or change of the
Fermi surface nesting, rather than the charge carriers dop-
ing, may be responsible for the suppression of magnetic
moments and appearance of superconductivity in
BaFepAsy [93].

2.1.3. 111 structure. LiFeAs shows superconductivity at
18 K without magnetic and structural transitions [10]. It is
found from angle-resolved photoemission spectroscopy stu-
dy that the Fermi surfaces are poorly nested in LiFeAs [11].
The inelastic neutron scattering and nuclear magnetic reso-
nance studies pointed out that LiFeAs exhibits strong anti-
ferromagnetic fluctuations [94,95]. The magnetic moment
of NaFeAs is the smallest among all the iron-based super-
conductors which shows long range antiferromagnetic or-
der at low temperature. It is around (0.09 + 0.04)ug from
neutron scattering investigation [96] and is estimated to be
~0.1-0.2 ug from puSR measurement [12]. Stoichiometric
NaFeAs is not a bulk superconductor and can be tuned into
superconducting state by small Na deficiency [96-98] or
by replacing Fe by either Co or Ni [99].

2.2. FeCh

2.2.1. 11 structure. FeCh are environmentally friendly
compared to the FePn compounds. The lattice structure of
11 family is simpler than that of the other families in iron-
based superconductors. It consists of stacked FeCh layers
only. Contrast to the Fe—As materials, Fej+xTe is found to
possess a bicollinear antiferromagnetic state at x <0.12
and the magnetically ordered wave vector becomes in-
commensurate as x becomes larger [100-103]. The angle-
resolved photoemission spectroscopy experiments did not
find the corresponding (=,0) nested Fermi surface topolo-
gy [104]. The measured magnetic moment of Fe in
Fei+xTe is about 2.25ug [103], larger than those of Fe-As
compounds. Recently it is found that Fej g3Te becomes
ferromagnetic with application of pressure and the magnet-
ic moment per Fe atom reaches about 3ug at the highest
pressure investigated [105]. Fe1+xSe is nonmagnetic and
shows tetragonal to orthorhombic structure transition at
90 K [106]. Superconducting transition temperature T
of Fe1+xSe gets maximum of 37 K at 7 GPa with appli-
cation of hydrostatic pressure [107]. While Fej+xTe is not
superconducting, the substitution of Te by Se can tune
Fe1.02SexTer—x compound from (=,0) magnetically or-
dered state to superconducting state with (m, ) magnetic
resonance in the range of 0 < x < 0.5 [108].

2.2.2. 122* structure. Alkali iron selenide superconduc-
tors AxFep_ySez with T¢ around 30 K [17,65-67] are iso-
structural to the 122 iron-pnictide AEFe Asy. AyFer_ySep
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compounds show insulating or semiconducting properties.
KoFesSes (Ko gFe1.6Sep) with J5x+/5 Fe vacancy order
has the largest magnetic moment of 3.31 pg per Fe atom
among all the antiferromagnetic ordered iron-based super-
conductors, and the Néel temperature is up to 560 K [67].
It is demonstrated that KFesSes with +/2 x+/2 charge or-
dering is the parent compound. When interfaced with
KoFesSes, KFeoSe, becomes superconducting with V245
charge ordering [109].

3. Theoretical results

From above review, several questions arise: i) Normal-
ly, the iron should be in the high spin state with S =2 due
to the Hund's rule coupling. So what is the origin of the
reduced magnetic moment on each iron, especially in iron
pnictides? ii) Contrast to the collinear antiferromagnetic
state detected in iron pnictides, Fej+xTe exhibits unique
bicollinear antiferromagnetic state at low temperature. So
is the itinerant scenario still valid if the Fermi surface ro-
bustly shows nesting wave vector at (w,7)? iii) Various
ways such as substitution, applying pressure and charge
carrier doping can suppress the antiferromagnetic phase
and consequently either induce the superconductivity or
become the nonmagnetic state. Can these transitions be
accounted for from the itinerant picture? In this section, we
will review the theoretical investigations published by
some of the authors and their collaborators [29,110-115]
which are related to the above questions.

3.1. Origin of reduced magnetic moment

The reduced magnetic moment observed experimentally
in iron pnictides is usually ascribed to spin frustration.
However, the work done by some of the authors and their
collaborators [110] proposed a completely new scenario
that coupling between weakly and strongly frustrated
bands plays an essential role in the reduced magnetic mo-
ment. The coexistence of weakly and strongly frustrated
bands is in fact a common feature in iron-based supercon-
ductors as shown in Table 1 of Ref. 116. In order to prove
the validity of this scenario, a two-band Hubbard model
was used which is defined as follows,

— T
H== > i, CieCiio +U Dy, +
UPKURET iy
,J
HU'=2) DMy =23 3 SESy, (1)
iy>y' iy>y’
where tijy =t (t(/) is the intraorbital hopping integral be-

tween nearest-neighbor (next-nearest-neighbor) sites de-
noted by (ij) ((ij)y) with orbital indices y = o, in units
of t. U, U’ and J are the intraband, interband Coulomb
interaction and Hund's coupling, respectively, which fulfill
the rotational invariance condition U =U’'+2J. Here
J/U =0.25 was chosen. The interband hybridizations,
pair-hopping and spin flip terms are ignored for simplicity.
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ciTYG (ciYG) creates (annihilates) an electron in orbital y of
site i with spin c. n;,; is the occupation operator, while
My =N p 4+ 1, and Siy = (n;,+ =1y, )/ 2 the spin opera-
tor of z direction.

The model was solved by the two-sublattice dynamical
mean-field theory method which includes the local quan-
tum fluctuation effects and can account for antiferromag-
netic state. The weak coupling continuous time quantum
Monte Carlo method [117,118] is employed as an impurity
solver. The Bethe lattice with infinite coordination is used
and the self consistent conditions are given by

-1 _: 2 2
GO,A,G - |0)n +u_tYGB,G —ty GA,G’ (2)

-1 _: 2 2
GO,B,G - |(Dn +u_tYGA,G —ty GB,O" (3)

where Ggl and G are the Weiss fields and the local Green's
functions, respectively. Here A and B label two different
sublattices with opposite spins, o, is the Matsubara fre-
quency, and p is the chemical potential which controls the
filling.

In Fig. 1, the results for the staggered magnetization per
band are presented as a function of U/t for T/t=1/16
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Fig. 1. (Color online) Magnetization per band of a two-band
Hubbard model at two temperatures calculated by dynamical
mean-field theory with weak coupling continuous time quantum
Monte Carlo as a function of interaction strength U with (a) two
bands equally frustrated and (b) one band frustrated, the other
unfrustrated. From Ref. 110.
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and 1/32. In order to find out which is the mechanism for
the reduced magnetic moment, two cases were studied.
One is the case of pure spin frustration as shown in
Fig. 1(a). In this case, both bands are set to be equally frus-
trated with the ratio of t, /t, = 0.58 for y = o, 8. The other
is the case of coupling between frustrated and unfrustrated
bands with t; /t, =0.65 and t3 /tg = 0.0, which is shown
in Fig. 1(b). Please note that the strength of the frustration
is determined by the ratio of t/t,. Below U /t=2.4 in
Fig. 1(a), the staggered magnetization for both tempera-
tures is negligibly small, indicating a paramagnetic state.
As the interaction U/t is increased, for both temperatures
a jump is detected around the critical value of U, /t = 2.4
and the system directly evolves into an antiferromagnetic
state with large magnetic moment, indicating that spin
frustration alone cannot account for the state with small
magnetic moment. However, in Fig. 1(b), a smooth in-
crease is observed in the magnetization with increasing U/t
for both bands and for both temperatures. While the mag-
netization is stronger in unfrustrated band than that in frus-
trated band, the magnetic moment in both bands remains
small in the intermediate region of U/t, which strongly
supports the mechanism of coupling between weakly and
strongly frustrated bands. Certainly, local quantum fluctua-
tions should also play important roles in stabilizing the an-
tiferromagnetic state with small magnetic moment, as we
learn from the comparisons between Hartree—Fock calcu-
lations and dynamical mean-field theory calculations [119].

3.2. Origin of bicollinear antiferromagnetism in Fe1+xTe

The magnetic state of Fej+xTe observed from neutron
diffraction analysis is bicollinear antiferromagnetic, which
is completely different from that of iron pnictides. It re-
quires a magnetic instability at wave vector of (r,0) if
itinerant picture of magnetism is still valid. However, the
hole and electron Fermi surfaces observed from angle-
resolved photoemission spectroscopy study are still located
at the center and the corner of the Brillouin zone, respec-
tively, and separated by a wave vector of (r, =) as usually
detected in iron pnictides. Such a discrepancy casts doubt
on the applicability of itinerant scenario of magnetism to
the 11 family and further leads to a question whether one
can establish a common theory for the magnetism and su-
perconductivity in iron pnictides and iron chalcognides.

Recently, it was suggested by the authors [111] that
magnetism in Fep+xTe still has its itinerant origin even
without Fermi surface nesting, provided orbital modulation
of particle-hole excitations as well as the excess Fe which
donates extra electrons are considered. Magnetic exchange
coupling between excess Fe and in-plane Fe further stabi-
lizes the bicollinear antiferromagnetic order.

The scenario is verified by investigating the Pauli sus-
ceptibility, which is defined as [120]
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1 « a(k)ay* (k)ay (k+g)al (k+q)
wQo)=-=Y 2t ——x
N o+E,(k+q)—E,(k)+i0

x[F(Ey (k+0a)) = F(E, (K)], (4)

where p and v are the band indices and g and k are the mo-
mentum vectors in the Brillouin zone; u, w, s, t are the or-
bital indices varying from 1 to 5 which represent five 3d
orbitals of Fe (orbital 1: dyy, 2: dyz, 3: dyz, 4 dxz_yz, 5:d,2,
where X, v, z refer to those for the original unit cell). f(E)
is the Fermi distribution function. The matrix element
afl(k) =(s|uk) represents the projection of the u-th Bloch
band onto the s-th Wannier orbital at the momentum vec-
tor k, which is the component of the eigenvectors resulting
from the diagonalization of an effective tight-binding
Hamiltonian with ten 3d orbitals from two Fe ions and six
5p orbitals from two Te ions. The model parameters of the
effective Hamiltonian are derived from the first principles
calculations through construction of the maximally local-
ized Wannier orbital basis [121,122]. The full potential li-
nearized augmented plane wave method as implemented in
Wien2k [123] is employed to calculate the band structures.
The results, independent of exchange-correlation func-
tional one chooses, are obtained within local density ap-
proximation. A three-dimensional grid of 128x128x128 k
and q points is used in the whole Brillouin zone with a
temperature smearing of 0.01 eV for calculating the Pauli
susceptibility. The experimental lattice structure [103] is
used except when the substitution effect of Se by Te is
studied in the system.

It was proposed that the excess Fe which can not be
eliminated in the experiments [100-104] plays two roles.
One is to provide extra electrons into the Fe-Te layers,
which can be viewed as an electron doping. In order to
take into account the doping effect, rigid band shift is used
in the investigations. Figure 2 shows momentum depend-
ent Pauli susceptibility of dx; and d 2_ 2 orbitals along the
path of (0,0,7) - (n,0,%) — (%, ,n) — (0,0, 7) at differ-
ent Fermi energy shifts, corresponding to different number
of excess Fe varying from x =0 to x = 0.2. Here it is rea-
sonably assumed that each excess Fe contributes 2 extra
electrons into the Fe-Te layers. Without shift or as the
shifts are small, like AEg =0 and 0.045, both ng and xﬁ
show dominant peaks around (m, =, ). While the peak in
xﬂﬁ is slight enhanced at AEg =0.045, compared to the
case of AEg =0, that in ng is strongly suppressed. At
AEg =0.065,0.075,0.085, well-defined peak centered at
(m,0, ) appears in xgg indicating that bicollinear antifer-
romagnetic state has its itinerant origin. The peak at (=, 7, )
in xﬁf{, however, remains almost unchanged at these AEE.
Further increasing AEg to 0.105,0.12,0.15, the peak around
(m,m,m) in xﬂﬁ rapidly decreases, while the peak previous-
ly right at (=,0,7) in ng moves to an incommensurate
wave vector, which is consistent with experimental finding
of transitions from bicollinear antiferromagnetic states to
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Fig. 2. (Color online) Evolution of particle-hole excitations in
Pauli susceptibility as a function of shifted Fermi energies.
(a) xgg(q,m = 0) with 3 representing d,, orbital. (b) xﬁ(q,m =0)
with 4 denoting dxz_yz orbital. AEE =0, 0.045, 0.065, 0.075,
0.085,0.105,0.12,0.15 eV, corresponding to the Fei+xTe com-
pounds with x =0, 0.06, 0.09, 0.10, 0.12, 0.14, 0.16, 0.20. From
Ref. 111.

incommensurate phases as number of excess Fe increases
[100-103]. The larger the shift is, the farther the peak
away from (=,0,7) which is also consistent with experi-
ments. The susceptibilities of d_, and dxy orbitals are neg-
ligibly small compared to those of dy; and dxz_yz orbitals
and that of dy, orbital shows a mirror symmetry to
xgg(q,m=0) with respect to g, =qy. Therefore, these
three susceptibilities are not shown here.

Although it was shown that the bicollinear antiferro-
magnetic state in Fe1+xTe has its itinerant origin, one may
still wonder why the weaker instability of dy; orbital at
(m,0,7) wins the competition over the stronger instability
of dxz_ 2 orbital at (r,rt, ). This is in fact due to the se-
cond role of the excess Fe. In addition to contributing extra
electrons, the excess Fe also provides a magnetic ion
which is strongly coupled with the in-plane Fe. Due to this
magnetic interaction, the bicollinear antiferromagnetic
state is further stabilized, rather than the collinear antifer-
romagnetic state. This explanation was justified by spin
polarized density functional theory calculations on a
supercell with 16 in-plane Fe and 1 interstitial Fe. Without
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Fig. 3. (Color online) Evolution of particle-hole excitations in Pau-
li susceptibility as a function of Te-height measured from Fe plane.
©) x%g(q,m =0) with 3 representing dxy orbital. (b) xﬁ(q,m =0)
with 4 denoting dxz_yz orbital. Te-height from hye =1.8A to
1.52 A in the interval of 0.04 A. From Ref. 111.

excess Fe, the magnetic ground state of FeigTesg is of col-
linear antiferromagnetic order within local density approx-
imation, which is inconsistent with the experiments. After
putting one excess Fe into the interstitial of the supercell
with the position according to the neutron diffraction ex-
periments, the bicollinear antiferromagnetic state turns to
be the ground state, indicating that the bicollinear antifer-
romagnetic state is stabilized by excess magnetic Fe. How-
ever, if the magnetic moment is tuned off, which can be
realized by changing the interstitial magnetic Fe to non-
magnetic Zn, the collinear antiferromagnetic state becomes
the ground state within local density approximation. This is
a clear evidence that existence of interstitial ion with mag-
netic moment is crucial for stabilizing the bicollinear anti-
ferromagnetic state.

Furthermore, evolution of the particle-hole excitations
in the Pauli susceptibility as a function of Te-height measured
from the Fe plane was also investigated. This can be effec-
tively viewed as the substitution of Te by Se since Se-
height is much lower than Te-height. The number of extra
electrons is kept to be 0.2/Fe. From Fig. 3 one can see that
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lowering Te-height rapidly suppresses the (r,0,n)/ (0,7, 7
instability, this may be the reason why bicollinear magnet-
ic order disappears as substitution of Te by Se in experi-
ment [108]. Meanwhile the (m, =, m) instability in dx2_y2
orbital remaining relatively large may be the source of su-
perconductivity with (rr,t) magnetic resonance observed
in experiment [108]. These results may indicate that differ-
ent orbitals are responsible for different electronic proper-
ties, like magnetism or superconductivity in 11 family.

3.3. Origin of magnetic phase transitions
in 122 compounds

Unlike the cuprates, various ways, like applying exter-
nal pressure or charge carrier doping, etc., can be used to
suppress the magnetic phase and on the other hand enhance
possibly the superconducting state. In this part, we will
review two typical cases which show strong evidences that
the magnetic phase transitions are closely related to itiner-
ant electrons. One is the pressure induced phase transitions
occuring in AEFesAsy where AE = Ca, Sr, and Ba. In or-
der to capture the lattice structures under various pressures,
the Car—Parrinello projector-augmented wave molecular dy-
namics method at constant pressure was employed [124-126].
The details can be found in Ref. 112. Here only the results
for CaFepAsy are shown. In Figs. 4(a) and (b), the calcu-
lated changes of the volume and magnetization of
CaFesAs; as a function of pressure are presented. The vol-
ume decreases gradually with increasing pressure and
shows a discontinuous shrinkage at the critical pressure,
where the system undergoes a structural phase transition
from orthorhombic symmetry to a volume “collapsed” te-
tragonal symmetry. Meanwhile, the magnetization sharply
goes to zero. Such a sudden jump can also be detected in
the calculated Pauli susceptibility y(q,0) at q = (=, =,0)
as shown Fig. 4(c). Here the y(qg,0) was obtained within
the constant matrix element approximation where all the
aﬁ(k) are set to be 1 in Eq. (4). The abrupt reduction ap-
pearing in the y,(q,0) at the same critical pressure indi-
cates that the structural and magnetic phase transitions in
CaFepAsy may be ascribed to the suppression of the (=, 1)
instability which shows tendency towards collinear antifer-
romagnetic order.

The second is the substitution of Fe by Co in BaFesAsy
[127]. With increase of Co concentration (x), the ground
state of BaFeo_xCoyxAsy evolves from a collinear antifer-
romagnetic state (x =0) to a paramagnetic state (x =0.5)
through an intermediate superconducting state (x =0.2).
Via a calculation of Pauli susceptibility yq(q,0), it is also
suggested that these phase transitions are closely related to
the instability of the itinerant electrons. As is shown in
Fig. 5 that at x =0 a strong instability in the Pauli suscep-
tibility is present at q = (=, x,0) (solid curve), supporting
the collinear antiferromagnetic state. At x=0.2, a strong
suppression of the g = (r,7,0) instability (dashed curve)
indicates a suppression of the magnetization. However, the
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Fig. 4. (Color online) Calculated changes of volume (a), magneti-
zation (b), and Pauli susceptibility yq(q) at q=(m,m,0) within
the constant matrix element approximation (c) as a function of
applied external pressure normalized to the critical pressure for
CaFeAsy. The phase boundary between Fmmm and |4/mmm
is indicated by the vertical dashed line. From Ref. 112.

superconducting state which, according to the spin fluctua-
tion theory [128], is related to the instabilities around
q = (n,m,0) may in such a situation be more favorable than

12
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Fig. 5. (Color online) Normalized g-dependent Pauli susceptibili-
ties of BaFey_4CoxAs; at fixed g, = = along the [110] direction
calculated within generalized gradient approximation. Here
x=0,0.2,0.5. The normalization factors are the susceptibilities
of each compound at g = (0,0, 7). From Ref. 113.
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magnetization. At x = 0.5, the Pauli susceptibility y(q,0)
becomes featureless and no obvious instability is present
(dotted curve), leading to the disappearance of both mag-
netic ordering and superconductivity.

3.4. Origin of collinear antiferromagnetic states
in 111 and 1111 families

In 111 family, it was found from experiments that,
while NaFeAs shows collinear antiferromagnetic order at
low temperature [10,96,99], it becomes nonmagnetic as Na
is replaced by Li. Similar situation appears in 1111 family.
While LaOFeAs exhibits collinear antiferromagnetic order,
the replacement of As by P leads to a nonmagnetic state. In
Ref. 29, an itinerant scenario was provided to understand
the difference in the magnetic states of 1111 families. It is
ascribed to a reduction of instability at g = (x,n) and an
increasing competition between the instabilities at q = (n, 7)
and g = (0,0) in LaOFeP, compared to those in LaOFeAs.
Here we will show that the phenomena appearing in 111
family can be also understood from the itinerant limit.

We calculate orbitally resolved Pauli susceptibilities of
LiFeAs and NaFeAs according to Eq. (4). The results are
presented in Fig. 6. Again we find that Pauli susceptibili-
ties from dyy and d22 orbitals are negligibly small com-
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Fig. 6. (Color online) Pauli susceptibilities of NaFeAs (a) and
LiFeAs (b) for all five Fe 3d orbitals. Here 1, 2, 3, 4, 5 represents
dxy, dyz, Oxz, dxz_yz , d2 orbitals, respectively, where x, y, z
refer to those for the original unit cell.
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pared to those from d,, /d,, and dxz_yz orbitals. The sus-
ceptibilities from d,, /d,, are almost the same in both
LiFeAs and NaFeAs. However, the susceptibility from
d,2_, 2 orbital shows remarkable difference between these
two compounds. A strong peak at q = (wr, ) can be seen in
NaFeAs, while it is absent in LiFeAs, strongly indicating
that the magnetic properties of these two systems may be
controlled by the d 2_ 2 orbital. Combining the results
from 11 systems where dy, /dy, orbitals play important
roles in the formation of magnetism and dxz_yz orbital
may be responsible for the superconductivity, we propose
that orbital differentiation is very important in understand-
ing the physical properties of iron-based superconductors.
Then we will try to understand the effect of different
alkali metals and the effect of changing the lattice struc-
ture. We use the experimental structures of LiFeAs [10]
and NaFeAs [96]. Then we replace Li by Na in LiFeAs and
replace Na by Li in NaFeAs, respectively. From Fig. 7(a)
one can see that Pauli susceptibility from d 2_ 2 orbital
becomes significantly smaller when Na is replaced by Li,
implying the importance of the alkali metal to the magnetic
properties. From Fig. 7(b), the Pauli susceptibility from
d,2_, 2 orbital does not change much at the wave vector of
(m,m) when Li is substituted by Na with experimental
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Fig. 7. (Color online) Effects of replacement of Na by Li in
NaFeAs (a) and Li by Na in LiFeAs (b) on the Pauli susceptibility
of dxz_yz orbital. Experimental structures of NaFeAs and
LiFeAs are used in (a) and (b), respectively.
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structure of LiFeAs, indicating that the lattice structure
also plays an important role in determining the magnetic
properties in 111 family.

4, Conclusions

In this paper, experimental progresses in the study of
antiferromagnetism in iron-based superconductors are
briefly reviewed. The theories from the itinerant limit es-
tablished by the authors and their collaborators are also
reviewed, which cover various families of iron-based su-
perconductors, such as 122, 11, 111 and 1111. From above
discussions, we can conclude that magnetism in iron-based
superconductors has its itinerant origin. The inclusion of
orbital degrees of freedom and the differentiation in the
orbitals are very important. Strong correlations can further
stabilize the small magnetic moment states. However, we
do not touch the theory for the magnetism in 122* family,
since many uncertainties remain from experimental sides.
Most probably, the peculiar magnetic patterns observed
experimentally are strongly influenced by the vacancy of
the Fe. The theories presented in this paper do not rule out
the possibility of existence of local spins. However, up to
now, it is still lack of theory for the origin of localized
electrons. Dynamical mean-field theory calculations only
show heavier effective mass of quasiparticles in all the 3d
orbitals as suitable correlation is tuned on, which casts
doubt on the scenario of local spins. As dynamical mean
field theory can only take into account the local fluctua-
tions, future work should be focused on the multi-orbital
physics with inclusion of spatial correlations if one would
like to reveal unambiguously the origin of magnetism in
iron-based superconductors.
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