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Local Quantum Criticality of an Iron-Pnictide Tetrahedron
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Motivated by the close correlation between transition temperature (Tc ) and the tetrahedral bond angle
of the As-Fe-As layer observed in the iron-based superconductors, we study the interplay between spin
and orbital physics of an isolated iron-arsenide tetrahedron embedded in a metallic environment. Whereas
the spin-Kondo effect is suppressed to low temperatures by Hund’s coupling, the orbital degrees of
freedom are expected to quantum mechanically quench at high temperatures, giving rise to an
overscreened, non-Fermi liquid ground state. Translated into a dense environment, this critical state
may play an important role in the superconductivity of these materials.
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The discovery of superconductivity with Tc ¼ 26 K in
LaFeAsO by Hosono et. al. [1] has opened up a new field of
iron-based high temperature superconductors (SCs).
Experimental studies suggest a range of electron correlation effects. For example, in the undoped parent antiferromagnets, neutron scattering studies show a small ordered
moment in the pnictides, but a significantly larger moment
in the chalcogenides [2]. Similarly, optical studies in
BaFe2 As2 and SrFe2 As2 indicate a spin-density wave
(SDW) gap [3] normally associated with itinerant electrons
while optical studies in LaFePO [4] and ARPES results in
FeSe0:42 Te0:58 [5,6] suggest significant correlation effects.
This diversity of behavior has prompted an active debate
on the role of electron correlation effects. While some
groups favor a more localized theoretical description
[7,8], many theoretical treatments [9] have favored an
itinerant, multiband description.
One aspect of these systems that is poorly understood,
concerns the strong connection between the many body
physics and solid-state chemistry [10]. In these superconductors the iron atom sits inside a tetrahedral cage of
pnictide (As, P) or chalcogenide (Te, Se) atoms.
Experiments show that the transition temperature is maximal when the bond-angles most closely approximate a

perfect tetrahedron (ðAs-Fe-AsÞ ¼ 109:5 ) [11,12].
More recent studies [13] show that c-axis compression of
the tetrahedra causes the superconducting gap to become
anisotropic, ultimately developing line nodes [14].
Motivated by these issues, here we develop a theory
for an isolated iron-tetrahedron embedded within a conduction sea. One of our key observations, is that in addition to
their spin physics, the iron-based tetrahedra develop an orbital degree of freedom associated with the degenerate
eg orbitals. For conventional transition metal ions, the
Hund’s coupling JH locks the unpaired electrons together
into a high-spin configuration, exponentially suppressing the
spin-Kondo temperature to low temperatures according to an
effect discovered by Schrieffer [15] and recently noted by
others [16]. Here we show that unlike their spin counterparts,
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orbital fluctuations are not subject to the ‘‘Schrieffer effect’’,
giving rise to a unique situation in which the orbital degrees
of freedom behave as fluctuating quantum mechanical variables that result in an incoherent ‘‘non-Fermi liquid’’ ground
state. While departures from perfect tetragonality will reestablish the Fermi liquid, a large temperature range of incoherent metal behavior is expected to remain.
We assume that the FeAs tetrahedron contains an Fe2þ
ion in an 3d6 configuration. In a tetrahedral environment,
the five d-electron orbitals are split by the crystal field CF
into three degenerate upper t2g orbitals and the two degenerate lower eg orbitals, as shown in Fig. 2. When the
tetrahedron is perfect, the unpaired electron in the lower
eg orbitals can sit in the d3z2 r2 or the dx2 y2 orbital, giving
rise to an unquenched orbital degree of freedom. Using a
perturbative renormalization group treatment, we show
that at high energies, orbital Kondo fluctuations dominate
and the system flows to an overscreened orbital Kondo
fixed point. The residual low-energy orbital degrees of
freedom condense into a single Majorana fermion that
scatters electrons to produce a marginal Fermi liquid
(MFL). By analyzing the physics of this state using a
strong-coupling expansion, we show that the subsequent
low temperature spin-Kondo effect is also overscreened, so
that the FeAs tetrahedron is a critical system down to the
lowest temperatures.
The local physics of a single FeAs tetrahedron can be
modeled by an Anderson model H ¼ H0 þ HA that describes the hybridization of Hund’s coupled d electrons in
five electron channels  2 ½t2g ; eg , where
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Here, S~ ¼ 1=2  dy ~  d , is the total spin of the d
electrons,  the energy of the crystal field level , while
P
c y ¼ k~ cyk creates a conduction electron at the origin
in channel . We shall assume that the Hubbard interaction, U, is the largest scale in the problem, with a hierarchy
of energy scales given by U > D > JH > V , where D is
the electron bandwidth.
The effective low-energy Hamiltonian, H ¼ H0 þ HK ,
can be derived by a Schrieffer-Wolff transformation.
HK ¼



J2 ~
1 ~
1
S  ~ eg ð0Þ þ 1
S  ~ t2g ð0Þ þ J
2S
2
4S


1
 T~  ð0Þ
~ þ 1
2

(2)

with the Kondo coupling in each channel given by J ¼
2jV j2 ½1=j j þ 1=ðU þ  Þ, and J ¼ Jt2g , J2 ¼ Jeg ;
^~  ð0Þ ¼ 1 c y ~  c  is the conduction electron spin

2 
^~ ¼
density at the origin in channel , while ð0Þ
P
y
1
0
~ 0 c 0 is the orbital moment of the con2  2eg c  
duction electrons in the eg channel. This model is isotropic
in orbital space; the layered structure of real iron-based
materials will break the Heisenberg orbital symmetry,
however, these departures from isotropy will scale to
zero as a result of the orbital Kondo effect.
The first term in HK describes the Kondo interaction in
the t2g orbitals, while the second term, reminiscent of a
local ‘‘Kugel Khomskii’’ interaction [17,18], describes
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the mixing of eg spin and orbital degrees freedom: for
S ¼ 1=2, this is the well-known SU(4) Kondo interaction,
but for large Hund’s coupling, the system is locked into a
high-spin state with S ¼ 2. Projected into this subspace,
the interaction in the eg orbitals factorizes into spin and
orbital Kondo interactions.
One of the effects of the projection into the high-spin
manifold is an S-fold reduction of the spin-Kondo
coupling, JS ¼ J=4S but strikingly, the strength of the
orbital Kondo interaction is unaffected. This means that
the Hund’s interaction will exponentially suppress the
spin-Kondo effect down to a lower scale TKspin =D 
ðTKorb =DÞ2S , as in conventional transition metal ions, while
leaving the orbital Kondo effect unaffected. This
schism between the orbital and spin-Kondo effect
drastically affects the physics, as we now confirm from a
renormalization analysis.
A perturbative RG treatment of Eq. (2) is carried out,
with the Feynman diagrams shown in Fig. 3; and the
dimensionless coupling constants are defined as gS ¼
J
J
J
4S ðEF Þ, gT ¼ 2 ðEF Þ and gm ¼ 2S ðEF Þ. Since there
are no orbital fluctuations in the t2g orbitals, we just obtain
the standard Kondo result for J2 . In the eg channels, there
are contributions to gS and gT from the ‘‘mixed’’ Kondo
~ 2 g2m
~ 2 g2m and jSj
term, which are proportional to jTj
respectively. Hence, the beta functions are
gT ¼ 2g2T  2SðS þ 1Þg2m ;

3
gS ¼ 2g2S  g2m ;
2

(3)

gm ¼ 8g2m  4gm gT  4gm gS :
Since both gS and gm are of order Oð1=SÞ, while gT is of
order Oð1Þ, clearly gT is of order Oð1Þ and gm  Oð1=SÞ
and gS  Oð1=S2 Þ. Hence, gT is the most relevant perturbation, and the system initially flows towards the

FIG. 1 (color online). Phase diagram of single Fe in an As
tetrahedron. At T  JH , the Hund’s coupling locks the spins of
the Fe atom into an S ¼ 2 state, and the orbital Kondo effect flows
to strong coupling, giving rise to a marginal Fermi liquid
overscreened state at T  TKorbital . The dangerously irrelevant
spin-Kondo interaction finally drives the system to an
spin
overscreened spin-Kondo ground state at TK2
.  is the deviation
away from perfect tetrahedral symmetry, where c ¼ 109:5 ,
and will break the SUð2Þorb symmetry and restore Fermi liquid
behavior.

FIG. 2 (color online). Crystal field splitting of the d-electron
orbitals in a tetrahedron into the upper t2g and lower eg orbitals.
The lower diagram shows effect of compression along the c axis,
which lifts the twofold degeneracy in the eg orbitals.
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FIG. 3. The two one-loop diagrams that contribute to the
renormalization of gT , gS , and gm . Here, the operator O corresponds to the spin, isospin or mixed Kondo operator, i.e. O~ 2
½;
~ ;
~ ~ ,
~ and the dashed line corresponds to the local conduction electron propagator GðcÞ ð!Þ.

overscreened orbital fixed point at T ¼ TKorb . The key result
is that the quenching of the orbital degrees freedom leaves
behind an unscreened S ¼ 2 spin moment. Coupled to five
independent screening channels. While orbital fluctuations
are quenched below TKorb , we might expect that only remaining local degrees of freedom would be the local S ¼ 2 spin,
Kondo coupled to the five channels. From this point-ofview, the effective Hamiltonian will be an overscreened
five-channel S ¼ 2 Kondo model consisting of the first
two terms in Eq. (4).

H ¼ H0 þ

X


J S~  c y

~ 0
c 0 þ Hres :
2

where H0;t2g and HK;t2g are the kinetic energy of the conduction electrons and the Kondo interaction in the t2g
channel. Dimensional analysis shows that the canonical
dimensions of the Majorana fermions and coupling constants are ½ c L ¼ ½ L ¼  12 , ½gS L ¼ 0 and ½gm L ¼ 12 so
gm is irrelevant around the strong coupling fixed point.
We then carried out a one loop calculation of the renormalization of gS . At T ¼ 0, the local Majorana fermions
propagators G ðÞ ¼ G c ðÞ  1 , and G ðÞ ¼ 12 sgnðÞ,
which means that at one loop order, there is a ðgS =2Þ2 
ln correction to gs , where  is an UV cutoff, whereas gm
does not contribute. This shows that the spin-Kondo
coupling, gS , is marginally relevant around the strongcoupling fixed point, and will finally drive the system
into an overscreened spin and orbital Kondo ground state
with a different MFL. Therefore, the system is a quantumcritical incoherent metal down to 0 K.
Figure 4 shows the renormalization flows for the system.
The perfectly-screened Fermi liquid fixed point lies in plane
I, defined by gm ¼ 0, along the line gT ¼ ðSÞgS . For
S ¼ 1=2, ðSÞ ¼ 1 and we recover the SU(4) Fermi liquid

(4)

However, this reasoning ignores certain subtle lowenergy excitations generated by the orbital Kondo effect,
that we have anticipated by including a further term Hres .
In fact, the orbital Kondo effect couples to the spin-up and
spin-down conduction electrons, and is thus overscreened.
This gives rise to a well-documented MFL state with a
zero-energy excitation described by a single Majorana
fermion ð0Þ [19–21]. The interaction with the spin and
conduction electrons must be taken into account. This
requires decoupling the spin and orbital sectors of the eg
conduction electrons in terms of itinerant Majorana fermions, ( c 0 , c~ ), and ( 0 , ~ ), which, respectively, carry the
spin and orbital quantum numbers.
In the strong-coupling limit, the Hamiltonian is projected
into the degenerate orbital singlets subspace. Clearly, the
spin-Kondo term depends only on the c fermions that carry
spin, whereas the mixed Kondo term depends on both c and
fermions as it can mix the two singlet states. The
Majorana fermion at the origin, ð0Þ ¼ 1 ð0Þ 2 ð0Þ 3 ð0Þ
is a three-fermion composite, and it couples to the fermions at the neighboring site via the kinetic term; thus the first
nontrivial term is 3rd order,  ¼ 3t3 =4g2T . The effective
~ is, therefore,
strong-coupling Hamiltonian, H,

FIG. 4 (color online). Schematic plot of the RG flow. The
perfectly screened hyperspin Fermi liquid fixed point lies along
the line gT ¼ ðSÞgS in plane I, and is stable against weak
breaking of SU(4) symmetry [18]. For strong asymmetry, the
system flows to the overscreened orbital and spin-Kondo marginal Fermi liquid fixed point. The blue plane I is defined by
gm ¼ 0, and the orange plane II is defined by gT ¼
ðgm ; SÞgS . The bold line indicates the expected RG flow for
a realistic FeAs tetrahedron.
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fixed point, which is characterized by perfect screening of
the spin and orbital degrees of freedom.
The FeAs tetrahedron initially flows towards the
overscreened orbital Kondo fixed point, where orbital
fluctuations are quenched at TKorb . It will then crossover
to an overscreened orbital and spin-Kondo fixed point at a
lower temperature TKspin , and two different MFLs arise at
TKorb and TKspin due to overscreened orbital and spin-Kondo
physics, respectively. The overscreened spin-Kondo fixed
point with n channels lies at g ¼ n2 ð1  n2 ln2Þ [22];
hence, the overscreened orbital and spin fixed point lies
on the line gT  nnos gS  5=2gS .
Figure 1 summarizes the phases, and the Fe impurity
forms an S ¼ 2 local moment at a temperature T  JH .
Because of the Schrieffer mechanism for Kondo resonance
narrowing, the orbital and spin-Kondo temperatures are
split, ðTKorb =DÞ2S  TKspin =D, and for TKorb < T < TKspin , the
system flows towards a two channel orbital Kondo fixed
point with MFL behavior.
At temperatures below TKorb , the orbital fluctuations in
the eg orbitals are quenched leaving an S ¼ 2 spin interacting with five channels of conduction electrons. The
system will first be screened from an S ¼ 2 state to an
S ¼ 12 or S ¼ 1 state, depending on the relative strengths of
the t2g and eg Kondo couplings; and will finally be comspin
pletely screened at a lower temperature TK2
. It is possible
that these two scenarios could correspond to the chalcogenides and pnictides, respectively.
In practice, real systems deviate from perfect tetrahedral
symmetry, and breaking of the SUð2Þorbital symmetry
would lift the eg orbitals degeneracy via a Jahn-Teller
splitting JT . It is well known from two channel Kondo
physics that this will restore Fermi liquid behavior
below an energy scale 2JT =TKorb . This Fermi liquid behavspin
ior will be seen only if 2JT =TKorb > TK1
. Raman spectroscopy indicates JT  20–30 meV [23], and TK  0:1 eV
for some transition metals [24]. In general, we expect
TKorb > JT , meaning that the large TKorb will protect the
system against breaking of the tetrahedral symmetry, thus
preserving the critical overscreened phases for a range of
applied pressures in experiments.
Various aspects of our theory could be tested in dilution
experiments on materials such as BaðRu1x Fex AsÞ2 . The
presence of local moment behavior is expected to give rise
to a Kondo resistance minimum. Our theory also predicts a
logarithmic temperature dependence of the orbital susceptibility, o  lnT below TKorb , which can be measured by
resonant ultrasound spectroscopy, and a corresponding
logarithmic divergence, s  lnT, of the spin susceptibilspin
ity below TK1
. In addition, due to the series of MFLs that
spin
arise at TKorb and TK2
, there would be a Cv  T lnT behav2
orb
ior down to JT =TK .
The applicability of our work to the iron-based SCs,
especially the mechanisms for superconductivity, SDW
and nematicity remain open issues for future work.
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However, we emphasize that the ‘‘Schrieffer effect’’ causes
TK orb
TKspin , and we believe the MFL behavior survives
in a lattice, with FL behavior restored at a lower temperature due to breaking of tetrahedral symmetry or a phase
transition to a broken symmetry state. We suggest that
critical orbital fluctuations within the eg orbitals could
provide a natural mechanism for nematic order, and the
SDW state could arise from an RKKY instability in the
dense limit [25]. Finally, it is known from studies of
the overscreened single Kondo impurity [19] that there is
a divergent susceptibility for composite SC pairing and it
remains an interesting question as to whether any of these
divergent susceptibilities play a role in the dense materials.
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