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Kinetic frustration and the nature of the magnetic
and paramagnetic states in iron pnictides and

iron chalcogenides
Z.P.Yin"?*, K. Haule' and G. Kotliar’

The iron pnictide and chalcogenide compounds are a subject
of intensive investigations owing to their surprisingly high
temperature superconductivity'. They all share the same basic
building blocks, but there is significant variation in their phys-
ical properties, such as magnetic ordered moments, effec-
tive masses, superconducting gaps and transition temperature
(T.). Many theoretical techniques have been applied to individ-
ual compounds but no consistent description of the microscopic
origin of these variations is available?. Here we carry out a
comparative theoretical study of a large number of iron-based
compounds in both their magnetic and paramagnetic states.
Taking into account correlation effects and realistic band struc-
tures, we describe well the trends in all of the physical proper-
ties such as the ordered moments, effective masses and Fermi
surfaces across all families of iron compounds, and find them
to be in good agreement with experiments. We trace variation
in physical properties to variations in the key structural pa-
rameters, rather than changes in the screening of the Coulomb
interactions. Our results also provide a natural explanation of
the strongly Fermi-surface-dependent superconducting gaps
observed in experiments?.

The iron pnictides/chalcogenides are Hund’s metals. In these
systems the Coulomb interaction among the electrons is not
strong enough to fully localize them, but it significantly slows
them down, such that low-energy emerging quasiparticles have a
substantially enhanced mass*. This enhanced mass emerges not
because of the Hubbard interaction U, but because of the Hund’s
rule interactions that tend to align electrons with the same spin but
different orbital quantum numbers when they find themselves on
the same iron atom?*.

A central puzzle in this field is posed by the variation of the
ordered magnetic moment across the iron pnictides/chalcogenides
series. In the fully localized picture, the atom resides in a single
valence; therefore, the ordered moment is equal to the atomic
moment (4 pp per iron), possibly reduced by quantum fluctuations.
This picture is realized in cuprate superconductors where quantum
fluctuations reduce the Cu** moment by 20%. In the fully itinerant
weak-coupling picture, such as the spin-density wave (SDW) in
chromium metal, the ordered moment is related to the degree of
Fermi-surface nesting. It is now clear that the iron pnictides are
not well described by either the fully localized or fully itinerant
picture, nor by the density functional theory (DFT), which greatly
overestimates the ordered magnetic moments (see Supplementary
Information). It has been advocated that the shortcomings of
DFT can be circumvented by incorporating the physics of long-
wavelength fluctuations®. Here we take the opposite perspective.

Although critical long-wavelength fluctuations certainly play a
role near the phase-transition lines, we will show that the local
fluctuations on the iron atom can account for the correct
trend of magnetic moments and correlation strength in iron
pnictide/chalcogenide layered compounds.

Using the combination of DFT and dynamical mean field
theory (DFT + DMFT) (see Supplementary Information for
details), we studied two different real-space orderings, the SDW
ordering, characterized by wave vector (w,0,7) (this vector
is written in coordinates with one iron atom per unit cell),
which is experimentally found in iron arsenide compounds,
and (/2,7 /2,7) ordering, denoted by the double-stripe SDW
(DSDW). The latter was found experimentally in FeTe. Figure la
shows our theoretical results for the ordered moment in both phases
together with experimentally determined values®'* from across all
known families of iron-based superconducting compounds. There
is an overall good agreement between theory and experiment; in
particular, LaFePO is predicted to be non-magnetic, most 1111 and
122 compounds have an ordered moment below 1.0 15 (ref. 14) and
FeTe orders with a DSDW moment of 2.1 .

We now explain the variation of the ordered moment in terms
of real-space and momentum-space concepts. The size of the
fluctuating local moment, which can be extracted from neutron
scattering experiments, gives an upper bound to the size of the
ordered magnetic moment and is also plotted in Fig. la. It was
computed from the atomic histogram in Fig. 2¢c, which shows the
percentage of time the iron 3d electrons spend in various atomic
configurations when the system is still in its paramagnetic state.
Only high-spin states, which carry a large weight as a result of the
Hund’s rule coupling in iron, are shown (see also Supplementary
Information for the complete histogram).

In a correlated Fermi liquid, the spin excitations are described
in terms of individual particle-hole pair excitations and their
collective motion. Their residual interaction can lead to a magnetic
state when the particle-hole excitations condense at non-zero
wave vector. A large quasiparticle mass naturally facilitates this
condensation; hence, we expect that the size of the ordered moment
will correlate with the mass of the quasiparticles. In Fig. 1b we
show separately the quasiparticle mass for all iron 3d orbitals in the
paramagnetic state and we normalize it to its band value. Clearly
there is some correlation between mass enhancement in Fig. 1b
and ordered magnetic moment in Fig. 1a across various families
of iron-based compounds. In particular, correlations are too weak
for ordering in LaFePO, whereas very heavy quasiparticles in FeTe
produce alarge moment of 2.1 ug. However, there are other factors
presented below, such as kinetic frustration, orbital differentiation
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Figure 1| Ordered magnetic moments and mass enhancements in
iron-based compounds. a, The DFT +DMFT calculated and
experimental®3 iron magnetic moments in the SDW and DSDW states.
Also shown is the calculated fluctuating moment in the paramagnetic (PM)
state. b, The DFT + DMFT-calculated mass enhancement m* /mpanq of the
iron 3d orbitals in the paramagnetic state and the low-energy effective
mass enhancement obtained from optical spectroscopy experiments'®-1°
and (angle-resolved) photoemission spectroscopy experiments20-24,

and Fermi-surface shape, which together conspire to produce the
magnetic orderings shown in Fig. 1a.

The quasiparticle mass shown in Fig. 1b is quite moderate in
the phosphorus 1111 compound on the right-hand side of Fig. 1b,
but correlations are significantly enhanced in arsenic 122 and
1111 compounds. Note, however, that enhancement is not equal
in all orbitals, but it is significantly stronger in the t2¢ orbitals,
that is, xz, yz, and xy. The correlations get even stronger in
111 compounds, such as LiFeAs and NaFeAs, and finally jump
to significantly larger values of the order of five in selenides
KFe,Se, and CsFe,Se,. Finally, the mass enhancement of the xy
orbital in FeTe exceeds a factor of seven when compared with
the band mass, which is typical for heavy-fermion materials,
but is rarely found in transition-metal compounds. We showed
only a lower bound for this mass as the end point of an arrow
in Fig. 1b, because the quasiparticles are not yet well formed
at the studied temperature T = 116 K. Note the strong orbital
differentiation in FeTe, with an xz/yz mass of five and an eg
mass enhancement of only three. This orbital differentiation signals
that the material is in the vicinity of an orbital-selective Mott
transition, as proposed previously for other iron pnictides'?, where
the xy orbital is effectively insulating while other orbitals remain
metallic. In Fig. 1b we also show the mass enhancement extracted
from optics'®!® and angle-resolved photoemission spectroscopy
(ARPES) (refs 20-24) measurements, and find a good agreement
between our theory and experiment when available. The effective
mass extracted from ARPES and optics should be compared with

NATURE MATERIALS | VOL 10 | DECEMBER 2011 | www.nature.com/naturematerials

a 2.6 -
—
—@— Fe—-X distance —#— X-Fe-Xangle [ 120
L 25- (X =P, As, Se, Te) —— Ideal angle s
\q-; >
5 r 110 *7(%
g L1053
° 2.3 - r 100
l r 95

&@L)QW@W%@%%@W@WOQ(E(@W@W O
Cai gt @ '8‘3%%@3«5@*«@*@V@X«x &
S VRIG o S SS N
Compounds
b
5 1281
©
S 1261
[}
5
= 1.24 1 P
L 1274 —@— eg average
' —A— All average
&Q/qﬂqﬂ%@?{o\?&g’vcﬂoQqugw (@)
<<Q'<(Q/V<<Q;) @ -<\<® éQQ@XQ@X Q?g; Q@V%Q@Vz@x&@x ’§§
& VI S S N
Compounds

@27 (N=6,5=2,n,,=3)
—W|-N=65=2 N=75=15

Probability

Compounds

Figure 2 | Structure, orbital occupation and probability of selected atomic
states of iron. a, The Fe-X (X =P, As, Se and Te) distance and X-Fe-X
angle in iron-based compounds, where the two X atoms are in the same ab
plane. Note this angle is different from the X-Fe-X angle where the two X
atoms are in different ab planes. b, The orbital occupation of the xy orbital
and the average values for the eg orbitals and all five orbitals. ¢, The
probability of selected atomic configurations of iron where N(S) is the total
number (spin) of iron 3d electrons in the atomic configuration.

that of the t2¢ orbitals, which contribute most of the spectral
weight at low energy.

The large mass enhancement in Hund’s metals is due to an
orbital blocking mechanism. If the Hund’s coupling is very large,
only the high-spin states have a finite probability in the atomic
histogram. The atomic high-spin ground state has a maximum
possible spin S =2, and is orbitally a singlet, which does not
allow mixing of the orbitals and leads to orbital blocking, that is,
(gs|dy'dglgs) =0 when o # B, where |gs) is the atomic ground state
in the 3d® configuration and « is the iron orbital index. In the
localized limit and in the absence of crystal-field effects, it is possible
to derive a low-energy effective Kondo model, which has Kondo
coupling for a factor of (25+ 1)? smaller than a model without
Hund’s coupling®. As the Kondo temperature Ty depends on the
Kondo coupling I, exponentially (Tx o exp(—1/I;)), this results
in an enormous mass enhancement of the order of exp(((2S+
1)2—1)/I,) when compared with the system with negligible Hund’s
coupling (see also Supplementary Information).

Having established why heavy quasiparticles form in iron
pnictides and chalcogenides, we can now study how the key
parameters of the crystal structure control the strength of
correlations and other physical properties, keeping the same on-site
Coulomb interaction matrix. The Fe—pnictogen distance, shown in
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Figure 3 | Fermi surface. a-d, The DFT +DMFT- (top row) and DFT- (bottom row) calculated two-dimensional Fermi surface in the T plane (k, = 0) for
LaFePO (a), BaFe,As; (b), LiFeAs (¢) and KFeAs; (d). The Fermi surface is coloured in red, green and blue according to its dominating orbital character of
xy, xz and yz, respectively. When there is an equal amount of dominating xz and yz character it is coloured in cyan. Darker colour corresponds to a lower

amount of the specific character.

Fig. 2a, controls the overlap between the iron and pnictogen atom
and hence makes iron electrons more localized (itinerant) with
increasing (decreasing) distance. The largest distance is achieved in
compounds with a larger chalcogenide ion, such as in FeTe, which
results in very heavy quasiparticles, as seen in Fig. 1b. The variation
in distance alters the overall bandwidth moderately. The Hund’s
orbital blocking mechanism amplifies this variation.

The second key structural parameter is the tetrahedron shape,
which is parameterized in terms of the pnictogen—Fe—pnictogen
angle, shown in Fig. 2a. This angle is equal to 109.5° for an
ideal tetrahedron, and is much smaller in FeTe, where the Te
ion is pushed farther away from the iron plane. The shape of
the tetrahedron controls the crystal-field levels, which in turn
control the orbital occupancies. We show them in Fig. 2b. The
average occupation of the iron atom is around n; = 6.25 across
all of the compounds studied, which leads to an average orbital
occupation of n, = 1.25. A deviation from the ideal angle enhances
the crystal-field splittings between xy and the degenerate xz/yz
orbital and also changes the splitting between ¢2¢ and eg orbitals.
Heavier quasiparticles with a smaller quasiparticle bandwidth are
more susceptible to the crystal-field splitting; hence, the orbital
differentiation is largest in FeTe but very small in LaFePO. The net
result of crystal-field splittings and quasiparticle mass is the charge
transfer from the 2¢ to eg orbitals as seen in Fig. 2b, and among ¢ 2g
orbitals the xy orbital loses most charge with increased correlation
strength, pushing its occupancy closer to integer filling.

Furthermore, the effective hopping between neighbouring iron
atoms has two contributions, one is due to direct Fe-Fe overlap,
and the second is indirect hopping through the pnictogen atom.
The two contributions to the diagonal hopping ¢, , have opposite
signs and destructively interfere. For the xz and yz orbital, the
indirect hopping through the pnictogen is larger than the direct
Fe—Fe hop. For the xy orbital, the two contributions are very
similar, and when the pnictogen height is sufficiently large, such
as in FeTe, the indirect hop is reduced and the two contributions
almost exactly cancel each other, resulting in vanishing effective
nearest-neighbour Fe-Fe t,, ,, hopping. This kinetic frustration
mechanism contributes to the marked enhancement of the xy mass
in the FeTe compound.

In itinerant systems, the shape of the Fermi surface, or the Fermi-
surface nesting, is relevant for deciding which magnetic ordering
wave vector is realized when the residual interactions among the
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quasiparticles are sufficiently strong. Additional terms, arising from
the incoherent part of the electron, become increasingly important
as the localization threshold is approached.

In Fig. 3 we show the DFT 4+ DMFT Fermi surface together with
DFT predictions. In the moderately correlated end, such as in the
phosphorus 1111 compounds, our theoretical predictions match
DEFT results. However, when correlations become sizable, such as
in LaFeAsO or BaFe,As,, the xy orbital starts to play a special
role, which results in a slightly modified Fermi-surface shape and
character when compared with DFT, while respecting the Luttinger
theorem. In BaFe,As,, DFT predicts that the outer pocket at I is
of xz/yz character, whereas DFT + DMFT predicts that the outer
pocket is of xy character, in agreement with experiments®®. This
effect of growing xy pocket at I' and consequently shrinking of
xz /yz pocket is also apparent in LiFeAs, bringing the DFT +DMFT
Fermi surface in better agreement with the experiment of ref. 22.

These changes in the shape of the Fermi surfaces are the
momentum-space counterpart of the real-space picture of charge
transfer among the iron 3d orbitals shown in Fig. 2b. This is because
the decrease (increase) of the xy (xz, yz) orbital occupancy results
in the increase (decrease) of the hole pocket size. Finally, the
Fermi surface of KFe,As, shown in Fig. 3 has only hole pockets
around I but almost no electron pockets at M; hence, there
is no Fermi-surface nesting to facilitate the long-range magnetic
order. Indeed, KFe,;As, cannot sustain SDW ordering and only
a tiny DSDW moment can be stabilized, as shown in Fig. la.
Although the mass enhancement in KFe,As, and 111 compounds is
substantial, the Fermi-surface nesting still plays an important role
in stabilizing magnetic ordering.

The fluctuating moment presented in Fig. la monotonically
increases with increased correlation strength, and constitutes an
upper bound to the size of the ordered magnetic moment. However,
even when the Fermi-surface nesting is quite good, such asin 1111
and many 122 compounds, the ordered moment is substantially
reduced from this upper bound. In the DFT + DMFT theoretical
method, the orbital differentiation is responsible for the large
overall reduction of the static moment. In very itinerant systems,
such as LaFePO, the quasiparticles are too weakly interacting to
condense; hence, moderate correlations with a mass enhancement
of 1.5 do not sufficiently localize electrons to allow magnetic
ordering. In most other compounds, the localization and hence
the effective mass increase is substantial only in ¢2g orbitals,
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In the version of this Letter originally published, BaFe,Se, should have been BaFe,As, in Figs 1 and 2. This error has been corrected in
all versions of the Letter.
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