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The interplay between structural phase and electronic correlations has been an intriguing topic of
research. An prominent example is the pressure-induced uncollapsed to collapsed tetragonal phase
transition observed in CaFezAsz, which is accompanied with the emergence of superconductivity in
the collapsed phase. Recently, a very similar structural phase transition was discovered in LaFezAsa,
but in contrast to CaFegyAss, superconductivity was only observed in the uncollapsed phase, not the
collapsed phase. Previous studies have attributed this puzzling observation to the differences in the
two materials’ band coherence, orbital occupation, and Fermi surface topology. Here, we present
a comparative study of LaFesAsy and CaFepAsy using the DFT+DMFT method. Surprisingly, we
find that although La appears to have a valence higher than Ca, the doped one electron actually
primarily resides on the La site. This leads to almost the same total Fe-3d occupancy and electronic
correlation strength as well as similar Lifshiftz transition in the Fermi surface topology for the two
materials. In addition, we show that the two materials in both structural phases belong to the
category of Hund’s metals. Our results indicate that the electronic structures of LaFesAss and
CaFezAsy are not too different, which further suggest that superconductivity might also be induced

in the collapsed phase of LaFezAss under similar non-hydrostatic conditions as for CaFezAs,.

Introduction. Electronic correlations, Fermi-surface
topology and magnetism play important roles in uncon-
ventional iron-based superconductor materials [1-5]. It
is extremely intriguing that all three aspects can be dra-
matically changed during certain structural phase tran-
sitions. A prominent example is CaFesAsy (Cal22),
which exhibits a pressure-induced “uncollapsed” tetrago-
nal (UT) to “collapsed” tetragonal (CT) structural phase
transition [6-11]. At ambient conditions, Cal22 is in
the UT phase with the ThCrsSis-type lattice struc-
ture, and directly lowering the temperature below 170
K drives it into an orthorhombic phase, with a concomi-
tant transition from paramagnetic to antiferromagnetic
phase [12, 13]. Interestingly, upon applying a pressure,
the magnetism can be suppressed, and the UT phase
transits into the iso-structural CT phase which maintains
the same crystal symmetry I4/mmm but has a strong
reduction of the c-axis by ~ 8% [7, 14, 15]. More impor-
tantly, superconductivity was observed in the CT phase
with T, of 12 K at 0.3 GPa [13, 16-18].

Recently, a similar UT to CT phase transition was re-
ported in LaFes Asy (Lal22) [19]. However, unlike Cal22,
superconductivity (with T, ~ 12 K) was observed in
the UT phase, but not in the CT phase. The puzzle
of the absence of superconductivity in CT-Lal22 has at-
tracted significant attention |20, 21]. Formally, La’* has
a higher valence than Ca?*, hence one may tend to at-
tribute the difference to the different doping levels of Fe
d-orbitals, namely, Lal22 may be viewed as 0.5 electron
doping from Cal22 (Fe?*), resulting a nominal oxida-

tion state with Fel5T [19]. Particularly, in Ref. [22],
via a comparative study of Lal22 and Cal22 using ab
initio QSGW+DMEFT techniques, it was found that CT-
Lal22 exhibits much enhanced coherence of its electronic
structure than CT-Cal22, and this distinction was ar-
gued to underly the absence/presence of superconductiv-
ity in CT-Lal22/Cal22. However, it is noted that the ¢
lattice parameter used for CT-Cal22 in Ref. [22] is only
1% smaller than UT-Cal22, larger than the experimen-
tal value by 7 ~ 8% [8, 18|. This is a sizable differ-
ence. Hence, when taking experimental lattice parame-
ters, whether the comparison result still holds remains
an open question.

In this work, we address this question by a compar-
ative study of the electronic structures in both UT and
CT phases of Lal22 and Cal22, using the DFT+DMFT
method with an “exact” double-counting scheme. The
key finding is that despite the different nominal valences
of La and Ca, Lal22 and Cal22 are not too different in
terms of their normal-state electronic structures. Partic-
ularly, the distinction between CT-Lal22 and CT-Cal22
regarding the coherence is not observed here. We show
that both material systems have similar electronic corre-
lation strengths and similar Lifshitz transitions of Fermi
surface topology. These observations can be understood
by noting that the extra electron doped by La in fact is
largely retained at the La site rather than moving to the
Fe-As layers that dominate the low-energy physics and
(possible) superconductivity. In addition, we show that
both materials belong to the category of Hund’s met-



TABLE I. Lattice parameters a, ¢ and the As-Fe-As angles
QAs-Fe-As Used in this work [8, 19].

Lattice Parameters

a (A) c (A)

X As-Fe-As
UT-Lal22 3.938 11.732 110.8°
CT-Lal22 4.004 11.014 118.1°
UT-Cal22 3.903 11.591 110.6°
CT-Cal22 3.982 10.684 115.9°

als where the Hund’s coupling dominates the correlation
effects [23-29]. Since it was reported that superconduc-
tivity in CT-Cal22 is very sensitive to pressure and oc-
curs only under non-hydrostatic conditions [30], our re-
sult implies that superconductivity may also be induced
in CT-Lal22 under similar conditions.

Methods.  We perform fully charge self-consistent
DFT+DMFT calculations using the EDMFTF software
package [31], based on the full-potential linear aug-
mented plane-wave method implemented in the WIEN2k
code [32, 33]. A rotationally invariant form of local on-
site Coulomb interaction Hamiltonian parameterized by
Hubbard U and Hund’s coupling Jy is applied on all five
Fe-3d orbitals. We choose U = 5.0 €V and Jg = 0.8 ¢V in
this work, which are typical values for iron based super-
conductors [26, 34, 35]. The impurity problem is solved
by the hybridization expansion version of the continuous-
time quantum Monte Carlo solver [36]. We choose an
“exact” double counting scheme developed by Haule [37],
which eliminates the double counting issue in correlated
materials. The self-energy on real frequency is obtained
by the analytical continuation method of maximum en-
tropy [31]. We use the experimental lattice parameters
for both of the UT and CT phases of Lal22 [19] and
Cal22 [8], which are listed in Table I (also see Supple-
mental Material (SM) [38]). The effective mass enhance-
ment by correlations is defined by m*/mppr = 1/Z,
where Z is the quasi-particle weight. We directly obtain
Z=1- 81%(:”") T from the self-energy on Mat-
subara frequencies, to avoid large error-bar in analytic
continuations. More computation details are presented
in SM [38].

Orbital-resolved occupancy numbers. Table 11 shows
the normalized total occupancy numbers of Fe-3d, La-
5d/Ca-3d and As-4p orbitals, which include the states
both inside atomic sphere and the interstitial region [39],
obtained from our DFT and DFT+DMFT calculations.
The most significant observation is that although Lal22
was previously considered as one electron doping from
Cal22 [21], with nominal oxidation state of Fe':5*, our
calculations (both DFT and DFT+DMFT) show almost
the same Fe-3d occupancy ~ 6.5 for both Lal22 and
Cal22. (The extra 0.5 electrons on iron are due to strong
Fe-3d and As-4p hybridizations.) Meanwhile, the La-5d
occupancy is about 1.0 in both UT and CT phases. The
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FIG. 1. The DFT band structures for UT and CT phases of

Lal22 and Cal22. Fat bands with Fe-3d,, and La-5d/Ca-3d

characters are shown in blue and red colors, respectively. The

black arrows indicate the hybridization gaps between La-5d
and Fe-3d bands.

As-4p occupancies are also found to be very close in both
materials (~ 3.1), which indicates their similar strengths
of 3d-4p hybridizations. This is also reflected in the par-
tial DOS presented in SM [38].

These results clearly show that, from Cal22 to Lal22,
the extra one electron brought in by La does not go to
Fe-As layers (especially the Fe-3d orbitals), instead it re-
sides on the La site, which leads to an unusual oxidation
state close to +2, not +3 for La. This is related to the
strong hybridizations between the very broad La-5d/6s
states and the Fe-3d states, similar to the situation in the
newly discovered infinite-layer nickelate superconductor,
Nd;_;Sr;NiO, where the Nd-5d/6s states also strongly
hybridize with Ni-3d states and contribute to the Fermi
surface [40-43]. In Fig. 1, we plot the DFT fat bands pro-
jected to the Fe-3d,,, orbital (blue) and the La-5d/Ca-3d
orbitals (red). Indeed, we find substantial La-5d states
below the Fermi level for Lal22, whereas negligible Ca-
3d component is found in the similar range for Cal22.
Notably, such hybridization between Fe-3d and La-5d/6s
states induces gaps in the 3d,, band near the I' point
in Lal22 (marked by the arrows in Fig. 1), which is a
major difference between band structures of Lal22 and
Cal22. The occupancy results for Cal22 obtained here
agree well with previous calculations [44].

Since the low-energy physics of these materials are
mainly determined by the Fe-As layers, the similar to-
tal Fe-3d occupancies should lead to their similar prop-
erties. Particularly, the two materials are expected to
have similar electronic correlation strength and similar



TABLE II. (left) Total occupancy numbers of Fe-3d, La-5d/Ca-3d and As-4p orbitals, obtained from DFT and DFT+DMFT
calculations at "= 300 K. (middle) Orbital-resolved effective mass-enhancement m”*/mprr = 1/Z, and (right) the imaginary
part of self-energy at zero frequency —ImX(i0") obtained from DFT-+DMFT calculations at 7' = 300 K.

Occupancy by DFT Occupancy by DMFT m*/mprr = 1/Z ~Im%(i0T) (meV)

Fe-3d La/Ca-d As-4p| Fe-3d La/Ca-d As-dp| d.» dy2_y2 doz/dy> dzy| d,2 dy2_y2 doz/dy:  day
UT-Lal22 6.516 0.968 3.066| 6.524 0.983  3.131| 1.92 194  2.02 2.09| 9.47 3.35  18.32 31.68
CT-Lal22 6.489 0.973 3.102 | 6.520 0.977 3.089 | 1.64 1.75 1.60 1.49| 429 2.95 11.55 11.74
UT-Cal22 6507 0.383  3.056] 6.546 0385 3.078| 1.83 1.80  2.00 104 400 293 1533 17.18
CT-Cal22 6.515 0.394 2.993| 6.559  0.396 3.016 | 1.65 1.75 1.79 1.60| 0.86 0.18 5.24 4.47
6 fects are clearly weakened, which is reflected in the in-
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FIG. 2. The variations of (a,b) orbital-resolved effective mass
enhancement m*/mprr = 1/Z and (c,d) the effective quasi-
particle scattering rate —ImX(i0") for Fe-3d orbitals as func-
tions of temperature. The left (right) column is for Lal22
(Cal22).

Lifshitz transition of Fermi surface across the UT-CT
phase transition, as we demonstrate below.

Electronic correlations. We then investigate the corre-
lation effects in both UT and CT phases of Lal22, and
make a comparison with Cal22.

The calculated orbital-resolved enhancement of effec-
tive mass m*/mppr and the quasi-particle scattering
rate —ImX(i0") due to correlation effects at room tem-
perature (300 K) are presented in Table II(the imaginary
part of Matsubara self-energy at room temperature are
detailed in SM [38]). Let’s first look at Lal22. In the
UT phase, the mass enhancement ranges from 2.09 to
1.92, with dgy (d,2) as the most (least) correlated or-
bital. Especially, the d, orbital shows much larger ef-
fective quasi-particle scattering rate than other orbitals.
When transiting into the CT phase, the correlation ef-

Ref. [22], in which a much less coherence was observed for
CT-Cal22 (compared to CT-Lal22) as a larger c lattice
parameter was used.

We further study the temperature dependence of the
mass enhancement and the quasi-particle scattering rate.
The results are shown in Fig. 2. One observes that
the mass enhancement decreases and the scattering rate
increases significantly with increasing temperature, for
both UT and CT phases of the two materials. Especially,
very large scattering rates appear at high temperatures.
These are typical Hund’s metal behaviors [26-29]. We
have also verified that these values would be strongly
suppressed in the absence of Hund’s coupling [38].

The spectral weight (SW) transfer in the optical con-
ductivity o1(7T,w) is considered as a hallmark of corre-
lated multi-orbital physics [28, 47-50]. Here, we calculate
the optical conductivity (see SM [38]) and investigate the
integrated SW:

Zy [
K(T,Q) = ﬁ/o o1(T,w)dw,

(1)
where Zy = 376.73 (2 is the impedance of free space. In
Fig. 3, we plot the ratio K(T,Q)/K (400 K, Q) as a func-
tion of the cutoff frequency 2. One observes that in each
phase, the results for the two materials are similar and
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FIG. 3. The ratio of SW, K(T,)/K (400K, ), as a function
of the cutoff frequency Q for (a) Lal22 and (b) Cal22.

exhibit the same trend of SW transfer: With decreasing
temperature, the SW transfers from ~1000 cm™! of the
mid infrared (MIR) range to both far infrared (FIR) and
near infrared (NIR) ranges. The transfer to FIR repre-
sents the Drude component narrowing when temperature
decreases, which is a common phenomenon for metals.
On the other hand, the transfer from MIR to NIR could
be explained by the correlation effects due to Hund’s cou-
pling [49], which suppresses the spin fluctuation to form
high spin state on the Fe ion (the atomic configuration is
detailed in SM [38]). In addition, the SW ratio recovers
to ~ 1 at about 12000 cm~!, at which the energy scale
of spectral-weight transfer is defined. This scale is about
the same size of Hund’s coupling J in our calculation. As
a comparison, we note that in the metallic phase of Mott-
Hubbard systems, the SW transfer direction is from high
to low energies into the Drude component with decreas-
ing temperature [47]. And in that case, the energy scale
is associated with the Hubbard U, which is much larger
than the Hund’s coupling.

Fermi surfaces. 'The momentum-resolved spectral
functions A(k,w) from our DFT+DMFT calculations at
T = 300 K are plotted in Fig. 4(a-d). The quasi-particle
bands near the Fermi level are obviously renormalized
compared with the LDA bands (black dashed lines).
The quasi-particle bandwidth is narrowed to about half
of the LDA bands, which is consistent with renormal-
ization factor Z discussed above. The correlated elec-
tronic structure undergoes obvious incoherence to coher-
ence crossover during the UT-to-CT phase transition in
both Lal22 and Cal22. Again, one can observe that
CT-Lal22 and CT-Cal22 have similar coherence. In ad-
dition, we find that the all spectra become much more
coherent when ignoring the Hund’s coupling [38], mani-
festing features of Hund’s metals [27].

In Fig. 4(e-l), we plot the corresponding Fermi sur-
faces in the k, = 0 plane and in the &k, = k, plane.
Overall, compared to the DFT results, the Fermi surface
topology is not significantly modified by the correlation
effects. For UT-Lal22, there is one hole Fermi surface

with dgy character in the k£, = 0 plane around the I
point (Fig. 4(e)), while for UT-Cal22, there are three
hole Fermi surfaces (Fig.4(g), the outer one is of d,, char-
acter and the inner two are of d,./d,, character [44]). In
the k; = k, plane, UT-Lal22 has another Fermi sur-
face with La-5d character around I' (Fig. 4(i)), while it
disappears in UT-Cal22 because of the negligible Ca-3d
occupancy (Fig. 4(k)). Across the UT-CT phase tran-
sition, the most obvious change is that the conduction
band at I" point in UT phase is pushed down below the
Fermi level in the CT phase, which occurs for both mate-
rials (see also Fig. 1). As a result, the hole Fermi surfaces
around I' in UT phase of both materials disappear in the
CT phase, corresponding to a Lifshitz transition of Fermi
surface topology.

Discussion. Our result shows that in either UT or CT
phase, Lal22 and Cal22 are similar in terms of qualita-
tive band features, correlation strength, band coherence,
SW transfer, and Fermi surface topology. All these are
connected with the unusual oxidation state of La which
results in their similar Fe (and As) orbital occupation
numbers. Particularly, we do not observe a marked dif-
ference in band coherence and Fermi surface topology
between CT-Lal22 and CT-Cal22, indicating that these
should not be primary factors for their possibly differ-
ent superconducting behaviors. In fact, it was noted
that superconductivity in CT-Cal22 is very sensitive to
pressure and only occurs under non-hydrostatic condi-
tions [16, 30]. Based on their similarity, the same may
also be true for CT-Lal22. We suggest further experi-
ments to test out possible superconductivity in CT-Lal22
with different pressure conditions.

Our result also indicates that both phases of
Lal22 (and Cal22) are Hund’s metals in the normal
state. Recently, the discovery of superconductivity in
Nd;_,Sr;NiOs attracted great interest [40]. There, it
was shown that doped NdNiOs is a multi-orbital Hund’s
metal, and Ni-3d occupancies are very similar in both
LaNiOy and SrNiOz compounds [42, 43]. Those results
are very similar to our findings here. Therefore, this
study may also help to shed light on the common fea-
tures of Hund’s superconductors.
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