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We have performed an angle-resolved photoemission spectroscopy study of BaCrzAss, which has
the same crystal structure as BaFezAss, a parent compound of Fe-based superconductors. We
determine the Fermi surface of this material and its band dispersion over 5 eV of binding energy.

Very moderate band renormalization (1.35) is observed for only two bands.

We attribute this

small renormalization to enhanced direct exchange as compared to Fe in BaFesAss, and to a larger
contribution of the ey orbitals in the composition of the bands forming the Fermi surface, leading
to an effective valence count that is reduced by Fe d - As p hybridization.

I. INTRODUCTION

The electronic correlations are widely believed to play
a major role for unconventional superconductivity in the
Fe-based superconductors [1]. It was established the-
oretically that the strength of the electronic correla-
tions in these materials is tuned by the filling of the
3d shell in presence of a large Hund’s coupling [2-7].
Accordingly, angle-resolved photoemission spectroscopy
(ARPES) studies report that the band renormalization
factor 1/Z decreases monotonically upon filling the 3d
shell: 1/Z = 3 in BaFeyAs, (d°) [8] (consistent with den-
sity functional theory (DFT) + dynamic mean-field the-
ory (DMFT) calculations [9]), 1/Z = 1.4 in BaCogAss
(d") [10, 11], 1/Z = 1.1 in SrNigAsy (d®) [12], and
1/Z = 1 in BaCupAsy (d'°) [13]. Within this frame-
work, the electronic correlations should evolve similarly
as a function of band filling with respect to the half 3d
shell case (d°). Therefore, the d* case of Cr?T, the sym-
metric counterpart of the df filling of Fe?*, raises the
possibility of unconventional superconductivity for com-
positions in proximity of BaCraAss. As with BaFesAso,
BaCrgAss is an antiferromagnetic metal, and a sizable
renormalization factor of 2 was derived from specific heat
measurements [14]. A recent DMFT study also suggests
mass enhancement by a factor of 2 [15], thus reinforcing
the view that BaCroAsy can be regarded as the symmet-
rical analog of BaFesAsy. A possible pairing instability
is even proposed upon negative pressure or electron dop-
ing [15]. However, there is to date no direct experimen-
tal characterization of the electronic band dispersion of
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BaCryAs, [16], which is essential to answer the question:
Is BaCroAss symmetrical to BaFeyAsy with respect to
half 3d shell filling?

Here we present an ARPES study of BaCryAs;. De-
spite evidence for a surface state, the Fermi surface (FS)
is very similar to the one expected from local density
approximation (LDA) calculations. We find that while
most bands are not renormalized, two bands near the
Fermi energy (Ep) are renormalized by a factor 1.35,
which is much smaller than reported theoretically. We
show that unlike in BaFesAsy, the spectral weight at Er
in BaCrpAss is significantly contaminated by e, orbitals
and that direct exchange between Fe neighboring atoms
play a more significant role. From our experimental re-
sults and analysis, we conclude that although there are
obvious similarities between BaCrgoAs, and BaFesAss,
the analogy between these two compounds cannot be
pushed too far.

II. METHODS

High-quality single crystals of BaCroAsy; were grown
by the self-flux method [14]. ARPES measurements were
performed using photon energies (hv) of 56 eV and 73 eV
at Beamline 105 of Diamond Light Source equipped with
a VG-Scienta R4000 analyzer. The energy and angular
resolutions were set at 12 - 15 meV and 0.2°, respectively.
Additional measurements in the 22 - 80 eV hv range have
been recorded at the PGM beamline of the Synchrotron
Radiation Center equipped with a VG-Scienta R4000 an-
alyzer, with the energy and angular resolutions set at
20 - 30 meV and 0.2°, respectively. All samples were
cleaved in situ and measured at 20 K in a vacuum better
than 5 x 10~'' Torr. Throughout the paper, we label
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FIG. 1. (Color online). (a) FS of BaCrzAs, in the antifer-
romagnetic state calculated within the LDA at k., = 0. The
blue square indicates the first Brillouin zone (1 Cr/unit-cell
notation) boundaries. The black dashed arrows indicate the
momentum path of the calculations in Fig. 2. (b) Same as (a)
but for k. = 7. (c) ARPES intensity plot integrated within a
10 meV window centered at Er, recorded at 20 K using 73 eV
(k- =~ 0), s-polarized photons. (d) Same as (c) but with 56
eV (k. =~ m) photons. (e) and (f) Same as (c) and (d), respec-
tively, but for p-polarized photons. The blue and red arrows
on the left side of panels (c) and (e) indicate the direction
of the detector slit and of the light polarization, respectively,
for the data of the corresponding row. None of the intensity
plots has been symmetrized.

the momentum values with respect to the 1 Cr/unit-cell
Brillouin zone (BZ), and use ¢ = ¢/2 as the distance
between two Cr planes.

We have performed DFT calculations within the LDA
and in the G-type antiferromagnetic order, as imple-
mented in the Wien2k code [17]. The lattice parameters
were taken from experiment (a = 3.963 A, c= 13.600 A)
[18] and we chose zpas = 0.3572, similar to what was found
in the calculations of Singh et al. [14].
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FIG. 2. (Color online). Orbital projections of our LDA calcu-
lations in the AFM state, along the momentum path indicated
with dashed arrows in Fig. 1(a). The thickness of the lines
is proportional to the corresponding orbital content. Crl and
Cr2 refer to orbitals of Cr with majority and minority spins,
respectively.

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), we display our calculations
of the F'S of BaCryAss in the antiferromagnetic state
for k, = 0 and k., = m, respectively. Our results are
consistent with previous calculations [14, 15] and show
that the FS differs substantially from that of the Fe-
based superconductors. The calculations indicate the
existence of 3 hole FS pockets centered at the I' point
(0,0,0), and 2 hole FS pockets centered at the Z point
(m,m,0) = (0,0,7). Here we call « the inner FS pocket,
which is 3D and does not appear around the Z point. The
B band, which forms the 5 FS in the k, = 0 plane, dis-
perses only slightly along k, and gives the 5’ FS pocket
around the Z point. In contrast, the v band varies more
strongly along k, to give a v FS pocket in the k, = 0
plane and a +" F'S pocket in the k, = 7 plane that have
different shapes and sizes.

The orbital projections of the calculated band disper-
sions are shown in Fig. 2, with the weight of the majority
spin (Crl) and minority spin (Cr2) plotted separately.
Our calculations indicate that both the o and 8 FSs de-
rive mainly from Crl d,, + d,., but that their orbital
composition is not pure and includes other Crl and Cr2
d orbitals as well. In contrast, the v band derives almost
only from Crl dz,. Although most of the As p states
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FIG. 3. (Color online). (a) ARPES intensity plot along the I'-M direction for k., ~ 0 (hv = 73 €V), recorded with the s
polarization configuration. LDA calculations are overlapped for comparison. The line in purple refer to the 5 band. (b) Same
as (a) but recorded with the p polarization configuration. (¢) Curvature intensity plot corresponding to the data in (a). (d)
Curvature intensity plot corresponding to the data in (b). (e) EDCs corresponding to the data in (a). (f) EDCs corresponding
to the data in (b). (g)-(1) Same as (a)-(f), but for k. =~ 7 (hv = 56 eV). (m) Intensity plot of FS in the k, — k. plane recorded
with s-polarized light. The momentum positions of the ARPES cuts recorded at 56 and 73 eV are indicated by dashed lines.

locate below E — Er = —1.5 eV, our calculations also
predict some weight for As p, at Ep.

The experimental sections of F'S displayed in Figs. 1(c)
and 1(e) for k, ~ 0, and in Figs. 1(d) and 1(f) for k, = ,
are very similar to the calculations. This is notably true
for the v and v/ F'S pockets. Small discrepancies need to
be reported though. For example, while the calculations
predict a slightly octogonalish shape for the section of the
B FS around I', what is observed experimentally is more
squarish. The a F'S in Figs. 1(c) and 1(e) is also circular,
in contrast to the rather squarish calculated one. More
importantly, a replica of that FS pocket is detected at
the Z point, suggesting a band folding or a surface state.

Our analysis shows that the «, 8 and v sections of
FS cover respectively 7.4 %, 34.5% and 63.3% of the
2Cr/unit-cell BZ (dashed red squares in Fig. 1). At
k. =~ m, the 8’ and +' sections of FS cover 50.2 % and
35.1 % of the 2Cr/unit-cell BZ. After averaging the to-
tal areas at k, ~ 0 and k, ~ 7, we find 95.3 % of the
2Cr /unit-cell BZ. Considering spin degeneracy, this coin-
cides to slightly less than the expected d* filling of Cr?*.
Our approximation is justified by the k, — k. mapping
showed in Fig. 3(m), obtained by scanning hv from 22
to 80 eV. The conversion from hv to k. is done using the
three-step model with the sudden approximation and the
free-electron final state, and we used an inner potential
of 13 eV [19, 20]. The a FS, small compared to the oth-
ers, is dispersionless, but has stronger intensity around
the I" point, giving further support for the existence of a
surface state. While the  band is nearly dispersionless
along k., the v band shows sizable dispersion along k..

In Figs. 3(a) and 3(b) we show the electronic band

dispersion observed experimentally from ARPES inten-
sity cuts along I'-M (k, = 0) recorded using 73 eV pho-
tons (k. = 0) in the s and p polarization configura-
tions, respectively. In a similar fashion, we display in
Figs. 3(g) and 3(h) the ARPES intensity cuts recorded
with 56 eV photons (k. = m), corresponding to the Z-A
high-symmetry line. The LDA calculations are superim-
posed for comparison. The curvature intensity plots [21]
and the energy distribution curves (EDCs) correspond-
ing to the ARPES cuts are displayed on their right side.
The agreement between experiments and calculations is
rather good over 4.5 eV and most bands would need only
small energy shifts to match the ARPES intensity plot.
While the s polarization configuration favors the obser-
vation of states with odd symmetry or with z-oriented
orbitals such as d,2 or p,, the p polarization configura-
tion favors even symmetry states. Accordingly, the -~y
(dgy) band is more intense under s polarization. The ex-
perimental results also indicate that the 8 and « bands
have dominant odd and even symmetries, respectively.

The most obvious difference between the calculations
and the experimental results is the presence of the band
labeled (o in Fig. 3, which is not predicted. As with
the ¢; band associated to the Crl d.= orbital, it appears
clearly only under s polarization. Interestingly, the dis-
persions of the (; and (; bands are identical within uncer-
tainties, and the location of the bottom of the (s band is
nearly the same under both 56 eV and 73 eV photon ex-
citations. Consequently, we conjecture that the (o band
is a surface state with d,2 orbital character.

As mentioned above, the unrenormalized LDA calcula-
tions are in good agreement with the experimental data.
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FIG. 4. (Color online). (a) Near-Er zoom of the curva-
ture intensity plot obtained with s-polarization at k, ~ 0.
Dashed lines in red and in purple represent unrenormalized
LDA bands and LDA bands renormalized by a factor 1.35, re-
spectively. (b) Same as (a) but recorded with p polarization
at k. ~ 0. (c) Same as (a) but recorded with s polarization
at k; &~ m. (d) Same as (a) but recorded with p polarization
at k., =~ 7.

Even the a band, near Ef, is well reproduced by the un-
renormalized LDA calculations. However, the situation
is not as good for the # and v bands. As we show in Fig.
4 by zooming on the band dispersion near Er, these two
bands fit the calculations better after renormalizing the
LDA bands by a factor of 1.35. This factor is far from
that observed in the Fe-based superconductors and more
consistent with the renormalization found in BaCogAss
[10, 11], which corresponds to a d” filling. From that per-
spective, the case of BaCryAsy is thus not symmetrical
to BaFeyAss. A similar asymmetry was found theoreti-
cally [22] in the 1111 phase (corresponding to LaFeAsO
and LaCrAsO). There, it was attributed to the orbital-
dependence of the electronic filling [23, 24]. Indeed, the
toy orbitals (d,./dy. and d,) are closer to half-filling
for the d° configuration (Fe) than for a d* filling (Cr),
whereas the less correlated eg, orbitals (d,2 and dy2_,»2)
are the ones closest to half-filling for the d* configuration
[22]. In that picture, recovering a similar electronic mass
enhancement as in LaFeAsO would require a d" filling
of around n = 4.6 to 4.8. On the other hand, the sit-
uation might not be only determined by the respective
orbital fillings. In fact, another — possibly more impor-

tant — factor is the orbital-resolved kinetic energy that
is larger for orbitals having a low density-of-states at the
Fermi level. As discussed in Ref. [3] for FeSe, the or-
bitals that exhibit a single-particle pseudogap are less
correlated. This can be rationalized by the presence of
more possibilities for fluctuations around the Fermi level
in the other three orbitals. A similar mechanism could
be at work in BaCrgAss.

We now try to understand why the 122 structure leads
to superconductivity with a high superconducting transi-
tion temperature (7,) for Fe-based compounds, whereas
no superconductivity is reported for their Cr-based coun-
terparts. The strength of the electronic correlations,
which we show in this work to be very different in these
two systems, may play an important role. Possible su-
perconductivity was predicted for 3d" fillings somewhere
between n =4 and n = 5 [15, 22], where the strength of
the electronic correlations should be comparable to that
in Fe-based superconductors. Yet, additional issues need
to be addressed. For instance, the magnetic ordering is
different in the two systems. BaCraAs,; shows a G-type
ordering, and a Néel temperature of 580 K has been re-
ported [25], with Cr spins pointing along the c-axis in
EuCrayAsy [26]. In contrast, BaFesAsy orders antifero-
magnetically around 140 K with spins aligned inside the
Fe plane in a bi-collinear structure [27]. The antifer-
romagnetic wave vector in the Fe-based superconductors
connects hole and electron pockets F'S pockets, giving rise
to the quasi-nesting scenario suggesting that low-energy
spin fluctuations may contribute to the superconducting
pairing [28-30]. Although the quasi-nesting scenario is
now seriously challenged [19], in particular due to the
existence of high-T, superconductivity without hole FS
pocket in A Fey_,Ses [31-34] and FeSe monolayers [35-
39], the I'-M wave vectors connects the top of the holelike
bands and the bottom of the electron bands within an en-
ergy range smaller than a few hundreds of meV in all Fe-
based superconductors, suggesting that high-energy spin
fluctuations (local moments) may play a role. There is no
such electron-hole connection with the antiferromagnetic
wave vector in BaCraAss.

The difference in the magnetic ordering of BaFesAso
and BaCryAssy hides another important property of their
respective electronic structures. Although it is known
that the exchange interactions between next nearest Fe
neighbors (super-exchange Js) is determinant in shap-
ing the magnetic structure of the Fe-based superconduc-
tors [40-45], G-type antiferromagnetism is favored by in-
teractions between the nearest Cr neighbors (direct ex-
change Jq). This suggests stronger d orbital mixing in
BaCroAss, which is compatible with our LDA calcula-
tions, as mentioned above. It was argued recently that
the mixing of the to, and ey orbitals (which implies en-
hanced direct exchange) was detrimental to superconduc-
tivity with high T,, and that a suitable electronic con-
figuration that leaves pure and half-filled ¢y, orbitals at
FEr in structures with tetrahedrally-coordinated transi-
tion metals was found only for the d® filling of Fe?* [46].



With that respect, BaFes Ass and BaCraAss, are very dif-
ferent. Finally, one might speculate that the enhanced d-
p-hybridization leads to an effectively reduced d-electron
count in BaCryAs,, which would then be consistent with
a correlation strength comparable to the d” compound
BaCoyAsy. A similar mechanism was indeed discussed
in Ref. [47] where it was highlighted that the correla-
tion strength depends on the effectively available charge
rather than on the nominal d-electron count. Finally, one
might also speculate that the increased hybridization also
influences the effective crystal field splittings (through
ligand field effects) thus modifying more profoundly the
scenario of the Hund’s metal phase appearing around the

d° filling.

IV. SUMMARY

In summary, we performed an ARPES study of
BaCrsoAss that indicates good consistency with LDA cal-
culations in the antiferromagnetic state. A renormal-
ization factor of 1.35 is observed for only two bands,
indicating that BaCroAss is much less correlated than

BaFesAsy. Our analysis suggests a stronger weight of
the e4 orbitals at Er, which may be responsible for the
observed asymmetry with respect to half 3d shell filling.
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