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Charge and spin degrees of freedom in A-site ordered YCu3;Co40, and CaCu3;C0401;
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Using soft x-ray absorption spectroscopy we were able to determine unambiguously the charge and spin
states of the transition metal ions in stoichiometric YCuz;Co40,, and CaCu3;Co40,;. The trivalent and low-spin
nature of both the Cu and Co ions in YCu;Co40,, makes this correlated system to be effectively a nonmagnetic
band semiconductor. The substitution of Y by Ca produces formally tetravalent Co ions but the doped holes are
primarily on the oxygen ligands. Concerning the spin degrees of freedom, the trivalent Co ions in YCu3C040,,
remain low spin upon the Y-Ca substitution, very much unlike the La,_,Sr,CoOj3 system. The tetravalent Co ions
in CaCu;3Co40y; are interestingly also in the low-spin state, which then explains the good electrical conductivity
of CaCu3Co40), since charge exchange between neighboring Co®* and Co** ions will not be hampered by the
spin-blockade mechanism that otherwise would be in effect if the Co** and Co** spin quantum numbers were to
differ by more than one-half. We infer that the stability of the Co low-spin state is related to the very short Co-O

bond lengths.

DOLI: 10.1103/PhysRevB.103.115149

I. INTRODUCTION

The oxides YCu3Co40;, and CaCu3Co40;; belong to ma-
terial class of the A-site ordered perovskites AA;B4O1, [1].
The A’ = Cu ions are coordinated by four oxygens in a square
planar symmetry and the B = Co ions form CoOg octahedra
in a cubic ABOj3 perovskite structure. Figure 1 displays the
crystal structure. YCu3Co40;, and CaCu3Co40), are unique
in the sense that they contain transition metal ions in a very
high oxidation state, i.e., the Co ions need to be tetravalent
or the Cu ions trivalent. These are chemically high energy
configurations, requiring the material be synthesized under
high pressures followed by rapid cooling and slow pressure
release at low temperatures [1]. The question whether the Co
ions are actually tetravalent or trivalent, and correspondingly,
the Cu ions are divalent or trivalent, was the starting point
of a band structure study [2]. There is a strong competition
between having the Co** configuration stabilized in the ma-
terial or instead the Cu’*. Electrical transport studies reveal
that YCu3Co401, is an insulator while CaCuzCo40, shows
a metallic behavior [1]. This, together with a bond-valence-
sum analysis of the powder diffraction data, suggests that the
YCus3tCo43t 04, and CaCus3tCoys3#+ 0, scenarios are in
place [1]. The band structure study [2] as well as an x-ray
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photoelectron spectroscopy investigation [3] supported these
charge scenarios. The Jahn-Teller effect associated with the
square planar coordination of the Cu ions and their trivalent
state led to further studies [4-8] that also pointed out the
importance of Zhang-Rice physics in this material class.

Another intriguing aspect of YCu3Co4O;; and
CaCu3Co40¢, concerns the spin state of the Co ions. It
is well known that a Co** ion can be in a low-spin (LS) or
high-spin (HS) state depending on the details of the Co local
coordination [9-12]. Even the intermediate-spin (IS) situation
is a possibility, although it would require an extraordinarily
distorted coordination [13—15]. Similarly, a Co** jon can be
found in a LS, IS, and perhaps also HS state depending on the
local Co coordination [16-20]. The schematic one-electron
energy level diagram for Co®" as well as Co** is displayed
in Fig. 2. The situation for YCu3zCo40;, and CaCu3Co0401;
is not clear. Several studies favor the LS state for both the
Co* and Co*" ions [2-4], while others predict the IS state
to emerge upon Y-Ca substitution [5,7,8]. In this respect it
is worth noting that hole-doping of LaCoO; by La-Sr/Ca
substitution leads to the formation of spin-state polarons in
which the Co®* ions surrounding each Sr/Ca convert their
spin state from LS to IS or HS [21-25].

Here we address the spin state of the Co ions in
YCu3Co040;, and CaCu3Co40i, using an experimental
method that is element specific and extremely sensitive to
the charge and spin states of the transition metal (TM) ions,
namely soft x-ray absorption spectroscopy (XAS) at the
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FIG. 1. Crystal structure of YCu3Co,0;; and CaCu3;Co40y;.
The Cu ions are coordinated by four oxygens in a square planar
symmetry and the Co ions form CoOgs octahedra in a cubic ABO;
perovskite structure.

TM-L, 3 and O-K edges [9-15,17-20]. We will investigate
the spin states of the Co*" and Co** ions, and we will study
whether or not there is a spin-state transition upon Y-Ca sub-
stitution. Our objective is to explain why the Y compound
behaves effectively like a nonmagnetic semiconductor and
why the Ca variant shows such good electrical conductivity.
Since high-oxidation state materials have often the tendency
to be oxygen deficient, we also will need to verify the sto-
ichiometry of the samples by measuring also the oxidation
states of the Cu and Co ions in our spectroscopic experiment.
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FIG. 2. Schematic one-electron energy level diagram for a Co®*
3d® [top panel (a)] and a Co** 3d° ion [bottom panel (b)] in octahe-
dral symmetry. The e, and t,, orbital occupations and the total spin
quantum number S are indicated for the low-spin (LS), intermediate-
spin (IS), and high-spin (HS) configuration.

II. EXPERIMENT

The CaCu3Co40;; and YCu3Co40,, materials were pre-
pared from stoichiometric mixtures as described elsewhere
[1]. SrCoO; was also included in this study to serve as a
Co** reference [26]. The soft x-ray absorption experiments
at the O-K, Co-L;, 3, and Cu-L;, 3 edges have been performed
at the BL11A beamline of the National Synchrotron Radiation
Research Center (NSRRC) in Taiwan. The energy resolution
at the O-K is set at about 0.15 eV, while it was 0.25 eV for the
Co-L, 3 and 0.3 eV for the Cu-L; 3. The O-K and Cu-L; 3 XAS
data were obtained in the fluorescence yield (FY) mode, while
the Co-L; 3 XAS spectra were collected in the total electron
yield (TEY) mode. The FY mode has the advantage of a larger
probing depth but may suffer from self-absorption effects
which could complicate the interpretation. Practice shows that
FY works well for the O-K edge: self-absorption effects are
small/negligible [27]. FY can also be used for the Cu-L;3
edges: if the spectrum consists of a single peak, then self-
absorption corrections [27] can provide reliable results since
it will not alter its energy position nor change the number of
peaks as we show in the Appendix. For the Co-L, 3 edges,
however, we rely heavily on the line shape of the spectra and
self-absorption corrections may change the fine details in the
line shape. We have therefore utilized the TEY mode to ensure
that the correct line shape is being recorded. The samples were
cleaved in the ultrahigh vacuum chamber of the beamline with
a base pressure in the 10~'" mbar range and the measurements
have been carried out at room temperature. Single crystals of
Co0, CuO, and NiO were measured simultaneously in a sep-
arate chamber to serve as energy references for the Co-L, 3,
Cu-L; 3 and the O-K edges, respectively.

II1. RESULTS

Figure 3 shows the Cu-L; XAS spectra of CaCu3;Co0401,
and YCu3Co40), together with those of CuO as a Cu*t
reference and NaCuO, [28] as a Cu’*t reference. The en-
ergy position of the white line of A-site ordered perovskites
is considerably higher than that of CuO [29], indicating
that the Cu in CaCu3Co040;, and YCu3Co40;, is not di-
valent. On the other hand, the energy positions of the
CaCu3Co0401,, YCu3Co401;,, and NaCuO, are very similar,
revealing that the Cu in CaCu3Co040;, and YCu3Co4Oy; is
trivalent. Indeed, it is known for open shell systems that an
increase of the valence of the TM ion by one results in a shift
of the L, 3 XAS spectrum to the higher energies by about
1-2 eV with the energy difference given by that between
the 2p-3d Coulomb interaction and the 3d-3d counterpart
[17,30,31]. We would like to note that our CaCuzCo40;, and
YCu3Co040, spectra consist of a single peak and differ from
those reported earlier in the literature [7,8] where a second
additional impurity peak was present.

After determining the Cu valence, we now turn to the
Co-L, 3 XAS spectra to investigate the Co. The spectra of
YCu3Co040;; and CaCu3Co401; are presented in Fig. 4, to-
gether with those of CoO, EuCoO3, and SrCoOs;. The latter
three serve as reference for Co?*, LS Co**, and Co*™, respec-
tively. The line shape of the YCu3Co40;, spectrum is similar
to that of the LS Co>* reference, but different from those of
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FIG. 3. Cu-L; XAS spectra of CaCu;Co40;, (b) and
YCu3Co0404, (c) together with those of CuO as a Cu?* reference
(a) and NaCuO, as a Cu®* reference (d). The NaCuO, spectrum is
reproduced from Ref. [28].

the Co?* and Co** references. These results indicate that the
Co is trivalent in YCu3Co040,, fulfilling the charge balance
requirement imposed by the finding above that the Cu is
trivalent. In turn, the results also confirm that the YCu3Co040,,
sample has the correct oxygen stoichiometry.

We would like to remark that the YCu3Co40;, spectrum
is somewhat broader than that of EuCoO5. We attribute this
to the presence of the Cu ions which (unlike Eu) can have
appreciable hybridization with the Co [2,4,5,7]. In fact, the
superexchange interactions between the Cu and the magnetic
B.,B’ ions reported in ACu3B,;B;0;, (B = Fe, B’ = Re,Os)
[32,33] are based on the presence of such hybridization
processes. Yet, the overall line shape including the L,/Ls
branching ratio [34,35] in the Co-L; 3 spectra of YCu3Co401;
and EuCoOj; are quite similar, indicating not only the trivalent
state for the Co in YCu3Co40;, but also the LS state. The
aspect that all the Co®" are in the LS state makes it more favor-
able for YCu3Co40, to be a good insulator [1,3,4] since it is
known from LaCoOj; that it loses quickly its highly insulating
nature as soon as the LS to IS or HS state transition takes
place with temperature. Moreover, with all the Cu and Co
ions being trivalent and low spin, we can readily envision that
this correlated material is an insulator since we can map its
electronic structure onto that of a band semiconductor having
nonmagnetic ions and even number electrons per formula unit
cell.
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FIG. 4. Co-L,; XAS spectra of CaCu3CosO;; (b) and
YCu;3Co,0; (c) together with those of CoO (e) as a Co®* reference,

EuCo0; (d) as a LS Co>* reference (reproduced from Ref. [9]), and
SrCoO; (a) as a Co** reference.

Figure 4 reveals that the spectrum of CaCu3;Co40; is not
very different from that of YCu3zCo4O, despite the fact that
the charge count on the Co ions have been altered by one (per
formula unit). This suggests that most of the Co ions have not
changed their local electronic state, namely LS Co>". In order
to unveil the effect of the hole doping, we need to look more
carefully and carry out the following analysis. Assuming that
on average % of the Co ions keep their LS trivalent state in
CaCu3zCo401,, we can try to remove their contribution to the
CaCu3Co401; spectrum so that we are left with a spectrum
that reflects solely the changes due to the hole doping. In order
to do so, we can use the YCu3Co401;, spectrum scaled by a
factor 3% to represent the LS Co’* ions in CaCu3Co0405. The
results are presented in Fig. 5.

The top panel of Fig. 5 shows the spectrum of
CaCuzCo401,, % times YCu3zCo40;, and their difference.
The line shape of the difference spectrum is very different
from that of YCu3Co40; itself or EuCoOs (see also Fig. 4).
The Co-L; white line of the difference spectrum is also at
a higher energy position than that of the YCu3Co40O,. This
implies that the hole doping due to Ca-Y substitution indeed
produces Co ions that are not LS Co®*t but rather Co**. We
may speculate that these Co** ions could be localized primar-
ily around the Ca ions: we may draw a parallel to the case of
LaCoOj3 where La substitution by Sr or Ca produces spin-state
polarons [21-25]. Our next task is to determine whether the
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FIG. 5. Top panel: Co-L, 3 XAS spectrum of CaCu3Co040,, (a,
red curve), YCu;3Co40,, scaled by a factor % (a; blue curve), and
their difference spectrum (b, black curve). Bottom panel: Enlarge
view on the difference spectrum (c,d,e, black curve) together with
the theoretical spectrum for a Co*" LS (c, magenta), IS (d, green),
and HS (e, cyan). The inset shows the parameters used in the Co**
cluster calculations which generated the LS, IS, and HS theoretical
spectra. Circles indicate regions of discrepancy between experiment
and the calculated spectra.

spectrum can be matched with that of a Co* ina LS, IS, or
HS state.

We have simulated the Co-L, 3 XAS spectrum using a
CoOg cluster model which includes configuration interaction
and full atomic multiplet theory, an approach that is very suc-
cessful to quantitatively explain the line shape in many XAS
spectra of 3d TM oxides [36,37]. The XTLS 9.0 code [36] has
been used. Here we have calculated the spectra for a Co*T Oy
cluster with the 3d° LS, IS, and HS state configurations. The
parameters are listed in Ref. [38]. The results are displayed
in the bottom panel of Fig. 5. We can clearly observe that
the LS scenario gives the best match to the experimental
difference spectrum. The IS simulation, on the other hand,
reveals discrepancies in the L, region as marked by a blue
circle. The HS case has even larger deviations, not only in the
L, but also in the L3 regions, see the respective blue circles in
the bottom panel of Fig. 5.

The good simulation that we have been able to achieve for
the difference spectrum, i.e., LS Co*t, also justifies retrospec-
tively the assumption that on average % of the Co ions remain
in their LS trivalent state in CaCu3Co40,. We therefore can

O-K

/ Ny
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FIG. 6. O-K XAS spectra of CaCu3Co40;, (a), YCu3Co0401,
(b), NaCuO, (c¢), EuCoO; (d), and CuO (e). The NaCuO, spec-
trum is reproduced from Ref. [28], and the EuCoOj; spectrum from
Ref. [9].

conclude that the charge configuration of our A-site ordered
perovskites are YCus**Co4T0}, and CaCuz**Coy*> 10,
and that both the Co** and Co** ions are in the LS state. We
can definitely rule out spectroscopically a CaCusz>*tCos** Oy,
or a YCu32TCo4>7*+ 0y, scenario, since this would have im-
plied that CaCu3Co40;, would have magnetic ions and could
become a Mott insulator, while YCu3Co40;, would then be
a metallic doped Mott material, respectively. On the con-
trary, reality tells us indeed that CaCu3Co40, is metallic
and YCu3Co40Oy, insulating [1,3], consistent with our spec-
troscopic findings.

In the Co*T Qg cluster calculations we have used the 3d°,
3d°L, 3d"L?, and 3d®L? configuration, whereby L denotes a
hole in the O 2p ligand. In order to get a good match between
experiment and simulation, we need to use negative values
for the O 2p to Co 3d charge transfer energy. The values
are indicated in the inset of Fig. 5. Negative charge transfer
energies mean that the 3d° is not the lowest in energy but
rather the 3d°L. This in turn implies that the doped hole (as
a result of the Y-Ca substitution) resides more on the O 2p
ligand states rather than on the Co 3d.

Figure 6 presents the O-K XAS spectra of CaCu3Co401;
and YCu3Co40O, together with those of NaCuO, [28],
EuCoOs3 [9], and CuO. We observe that the CuO has its O-K
white line at 530.1 eV, the EuCoO;5; at 529.6 eV, and the
NaCuO, at an appreciable lower energy of 528.5 eV. CuO
serves here as a Cu®t compound, EuCoO3 as an LS Co’t,
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and NaCuO, as a Cu®*. The white line of YCu3Co40, is
at the low value of 528.6 eV. As we have shown from the Cu
and Co L, 3 XAS measurements above, YCu3Co40;, contains
Cu’t and LS Co’t ions. The white line of YCu3Co0401,
can therefore be attributed to the 1s — 2p transitions on the
O ions which surround the Cu®* ions. The white line of
CaCu3Co401; is at 528.5 eV, slightly lower than that of the
Y compound. As shown above, CaCu3Co40, contains Cu’t,
LS Co*", and LS Co*" species. We thus may attribute its
white line now to not only the O ions surrounding the Cu’**
but also to the O surrounding the Co*" ions. Our reason
for involving the Co** here is given by the observation that
the spectrum of CaCu3Co40O;, shows a broadening to the
low energy side of its white line in comparison to that of
Y Cu3Co401,, indicating that the Y-Ca substitution introduces
an additional state at the lowest energy. In the following we
would like to explain why Cu** and Co** produce states in
the O-K XAS with very low energies.

A minimal model to interpret O-K XAS spectra for TM
oxides requires the consideration of two configurations for
the ground state problem, namely d"p°® and d"*'p°, where
d denotes the TM 3d shell and p the O 2p. Here n denotes
the number of electrons in the TM 3d shell, which is n =
9 for Cu®**, n = 8 for Cut, n = 6 for Co®", and n =
5 for Co**. The O-K transition is possible when there is a
hole in the O 2p shell and can be described by the equation
P> + h(0) — cp®, where ¢ denotes the 1s core hole at the O
site and Av(O) the energy cost. This minimal model has thus
one configuration for the final state problem, namely d"+'cp®.

For Cu?* and Co** compounds, the lowest energy configu-
ration is given by d” p® [10,29,39]. This configuration does not
contribute to the O-K XAS since with p° there is no hole in the
O 2p shell. However, the d"p® configuration hybridizes with
higher lying d"*!p’, thereby forming a ground state that has
some hole in the O 2p shell. The O-K XAS is now possible
and it basically probes the unoccupied O 2p states that are
mixed with the unoccupied TM 3d states thereby revealing the
multiplet structure of the d"+! configuration of the TM [40].
The energy of the white line is then given by Av(O) + A + 6,
whereby the charge transfer energy A denotes the energy
separation between d" p® and d"*!p> configurations [39] and
8 the energy gain of the ground state due to d"p® and d"*'p’
hybridization.

For Cu®* and Co*" compounds the lowest energy config-
uration is not d” p® but d"*' p>. This is indicated in the model
calculations for NaCuO, [41,42] by a negative value for A,
similarly also for SrCoO; [16], Na,CoO, [17], BaCoOj3 [20],
and now for CaCu3Co4O, (inset in Fig. 5 and parameter
list given in Ref. [38]). Having already holes in the d"*!p>,
the O-K XAS can start from this lowest lying configuration.
The energy of the white line is then given by hv(O) + &',
whereby & denotes the energy gain of the ground state due to
d"' p> and d” p® hybridization. In other words, the (negative)
A term is in the zeroth order not present so that the white
lines of negative charge energy systems (Cu**, Co*") is lower
by about A + § — 8’ in comparison to the white lines of
positive charge transfer energy systems (Cu’*, Co*). Here
A denotes the charge transfer energy of the positive charge
transfer energy system. We would like to note that § and &’
need not be small quantities and that §’ is generally larger

than § since the hybridization is usually stronger for negative
charge transfer systems. The result is then that the lowering
of the O-K XAS peak position (when comparing negative
with positive charge transfer systems) can be considerably less
than A.

IV. DISCUSSION

We have found out from our experiments that upon hole
doping via Ca-Y substitution most of the Co>* ions do not
change their local electronic state, i.e., they remain in the LS
state. This is very different from the La; ,Sr,CoO3 system,
where hole doping by La-Sr/Ca substitution produces spin-
state polarons in which the Co®* ions in the vicinity of a
Sr/Ca alter their spin state from LS to IS or HS [21-25].
We notice that the average Co-O bond length in LaCoOs is
1.925 A at 5 K and 1.928 A at 100 K [43]. At 5 K LaCoO; is
completely nonmagnetic indicating that the Co®" ions are all
in the LS state. At 100 K, on the other hand, the magnetic
susceptibility reaches a high nonzero value [43], implying
that magnetic Co>* ions are present. These observations seem
to suggest that the LS to HS transition [10] takes place at
a crossover distance of about 1.928 A [12]: the LS (HS) is
stable for short (long) distances since the effective crystal field
is large (small). The spin state of LaCoO3; may therefore be
extremely sensitive to small changes in the local Co-O coor-
dination induced by, for example, substitution of La by Sr/Ca.
By contrast, the average Co-O distance in YCu3Co40;, and
CaCu3Co405 at 300 K is 1.9008 and 1.9037 A, respectively
[44]. These values are substantially smaller than 1.928 A,
explaining the high stability of the Co** LS state upon Y-Ca
substitution.

Our experiment also revealed that in CaCu3;Co40;; the
Co*" ion is in the LS state. We may be able to explain this
finding by looking at the Co-O distances and comparing them
to those in Nag75C00,, a material which is known to also
have LS Co** ions [17]. As mentioned above, the average
Co-O distance in CaCu3Co040;, is 1.9037 A. For Nag 75C00,,
Co-O distances in the range 1.908-1.914 have been reported
[45]. So the Co-O distances in CaCu3Co40;; are extremely
short and this apparently ensures sufficiently large effective
octahedral crystal field energies to stabilize the LS state for a
3d° ion.

The finding that both the Co®* and Co*' ions in
CaCu3Co401; are in the LS state is in fact also an important
aspect that one needs to take into account for explaining
the metallic behavior of the compound. One can expect that
in a mixed-valent situation an intersite exchange of charge
between two sites P and Q of the type Co*" (P)Co*"(Q) <
C04+(P)Co3+(Q) will not involve the high-energy on-site
Coulomb interaction (Hubbard U). Still, the energy cost need
not be zero. It depends very much on the spin states of the two
sites. The system can be metallic if the total energy of the two
sites before and after the charge exchange is equal, otherwise
it will be semiconducting.

Figure 7(a) displays the LS Co*" (S =0) and LS Co**
(§ = 1/2) situation that we have found for CaCuzCo40O1;.
Upon transferring an electron from the Co®t to the Co**
site we end up in a situation in which the Co*" is converted
into a LS Co** (S =1/2) and the Co*" into a LS Co**
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FIG. 7. Schematic diagram for an inter-site charge exchange be-
tween two neighboring Co sites in a mixed valent compound. Top
panel: both the Co®* (§ = 0) and Co** (S = 1/2) sites are in the LS
(low-spin) state; after the exchange of one electron, both Co ions are
still in the LS state. Bottom panel: the Co*" is LS (S = 0) and the
Co* IS (intermediate-spin, S = 3/2); after the electron exchange, the
Co**is LS (S = 1/2) and the Co®" IS (S = 1).

(S = 0). Before and after the electron transfer we have in
total the same spin state configuration, namely S = 0 and
S = 1/2. The total energy before and after is identical, so the
energy cost for the electron transfer is thus zero. Figure 7(b)
illustrates an alternative scenario in which the Co** in the IS
state (S = 3/2) while the Co®T is LS (S = 0). A transfer of an
electron from Co®" to Co*" will then end in a situation with
aLS Co** (S = 1/2) and an IS Co** (S = 1). The spin-state
situation before and after the electron exchange is thus quite
different. Consequently, the total energies will be different
and the electron transfer thus involves a nonzero energy cost.
This mechanism is known as “spin-blockade” and has been
invoked in order to explain the semiconducting behavior of
HoBaC0205_5 [46] and La1,58r0_5C004 [47]

V. SUMMARY

The Cu-L; XAS spectra of our stoichiometric
YCu3Co040;, and CaCu3Co40;, material confirmed that
the valence state of the Cu ions in both systems are 3+. The
Co-L, 3 XAS spectrum for YCu3Co40;, also revealed that
the Co ions are all low spin 3+. With an even number of
electrons per formula unit, and with all the Cu and Co ions in
a nonmagnetic state, we infer that the insulating behavior of
this correlated YCu3zCo40Oj, system can be modeled in terms
of an effective band semiconductor. Upon Ca substitution for

Y, our Co-L, 3 XAS spectrum indicated that the hole doping
produced low spin Co*" ions. Remarkably, the remaining
Co’* ions persisted in their low-spin state. We attribute the
stability of the low spin nature of the Co** and Co’* ions in
CaCu3Co40; to the very short Co-O distances. The presence
of low spin Co** next to low spin Co** allowed us to explain
the metallic behavior of CaCu3;Co40;, in terms of charge
transport in a mixed valent system that is not hindered by
a spin-blockade mechanism, which otherwise would have
occurred if the spin difference between the Co** and Co**
ions were larger than one-half.
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APPENDIX: SELF-ABSORPTION CORRECTION

The Cu-L; XAS spectra of CaCu3;Cos0j, and
YCu3Co40, were taken in the fluorescence yield (FY) mode.
They are displayed as black curves in Fig. 8. A correction for
the self-absorption effects was applied following the recipe
described in Ref. [27]. The results are plotted as red curves in
Fig. 8.

raw data (FY)
after correction

Cu-L,

CaCu,Co,0,,

Intensity (arb. units)

YCu;Co,0,,

929 930 931 932 933 934 935 936 937
Photon energy (eV)

FIG. 8. Cu-L; XAS spectra of CaCu3Co040;; and YCu3Co40;.
Black curves are the raw data taken in the fluorescence yield (FY)
mode and red curves are the spectra after correction [27] for the self-
absorption effects in the FY.
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