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Quadruple perovskites ACusFe,Re, O, attract considerable interest due to their high Curie temperatures (up
to 710 K), which strongly depend on the A-site cation. In this work, we employ first-principles calculations to
investigate their electronic structure and magnetic exchange interactions. A band mechanism of magnetism that
explains the antiferromagnetic character of the exchange interactions and their strong dependence on the filling
of the Re 1,, states is proposed. These antiferromagnetic interactions stabilize the ferrimagnetic ground state. The
calculated Curie temperatures, obtained within the Onsager reaction field theory, are in good agreement with the

experimental data.
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I. INTRODUCTION

As a natural generalization of ABO;3 perovskite structures,
quadruple perovskites with the chemical formula AA;B, B0,
represent a rich platform that allows for variation in both A-
and B-site ions to obtain materials with extraordinary physical
properties. In these compounds, the A-site cation is typically
a rare-earth, alkali, or alkaline-earth metal with a relatively
large ionic radius, while the A site hosts a Jahn-Teller active
transition metal ion, forming square A’O4 plaquettes. The B
and B’ sites, which can be occupied by identical or different
transition metal ions, are coordinated by oxygen atoms in an
octahedral geometry; see Fig. 1. Since A’-, B-, and B'-site
ions can all be magnetic, quadruple perovskites may exhibit
complex magnetic structures.

Similar to “conventional” ABOj perovskites, quadruple
perovskites show a variety of different physical phenomena.
For example, (Ca, La, or Bi)CuzMn4O,, exhibit significant
low-field magnetoresistance [1-3]. CaCu3Ti4Oy; is known for
its extremely high dielectric constant with weak temperature
dependence [4] and has also been proposed as a potential
piezoelectric material in the presence of copper vacancies [5].
Ferrimagnetism with relatively high critical temperatures is
observed in a series of RCuzMn40;,, R= rare-earth metal,
(Te up to 400 K) [6,7], as well as in CaCu;Cr,Re;O1n
(Te =360 K) [8].

Another class of quadruple perovskites characterized by
high ferrimagnetic transition temperatures is ACuzFe;Re;O15.
T in these compounds varies over a wide range of 170-710 K
[9-12] depending on the A cation. Moreover, first-principles
calculations have predicted half-metallic ferrimagnetism in
several members of this series, with an energy gap of approxi-
mately 2 eV in the nonconducting spin channel [11-13]. This
makes ACuszFe,Re, Oy, an extremely interesting candidate for
spin filters, whose efficiency depends on three key parame-
ters: the spin-majority channel gap (which blocks thermally
activated conductance), the magnetization (determining spin
polarization), and the Curie temperature (defining the opera-
tional temperature range) [10].
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While impressive progress has been recently achieved
in synthesis of such materials as LaCusFe;Re,0;, and
DyCu;Fe;Re; 01, with T = 710 and 650K, respectively,
theoretical understanding is still lacking. In addition to cal-
culations for a few quadruple perovskites [11,12] a possible
role of the number of d electrons on Re was suggested [14].

In this paper we studied exchange interaction in
ACusFe;Re; 01, by means of ab initio calculations. It is
shown that these are Cu-Re and Fe-Re exchange interactions
which determine magnetic ordering. Interestingly, a naive
superexchange model does not seem to explain details of
exchange coupling, so we propose a model based on band
magnetism. This model naturally explains increase of Curie
temperature with the number of Re ,, electrons. The Onsager
reaction field theory, which goes beyond the mean-field ap-
proximation, reproduces this trend observed experimentally.

II. CALCULATION DETAILS

First-principles density functional theory (DFT) calcula-
tions were performed using the Vienna Ab initio Simulation
Package (VASP) [15] in the generalized gradient approxima-
tion [16]. To account for strong on-site electron correlations
in the transition metal d states, the GGA + U method in the
Dudarev formulation [17] was applied, using the following
values of U — Jy: 7 eV for Cu [18], 4.1 eV for Fe [19], and
1.5 eV for Re [20].

The energy cutoff is set to 500 eV and the reciprocal space
division is 8 x 8 x 8k points. The experimental crystal struc-
ture data for all ACuzFe;Re;0;, compounds with the space
group Pn3 (No. 201) reported in [9] (A = Ca), [10] (A = La),
[11] (A = Dy), [12] (A = Na), and (A = Cu, Ag, Ce) [21],
were used.

Although the electron states in different bands have

different degrees of localization, a simple -effective
Heisenberg model,
H=>"J;S8;, 1)
i>j
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FIG. 1. The crystal structure of ACusFe,Re,O;; quadruple
perovskites.

is a reasonable approximation. Here i and j numerate sites
and summation runs once over each index pair. Spins for
Cu** (S =1/2) and Fe** (S =5/2) are chosen according
to their valencies, while for Re we fix S =1 to be able to
analyze properties of all materials within the same model.
The exchange constants J;; were obtained by the Wannier
function projection technique using the Green’s function
approach [22].

The correctness of the Wannier projection is confirmed
by the agreement between the DFT 4+ U band structure
and that reconstructed from the Wannier functions; the
NaCusFe;Re; Oy, case is shown in Fig. 2. The projection
was performed onto the subspace of the O-2p, Cu-3d, Fe-
3d, and Re-1,, states. A visualization of the Wannier orbitals
corresponding to the exchange parameter Jcy gre iS presented
in Fig. 3.

III. DFT + U RESULTS

A. Electronic structure and origin of half-metallicity

We start by describing the electronic structure of
ACusFe;Re,0py, as it critically influences the magnetic
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FIG. 2. Band structure comparison of NaCu;Fe,Re, O, obtained
by DFT + U calculation. Initial DFT + U bands are shown in black,
projected on Wannier functions in red. The left panel illustrates the
majority-spin channel, and the right panel, the minority-spin channel.

FIG. 3. Wannier orbitals (Cu x? — y* and Re xy) employed for
the calculation of the exchange parameter Jc,_ge.

properties. All these materials are half-metals in DFT 4+ U
calculations. Figure 4 shows the density of states (DOS)
for two representative quadruple perovskites with different
numbers of Re #,, electrons.

Strong Hubbard repulsion on Fe, Cu, and the rare-earth
element (if present) shifts the 3d (or 4f) states away from
the Fermi level. Re 54 (in particular, #,,) bands are much less
correlated (U ~ 1.5 — 2 eV is of the order of the #,, bandwidth
[20,23,24]) and more hybridized with O 2p. Consequently, the
system exhibits no Mott gap or well-defined Hubbard bands in
DFT + U. Instead, we observe a Stoner-like splitting, with the
Fermi level crossing the spin-minority Re ,, band while a gap
forms in the spin-majority channel (Re e, states are at ~5-
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FIG. 4. Density of states (DOS) as obtained in DFT + U calcu-
lations. Due to different valences of A ions Re is expected to have
ppeminal — 1.5 or n = 2.5 electrons on the f, shell for Ag and Dy,
respectively. Positive (negative) DOS correspond to spin majority

(minority).
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FIG. 5. Density of states (DOS) as obtained in DFT + U (sym-
bols for partial DOS and shaded background for total DOS) and
DFT + U + SOC (solid lines) calculations for LaCu;Fe,Re,Oy,.

6eV). The strong antiferromagnetic (AFM) Fe-Re and Re-Cu
exchange interactions, whose mechanism will be discussed
below, ensure that all Re ions are ferromagnetically aligned.
As a result ACusFe,Re, O, materials turn out to be half-
metallic on the DFT + U (4SOC) level, while the dynamical
correlation effect can potentially modify this situation [13].

Spin-orbit coupling (SOC) playing a minor role in quadru-
ple perovskites despite the fact that Re is a 5d element.
SOC leads to a small canting of the Fe and Re magnetic
moments [11]. A comparison of the density of states obtained
by DFT + U and DFT + U + SOC calculations is presented
in Fig. 5 for one of the materials, LaCuzFe;Re;O1;. Inclusion
of spin-orbit coupling (SOC) leads to a reduction of the band
gap in the spin-majority channel by ~0.4 eV. A noticeable
suppression of DOS at the Fermi level is observed. In addition,
the La f states are shifted toward higher energies.

B. Magnetic moments

Spin moments, m;, obtained by DFT + U calculations are
summarized in Table I. The magnetic moments on Cu and Fe
ions are nearly independent of the A-site ion, indicating that
their magnetic states remain unchanged. The moment of the

TABLE 1. Calculated spin moments obtained by the DFT+U
method and experimental saturation magnetic moments for
ACusFe,Re, 04, with different A.

A Cu Ag Na Ca Dy La Ce

ms(Cu), up 0.6 0.6 0.5 0.6 0.5 0.5 0.5
mg(Fe), wp 4.1 4.1 4.2 4.1 4.1 4.0 4.1

myRe), ug  —0.8 —08 —07 —11 —-13 —13 —14
ppominal 15 15 15 2 2.5 25 25
Migias Wb 100 100 100 80 163* 80 8.0
moug  ~5 - 94 87 140° 80 80

4Includes contribution from the A-site ion.
"In the field of 7 T, the total magnetic moment is not saturated.

TABLE II. Results of DFT+U calculations for ACu;Fe,;Re, 01,
with different A and experimental 7c. The Heisenberg model is
defined in (1) and for Fe** (3d°) we choose S = 5/2, and for Cu**
(3d®) we choose S = 1/2; while the number of electrons on Re,
npominal changes in this series for Re, we fix § = 1 for convenience.
MF stands for mean field (estimation of Curie temperature), and ORF
for Onsager reaction field theory (see below, Sec. IV).

Cu Ag Na Ca Dy La Ce

Jere ) 72 73 40 103 84 73 78
Jrece (K) 41 41 23 42 41 24 41
Jeure (K) 364 356 314 506 530 496 528
phominal 15 15 15 2 25 25 25
TS (K) 200 174 240 560 650 710 625
TMF(K) 865 858 675 1246 1197 1122 1170

TORF(K) 444 441 341 641 609 569 594

rhenium ion increases with the nominal number of electrons.
On average, mg(Re) is approximately half of the nominal
theoretical value, suggesting both a strong hybridization with
ligand 2p states and possible itinerant character of rhenium
electrons.

The total magnetic moments per formula unit obtained
from DFT + U calculations are in excellent agreement with
the experimental saturation moments for A = La and A = Ce,
and small deviations are observed for A = Na and A = Ca.
In the case of A = Dy, the theoretical value exceeds the ex-
perimental one due to the fact that the full saturation has not
been achieved experimentally [11]. A significant difference,
approximately by a factor of 2, is observed for the case of
CuCusFe;Re; 0. As shown in Ref. [13], taking into account
strong correlations within the DFT + dynamical mean-field
theory (DFT+DMFT) approach improves the agreement with
experiment, reducing the total magnetic moment to mf;‘tl;l =
7.6 ug. However, the true origin of this discrepancy remains
unclear at the moment and further experimental (including
possible issues with disorder) and theoretical studies have to
be done for this material.

C. Exchange parameters

Results of the exchange interaction of various quadruple
perovskites with general chemical formula ACuszFe;Re;Oq;
are summarized in Table II. One can see that all materials
exhibit the same trend: formally the strongest interaction the
antiferromagnetic (AFM) Cu-Re exchange Jcy.re, Which is
at least 5 times larger than the second-strongest interaction,
the AFM Fe-Re coupling Jr. re. In fact, these interactions
contribute nearly equally to the magnetic energies, if one takes
into account different spins of Cu and Fe ions (e.g., energy per
Cu-Re bond is 182 K, while it is 180 K per Fe-Re bond in the
case of A = Cu). This agrees with the results of a previous
theoretical study [14].

The last important exchange coupling is between Fe and
Cu ions; it is AFM, but much smaller than Jcy.re and Jre-gre
and cannot override them. As one can see from Fig. 1, these
three ions form a Fe-Re-Cu triangles. Therefore, two large
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AFM exchanges cause the spins on the remaining bond,
Fe-Cu, to be FM.

One clear tendency evident from Table II is the increase
in both Cu-Re and Fe-Re exchange interaction strengths with
growing electron count on Re, progressing from A = Cu, Ag,
Na to Ca, and further to La, Dy, Ce. This tendency is con-
sistent with increasing Curie temperature which is observed
experimentally; see 7, in Table II. Using the same data from
Table II one can calculate that each electron on Re contributes
to the exchange energy of ~100 — 130 K/per bond depending
on the material.

D. Exchange mechanism

One might use very different pictures to explain the en-
hancement of AFM Cu-Re exchange with increasing electron
number in the Re 5d shell. In the localized electron pic-
ture, this could be interpreted by superexchange mechanism,
where the growing number of pathways between half-filled
Cu x? — y* and Re 1, orbitals strengthens the interaction (the
Re-O-Cu bond angle ZRe — O — Cu & 110° remains nearly
constant across all materials).

However, taking advantage of the Green’s function
method, one can quantitatively evaluate orbital contributions
to the total exchange interaction. This analysis reveals that
there is a single large element between the Cu x> — y? and Re
xy orbitals. Thus, e.g., in NaCuzFe,;Re; O, the main contribu-
tion of 312K due to the Cu x*> — y? and Re xy orbitals nearly
completely determines the magnitude of the total exchange
interaction (314 K) between these two atoms. It has to be also
mentioned that the fact that /ZRe — O — Cu strongly deviates
from 180° makes overlap between x> — y?> and xy orbitals
possible.

This suggests that description in terms of band magnetism
can be more appropriate to analyze Cu-Re exchange interac-
tion. In Fig. 6 we compare two situations of FM and AFM
orders between Cu and Re. Due to the Hubbard repulsion,
the x*> — y? orbital is half filled and appears slightly above the
Fermi energy (at ~1 — 2 eV according to Fig. 4), while other
occupied Cu d states are deep below Er (at ~ — 5 eV). The
Re 1, states are exactly at the Fermi level. The hybridization,
being possible only for the same spin states, pushes these
Re 1, band upward in the FM case and increases the total
energy. The situation is just the opposite for the AFM order:
hybridization between half-filled Cu spin-up x> — y> and Re
spin-up t,, pulls the latter to lower energies and finally results
in AFM exchange interaction between Re and Cu. An abso-
lutely equivalent picture can be used to explain AFM coupling
for Re and Fe states. We emphasize that this represents only
a qualitative model, as quantitative estimates require detailed
consideration of the specific band structure in each material.

The band mechanism of AFM coupling has several im-
portant implications. First, the energy gain is proportional
to the band capacity, i.e., to the number of Re electrons.
Furthermore, the same mechanism would contribute to FM
coupling, if the t,, band were more than half-filled nEomin! >
3. Therefore one might expect that maximal AFM exchange
interaction is close to the half filling. This agrees with the
results of direct DFT + U calculations, see Table II, and
experimental observation of the largest Curie temperature

(a) ™M (b) AFM
Re, Cu, Re, Cuy,
A€ A€ A€ A€
[ 4 ] [ ]
2_ .2
du T 2_ 2
; (] L] =y
I’Zg 1 F"- EF t2g T EF
| |

tzg, e, tZg’ [N t2g, € tzg, €

FIG. 6. Sketch of the electronic structure illustrating the mecha-
nism of the antiferromagnetic (AFM) exchange interaction between
the metallic Re 5d band crossing the Fermi level and more localized
Cu 3d states, which are split due to strong Hubbard’s repulsion in
such a way that only the x*> — y? orbital remains half filled. Hy-
bridization (shown by dashed lines) is allowed only for the states
of the same spins. In the case of FM order (a) it shifts the Re 5d band
upward, while for (b) AFM order Re 5d states go lower. In the latter
case the system gains the exchange energy, and the corresponding
coupling turns out to be AFM.

for LaCuszFe;Re; 01, [10] and DyCu,sFe,Re; 04, [11] with
nﬁ‘;{rgn"‘l = 2.5. This also suggests that substituting Re with
Os*>*, Ir*t, or similar ions and maintaining other constituents
would weaken the AFM Cu-Re and Fe-Re exchange interac-
tions, consequently reducing the Curie temperature.

In order to check the dependence on electron number
we performed model calculations artificially changing the
position of the Fermi level, when exchange constants are
evaluated via the Green’s function method. The results are
presented in Fig. 7. One can clearly observe suppression of
AFM Cu-Re exchange in DyCu;Fe;Re, 01, as we move Ep

0 0.2 0:4 0:6 0.8 1
EF shift (eV)

FIG. 7. Results of model calculations of Cu-Re exchange with
variation of the Fermi level (Eq. (11) in [22]). For DyCusFe,Re; O,
(red), shifting Er to lower energies effectively models a decrease
in the number of Re 1,, electrons, whereas for AgCuszFe;Re,0,
(black) shifting Er to higher energies models an increase of the Re
t, occupation. Electronic structure was not recalculated.
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TABLE 1III. Results of DFT+U  calculations  for
LaCusFe,Re, 05, with different U = U — J,. In each case,
U for one of the elements was modified, while the other
parameters were fixed at default values (UST = 7 eV, UST = 4.1 eV,
UST = 1.5eV).

U = 6eV U =7ev Ul = 8eV
JF&—RC (K) 72 73 83
Jre-cu (K) 18 24 18
Jeure (K) 476 496 518
TMF (K) 1094 1122 1213
TORF (K) 555 569 618

Ut =31eV  Uf=4.1ev U =5.1eV
JFefRe (K) 81 73 81
Jrecu (K) 14 24 18
Jeure (K) 486 496 512
TCMF X 1158 1122 1194
TORF (K) 590 569 608

Usff=1eV  Usf=15ev Usth = 2eV
]Fe—Re (K) 70 73 80
Jrecu (K) 14 24 22
Joure (K) 456 496 532
TCMF X) 1057 1122 1217
TCORF (K) 538 569 618

downward reducing the number of Re f,, electrons. Inter-
estingly, Fig. 4 shows that the difference in position of the
Fermi level between A = Dy and Ag is ~0.6 eV. Shifting
Er by 0.6eV (to lower energies) in DyCu;Fe;Re;O, we
obtain Jeyre ~ 360K, which is very close to the results
of direct calculations for AgCu;Fe;Re;O;,. Moreover, we
observe the opposite tendency of increasing exchange inter-
action starting from AgCu;Fe;Re;O1,, where nﬁ‘;‘_‘[‘}“al =15
and is now shifting Er upward. Thus our model calcula-
tion clearly demonstrates strong dependence of the exchange
interaction on the number of Re f,, electrons. Surprisingly,
the account of this factor only is enough to explain sup-
pression of exchange interaction (and consequently T¢) going
from DyCu3FezRe2012 to AgCu3Fe2R62012, but Jeure de-
pendence on the electron number of Re is not linear according
to these calculations.

Finally, we performed calculations for a quadruple per-
ovskite containing Os instead of Re: CuCusFe,0s,01,. There
are two types of Cu ions. Those (three Cu per formula unit)
occupying CuOy, plaquettes have a 2+ valence state, while
the one in the icosahedral oxygen O, cage is 14, similar to
CuCusFe;Re, 04, [13,25]. This gives a 5.5+ oxidation state
and ng‘f_‘g“al =2.5 for Os. U —Jyg =1.5¢eV for Os is the
same as for Re. Calculation of exchange interaction leads to
Jewos = 520K and Jge.os = 85 K (suggesting S = 1 for Os),
which is very similar to what we had in LaCu3Fe;Re, O, and
DyCu;Fe;Re; 01, with nﬁ‘;‘_‘g"al =2.5.

It is also worth mentioning that calculated exchanges do
not strongly depend on choice of Hubbard repulsion (see
Table III). Even increasing U™ = U — Jy on the Re ion from
1 eV to 2 eV changes Joy.ge by less than 20%.

IV. ESTIMATION OF CRITICAL TEMPERATURES

Having calculated the exchange constants, one can esti-
mate the Curie temperatures. The simplest way to calculate
magnetic properties is via the mean-field approach. For each
sublattice a the magnetization in the field H per unit cell
(containing n, atoms of the sort a) is given by

S.H'
M, = n,(St) = naSaBsu( T ) )
where
Hy=H =) zapJaMp/np. 3)

b
Bg is the Brillouin function; z,, is the number of nearest
neighbors in the sublattice b of an atom in the sublattice a.
Expanding for a small H' and introducing S,(S, + 1) = ;LZ
we obtain

My = x"H =Y zapJasMy /1), )
b

where

X" = napl/3T. (5)

Dividing by H we obtain the system of equations for partial
susceptibilities of each sublattice, x, = M,/H,

Xa =X =Y JarO)x” X/ (nam), (6)
b

where Ju,(0) = Jup(q = 0) = zaphaaps Zapha = Zpalty being
the number of exchange-coupled pairs.

From the high-temperature expansion for the total suscep-
tibility x = D, 14 x4, the paramagnetic Curie-Weiss temper-
ature is given by

1
0=—=3 JasOuini/ Y nait; )

a>b
and is negative for a ferrimagnet with antiferromagnetic ex-

change interactions [J,,(0) > 0].
The condition for the determinant

|1+ Jp(0)x” [ (nanp)| = 0 ®)

with susceptibility x!” depending on temperatures gives us
the Curie temperature. For quadruple perovskites we can use
a three-sublattice model with exchange parameters between
sublattices only, the first sublattice corresponding to Fe ions,
the second to Re ions, and the third to Cu ions. In this case
one obtains the cubic equation for T¢ in the following standard
form:

e+ pTe + 4 =0, ©)
where
p=—(+7%+T5).
q = 2J12J 133, (10)

and J;, = % Waltpdap(0)//nanp. Since the arithmetic mean is
greater than or equal to the geometric mean, we have

o= (B (@0
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Then the solution of the cubic equation is obtained by the
trigonometric substitution:

/ 1 3g -3
Tc =2 _P cos | —arccos 2412
3 3 2p\ p

If we neglect exchange interaction between Fe and Cu, Jj3 =
0, T¢ is given by

. = 1 2J2 (0 2720
Tc = \/1122 +122 = guz\/uln]l’i ) + M;j’i ).

To take into account a possible partial itinerancy of
electrons, the mean-field approach can be modified by gen-
eralizing the Heisenberg model to an effective interpolating
model [26]. Then the moments i, may become noninteger
being renormalized due to electron delocalization.

To take into account fluctuation effects, we can use
the Onsager reaction field (ORF) theory which is equiv-
alent to the random-phase approximation and similar to
the Tyablikov approach [27]. For simplicity, we calculated
the Onsager renormalization (see Table II) by taking into
account two main exchange parameters only, Ji» = Jpere
and Jy3 = Jre.cy, and putting J13 = 0. Then the renormal-
ized T¢ is given by T¢ = TC(O) /1 with the renormalization
factor,

(12)

(13)

J5(0) 4 J55(0)

I = = = = = .
Xq: J5(0) = I3 (q) + J3(0) — J33(q)

(14)

Here TC(O) is the Curie temperature in the mean-field approx-
imation, e.g., (13), and ¢ dependencies of exchange integrals
for this particular lattice are

Jia(q) = 4.112<3 + cos <%> 4 cos (%) + cos (%))

xa a A
J23(q) = I3 (9 + 3 cos <q4 44 q_)

4 4
qgsa gya  (g.a
4 o= 7 2T
+ cos( 7 1 + n )
qxa  qya {g:a
4 EE ST V. £
+ cos( 1 + 4 n )

5)

In Table II we present renormalized Curie temperatures for
all studied materials. Interestingly, the renormalization factor
varies only weakly, from 7/ = 1.91 to 1.98. The calculations
demonstrate good overall agreement with the experimental
Curie temperatures, further supporting the correctness of the
exchange parameters obtained via the DFT 4 U method and
the analysis performed using this approach.

V. CONCLUSIONS

In this paper, we investigated the electronic structure
and magnetic interactions in the quadruple perovskites
ACusFe;Re; 01, using DFT + U calculations and estimated
Curie temperatures in the mean-field approach and Onsager

reaction field theory. All the compounds were found to be
half-metallic within DFT + U due to Stoner-like splitting of
delocalized Re 5d states and strong on-site Hubbard repulsion
of localized Fe and Cu 3d electrons. The magnetic structure is
determined by strong antiferromagnetic exchange interactions
between Re-Cu and Re-Fe which lead to the ferrimagnetic
ground state. While Cu and Fe moments are ferromagnetically
aligned, conducting Re t,, states reside in the spin-minority
channel.

Although all these compounds have similar magnetic
properties, there are notable differences. The A = Ca, La,
Dy, and Ce systems have high Tp, DFT + U calcula-
tions confirming the large exchange parameter for these
compounds. On the other hand, A = Cu, Ag, and Na com-
pounds have lower T, which is consistent with the smaller
calculated exchange interactions. Besides that, the experi-
mental value of the magnetic moment for CuCusFe,Re; 015
is strongly reduced. As demonstrated in Ref. [13], this
may indicate violation of half-metallicity owing to strong
correlation effects.

We propose a band mechanism to explain the nature and
strength of Cu-Re and Fe-Re exchange interactions. Our
calculations confirm partially itinerant features of rhenium
d-electrons suggested previously; a strong dependence of
the exchange interactions on their number is demonstrated.
Calculations for A = Cu, Ag, and Na yield considerably
reduced Re magnetic moments. The reduction in the num-
ber of d electrons on Re, caused by substituting the A-site
cation from A3* to A>* and A'", decreases the occupancy
of the Re 1, states below the Fermi level. This, in turn,
reduces the exchange interaction strength and consequently
lowers 7T¢. Furthermore, model calculations demonstrate
that shifting the Fermi level results in a similar effect,
so the quadruple perovskites ACuz;Fe;Re, O, demonstrate
both localized-spin (Fe and Cu) and itinerant features (Re)
in magnetism.

Theoretical values of T¢ based on calculated exchange pa-
rameters significantly overestimate the experimental 7¢ values
in the mean-field approach. Tyablikov-Onsager renormaliza-
tion provides a satisfactory agreement, but overestimates T¢
for A = Ag and Cu. CuCuzFe;Re, Oy, stands out as the most
exotic material among all studied quadruple perovskites with
experimentally observed low saturation magnetization and
anharmonic specific heat [13]. Consequently, it is unsurpris-
ing that simple DFT + U calculations fail to achieve perfect
agreement with experiment. This discrepancy arises from two
main factors: first, the added complexity of rattling Cu ions in
an icosahedral coordination [25] and, second, the significant
role of many-body effects, as revealed by DMFT calculations.
They result in a substantial reconstruction of the electronic
structure, suppressing the half-metallic state [13], which in
turn can renormalize the exchange interactions.
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