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CaCusFe 012 exhibits a temperature-induced transition from a ferrimagnetic-insulating phase, in which Fe
appears charge disproportionated, as Fe*™ and Fe®T, to a paramagnetic-metallic phase at temperatures above
210 K, with Fe*" present. To describe it, we propose a microscopic effective model with two interpenetrating
sublattices of Fe(*=9+ and Fe(*+9+ respectively, being 6 a measure of the Fe-charge disproportionation. We
include all 3d-Fe orbitals: ¢, localized orbitals, with spin 3/2 and magnetically coupled, plus two degenerate
itinerant e, orbitals with local and nearest-neighbor (NN) electron correlations, and hopping between NN e,
orbitals of the same symmetry. Allub and Alascio previously proposed a model to describe the phase transition
in LaCuszFe 012 from a paramagnetic-metal to an antiferromagnetic-insulator, induced by temperature or
pressure, involving charge transfer between Fe and Cu ions, in contrast to Fe-charge disproportionation. With
the model proposed for CaCusFe 012, modified to account for this difference between the two compounds,
the density of states of the itinerant Fe orbitals was obtained, using Green’s functions methods. The phase
diagram for CaCugFe,;O15 was calculated, including phases exhibiting Fe-charge disproportionation, where
the two eg orbitals in each site are symmetrically occupied, as well as novel phases exhibiting local orbital
selectivity /asymmetric occupation of e, orbitals. Both kinds of phases may exhibit paramagnetism and
ferromagnetism. We determined the model parameters which best describe the phase transition observed
in CaCusFe; 012, and found other phases at different parameter ranges, which might be relevant for other
compounds of the ACuszFe 012 family, presenting Fe-charge disproportionation and intersite charge transfer

Fe-Cu.

I. INTRODUCTION

Double perovskites of the ACusFeysO15 (A: rare earth)
family possess a variety of electronic and magnetic prop-
erties of interest for technological applications, e.g. as a
high-activity compound for the oxygen evolution reaction
that occurs during the oxidation of water, which is very
important in the energy conversion reaction for metal-
air rechargeable batteries!, or to achieve precise control
of thermal expansion coefficients? 4

In 2007, Xiang et al® studied the electronic and mag-
netic properties of the CaCuzFe 012 (CCFO) double per-
ovskite by the use of density functional theory (DFT),
and they predicted that this oxide is a ferrimagnetic and
half-metallic compound. In 2008 this perovskite was
prepared by Yamada et al by means of high-pressure
synthesis. A phase transition at 210 K was observed
from a disproportionated ferrimagnetic (FiM) state at
low temperatures to a non-disproportionated or homo-
geneous (H) state above the critical temperature. The
experimental results show a CaFeOgs-type charge dispro-
portionation (2Fe*™ — Fe®T + Fe®) in this oxideS 10,
Mizukami et al.® have reported ferromagnetic (FM) in-
teractions between Fe®' and Fe®™ spins, and antiferro-
magnetic (AF) coupling between Cu?" and Fe in this
system. Recently, Yamada et alX! have reported an un-
usual charge transfer from Fe to Cu (inverse charge trans-
fer) in this material. Hao et al1? studied the electronic
and magnetic properties in this compound on the basis
of density functional analysis. At the high-temperature

phase they obtained a homogeneous valence (Fe*t) and
an orbital degenerate half-metallic behavior. Instead, or-
bital ordering, charge ordering, or disproportionation on
Fe sites occur in the low temperature phase, leading to
the insulating character.

Since at the transition the physical properties of the
material change substantially, it would be desirable to
be able to control temperature and pressure. To do this
it is necessary to have an understanding of the mecha-
nism leading to the phase transition. The aim of this
paper is to give a simple description of the transition,
suggest a temperature-hopping (pressure) phase diagram
for this compound, and describe the properties of the
different phases. To this end we consider that the rel-
evant states near the Fermi energy are mainly derived
from the Fe 3d-orbitals. Of course, these orbitals are
hibridized with the Oxygen located between them, as in-
dicated by band structure calculations. However, as a
first attempt to describe this system, we eliminate the O
degrees of freedom and instead consider an effective mi-
croscopic Hamiltonian taking into account the relevant
effective Fe orbitals (strongly hibridized with O orbitals,
as DFT calculations indicate, which would also produce
a reduction of the local intra-orbital Coulomb repulsion).
We include an effective Fe-Fe hopping as well as a repul-
sive effective nearest-neighbor density interaction. Also
due to strong Hund’s coupling on the Fe sites, only par-
allel spins would occupy the effective to, and e, orbitals.
In order to give a simple theoretical picture we consider
the orbitals of the three to, electrons as frozen, repre-
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sented by a localized spin 5; and we reduce the effective
ey states to two itinerant half metallic orbitals (2% — y?
and 322 —r?) on each Fe site i. In this scenario, we con-
sider four effective model parameters to characterize the
physics of the system: i) the Fe-Fe hopping integral, ¢,
which favors a ferromagnetic background of the localized
S; spins, ii) the effective on-site Coulomb interaction,
Uo, between electrons at different e, orbitals, iii) the re-
pulsive effective density interaction, G, between electrons
at ey orbitals located in nearest-neighbor sites, and iv)
the magnetic coupling, k, between the nearest-neighbor
localized to, spins.

As a first approach to the problem, apart from the
strong interactions assumed in the infinite magnitude
limit, the remaining intermediate correlations are treated
using the Hartree-Fock aproximation. For one itiner-
ant (ey) electron per site, depending on the values of
the effective interaction parameters and temperature,
the model describes four different phases: at high tem-
peratures, a homogeneous paramagnetic phase (H-PM)
is present and at low temperatures, with increasing ¢,
the model first shows a disproportionated paramagnetic
phase (D-PM), a disproportionated ferromagnetic Fe-Fe
phase (D-FiM) for intermediate values of ¢, and finally
a homogeneous ferromagnetic Fe-Fe phase (H-FiM) for
large values of the hopping energy. We find that for
some parameter ranges the proposed model provides a
very reasonable description for the phase transition ob-
served in CaCuzFesOqs.

Section [ describes the model proposed for
CaCusFesO15.  Section [II] details the approxima-
tions and the method used to determine the phase
diagram. Section [[V] presents our results and discusses
them in the context of the relatively few previous results
on this compound. Other results of the model, in other
parameter ranges, are discussed in Appendix A. In
section [Vl our main conclusions are presented, as well as
perspectives for future investigations.

Il. MICROSCOPIC MODEL PROPOSED FOR
CaCU3FE4O12

In order to construct the Hamiltonian from which to
obtain the phase diagram in CaCusFe4O12, and describe
the phase transition observed experimentally® between
a disproportionated ferrimagnetic insulating (D-FiM-I)
phase at low temperatures and a homogeneous metallic
paramagnetic (H-PM-M) phase above the critical tem-
perature, we will propose a simplified model in which we
will consider only the Fe sites and effective interactions
and hopping between them.

As a first step, to simulate the symmetric charge dis-
proportionation (CD) between Fe ions and the NaCl-
type charge ordering of the unequal Fe sites, experi-
mentally observed in CCFO when the temperature is
reduced®, we will consider that the structure of the Fe
ions in CCFO is defined by two simple-cubic interpen-
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etrated Fe sublattices that we define by Fe® =Fel4=0)F
and Fef =Fel*t9)+, being § a measure of the CD in Fe. In
this way, when the CD is maximum (§ = 1) one has that
Fe?T and Fe® ' are present in the same proportion, while
when the CD is minimal (§ = 0) only Fe*" is present.
Regarding the Fe sites, as schematized in Figure[I], our
model includes the localized t5, orbitals, represented by
spins S with magnetic couplings (k) between them which
might be ferromagnetic (k = kq) or antiferromagnetic
(k = kn) as will be discussed in the next section, and two
itinerant e, orbitals per site, denoted by ¢ and d, with
local intra- and inter-orbital electronic correlations be-
tween nearest neighbors (NN) (see Figure[Ih) and three
different hopping terms (see Figure [Ib), depending on
the symmetry of the orbitals involved. Also, we consider
the Hund interaction between the spins of localized mag-
netic moments (S) in t2, and those of itinerant electrons
(o,|o| =1/2) in e4 orbitals, which tends to align them.
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FIG. 1. (Color online) a) Schematic representation of inter-
actions between localized and itinerant electrons in Fe®' and
Feft sublattices, and b) hopping terms between e, electrons
considered in our model.

Concretely, for itinerant electrons in the e, bands we
will consider three interaction terms: the intra-orbital
Hubbard repulsion Uy between electrons of different spin
in one orbital, the inter-orbital repulsion Ug between elec-
trons ¢ and d in different orbitals at one site, and the
inter-orbital repulsion G between all electrons in itinerant
orbitals e, of NN Fe-ions. Notice that for § = 0, when the
system is homogeneous (all Fe with total equal charge),
due to the repulsion Uy, the compound may present local
orbital disproportionation, or orbital selectivity, corre-
sponding to an asymmetry in the occupation of the itin-
erant orbitals ¢ and d of an Fe site. The three hopping
terms for e, electrons are: ¢, between the same orbital
ey in neighboring sites, ¢/, between different e, orbitals
from neighboring sites, and ¢/, between ey orbitals on
the same site.



IIl. EFFECTIVE HAMILTONIAN FOR CaCu3Fe;0;2
AND PHASE DIAGRAM CALCULATION.

A. Effective microscopic model for CaCusFe ;02

To obtain the effective Hamiltonian we introduce the
following approximations: i) local intra-orbital Uy cor-

kme ~
H ~ Hioc + Hitin — Ny 2 Medls

yhere N, is the number of sites in each Fe-sublattice,
k = kz is the renormalized magnetic coupling (being

(S3) is

z the coordination number), G = Gz, m, =

relation much larger than Uy and G. Also, infinite Hund
coupling J — oo, which means that the itinerant spins
o are parallel to the localized moments i, ii) mean-field
approximation for the correlation terms Uy and G, and
iii) no spin flips during hopping processes, and we ne-
glect hopping between orbitals with different symmetry
(t:jo“ =0= tir/a’)'

With these assumptions, the effective Hamiltonian is:

S0 4G (na) (na) +Uo | (nae) (mad) + (nac) <nﬁd>}] (1)

the expectation value of the z-projection of the localized
moment in each sublattice 7 (7 = «, 8) and (n,,) is the
mean occupation of the v itinerant orbital (v = ¢, d) of
sublattice 7. Explicitly, Hamiltonian terms Hoc and Hitin
are given by:

Hioe = Z [ Z kn;T, S, —J (qu-z — mr) <0'7Z-1>] (2)
i€ET ST/H#T
Hitin = Z [gﬂ; Norei + grd anl} — % Z téuuuj [CQT(”- Cgo5+ dang dgsj+ h.c (3)
iET (i,4),0

In Eq. @) oZ, represents the itinerant spin operator, de-
fined by:

oz, =y Tl Tl (4)
v

while in Eq. [B]) u represents the localized moment at each
site 4,5 (u = +,—), o represents the itinerant electron
spin (¢ =1,]}), and the diagonal energies per site are
given by:

Ere =& +Ug (nrg) +G(ny) (5a)
Era=&+Up(n.) +Gn.) (5b)

being (n;) the mean total occupation of itinerant elec-
trons per site in sublattice 7, and &, represent the site
energy of each sublattice 7.

B. Calculation of the phase diagram

To determine the free energy from the Hamiltonian of
Eq. (@), we started by the itinerant Hamiltonian contri-
bution Hiin for which we calculated the Green’s func-
tions for the electrons in itinerant orbitals e, using the

renormalized perturbation expansion RPE!2, obtaining
the corresponding spectral densities, p.

The relevant phases studied are denoted: charge dis-
proportionated (D), homogeneous in charge but with
local orbital disproportionation (L) and homogeneous
(H). We introduce the two following order parameters:
§=05((na) — (ng)), and v = (nge) — (Naa) =
(nga) — (ngc), which respectively characterize the Fe-
charge disproportionation, and the local orbital dispro-
portionation (or orbital selectivity). Thus, phase D cor-
responds to § # 0, v = 0, while phase L is characterized
by § = 0, v # 0. Finally, for phase H: §,v = 0 because
(ny) = 0.5 for all 7 and ~.

Studying the charge disproportionated and the homo-
geneous phases in terms of an atomic model with two NN
Fe ions, 14 we found that the ground states corresponding
to each of these phases are, respectively, ferromagnetic
(D) and antiferromagnetic (H). Therefore, in the follow-
ing we will consider the magnetic coupling constant as:
k = —kq for the charge disproportionated phases, while
k = kj, for the homogeneous phases, and we exhibit the
effect of each of them on the phase diagram.

Regarding the entropy of localized spins, we consider
a numerical approximation to the Brillouin entropy for



B Calculation of the phase diagram

S = 3/2 as a function of magnetizationt?, similar to the
one used by Allub and Alasciol®. Thus, the contribu-
tion of this term to the free energy, due to each sublat-

tice, is then —T Sjoc = —T In(4)(1 — m?)?/3, where m is
|

Fo =—kam? — 2T n4(1 —m2)** - %/

the normalized magnetizacién due to localized Fe-spins.
Concretely, the free energy per site for each phase (D, L,
and H) takes the following form, respectively:

o0

In [1 + 6_6(“’_“)] Pp(w,m, {(n;4) })dw

~Up =2 (nae) [1= (nae) | [26 = U]

2/3 1

Fi=kpm? —2Tn4(1 —m?)

=G =2 {nad) [1- (nac) |Uo

o (6a)

h In |14 e P=mip (w,m, ({n:~}))dw
[l
In [1—|—e Alw “)}pH(w,m)dw—T—G (6¢)

Fu =kpm? — 2T 4(1 —m?)*” - %/

— 00

where 8 = 1/kgT, u is the chemical potencial, p rep-
resent the total spectral density and we have used the
notation { (nr4) } = { (Nac), (Mse) s (Raa), (msa) b To
determine p, in each phase we obtain the average value
of the number of e, electrons by means of the expression

) = [ et @] posm () ) d
7

and we impose (ne,) = 2, as we explain below. By do-
ing this self-consistently, we find the convergence values
of 1 and the mean occupations of each band, necessary
to calculate the free energies in Eqgs. To obtain the
phase diagram of CaCuzFesO15 as a function tempera-
ture (T) and hopping (t), for given values of the model
parameters: Ug, é, kq, and kp,, it is necessary to minimize
the free energy of the system with respect to the mag-
netization (m) of the localized moments and the mean
values of the occupations of the four itinerant bands eg:
(Nae) s (Maa), (npe), (ngq), taking into account that
the sum of these average occupations is 2, which corre-
sponds to the maximum number of electrons allowed in
the e, orbitals, both in the disproportionated phase with
Fe’"-Fe’* (e2-¢)) and in the homogeneous phase with

7
Fe'T-Fe'™ (el-el). Tt is evident from Eqgs. (@) that it
is not possible to write an analytic form that allows us
to explicitly minimize it, so that the problem must be
solved self-consistently recursively, since the diagonal en-
ergies, and therefore the spectral densities, depend also
on these magnitudes. For this reason the minimization of
the total free energy was performed numerically, yielding
the phase diagrams discussed in next section, for differ-

ent model parameter ranges relevant for the description
of CaCU3F€4012.

IV. RESULTS

After a wide exploration of the model for different
ranges of parameters, below we present the phase dia-
grams of the model as a function of temperature (T)
and effective Fe-Fe hopping (t), with different G and U.
In section A the results obtained for the case G > Uo
are discussed. In section B we present the best fit ob-
tained with our model to the relatively few experimental
results known for CaCusFesO12. Furthermore, in Ap-
pendix A we discuss results obtained for the model in the
case G < Uy where phases exhibiting orbital selectivity
appear, i.e. L phases, homogeneous in charge but with
orbital disproportionation (v # 0) or selective occupation
of the e, orbitals, which might be of relevance for other
compounds of the double perovskite family ACusFesO14
(A: rare earths).

In each section, the different phases obtained are ana-
lyzed and the effect of the magnetic couplings kj;, and kg
on the phase diagrams is also discussed. For the results
presented in section A and Appendix A, U is taken as
the unit of energy. Meanwhile in section B the energies
appear in eV.

A. Case G > U,

Let us start by considering a case G > Uo such that
the difference between G and Ug is 10%, i.e. |G — Ug| =
0.108Up, and assume that no magnetic coupling between
the localized moments exists (kg = kp, = 0). Let us men-
tion that G > Up is reasonable, as G=Gzand 2z > 1,
and in this situation the experimentally observed charge
disproportionated ground state (D) is favoured.



A Case G> Uo
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FIG. 2. Temperature-hopping phase diagram. Non-
zero parameters: Ug = 1, G = 1.108 Uo. Phases:
charge-disproportionated ferrimagnetic (D-FiM), charge-

disproportionated paramagnetic (D-PM), homogeneous fer-
rimagnetic (H-FiM), homogeneous paramagnetic (H-PM).

As shown in the phase diagram of Fig. 2] four phases
appear: the disproportionated ferrimagnetic (D-FiM)
and the disproportionated paramagnetic (D-PM) phases
that occur at low or ”moderate” hopping and tem-
peratures, and the homogeneous ferrimagnetic (H-FiM)
and homogeneous paramagnetic (H-PM) phases at larger
hopping and temperature values.

For T'= 0 and very small ¢, the bands are so narrow
that the kinetic energy gain of the system is negligible
with respect to the repulsion Uj.

In particular, at zero hopping, because G > Uy, the
system reduces its energy by occupying both orbitals e,
of a Fe site and leaving its neighbor empty (e.g. (n,) =2
and (ng) = 0), and the phase is disproportionated in
charge with .« = 1, as it is obtained from d definition.
As the hopping increases and the bands widen, the gain
of kinetic energy begins to compensate the repulsions.
In this way the charge disproportionation between Fe®
and Fe? is gradually reduced from 6§ = 1 (Fe*T-Fe®") to
0=0 (Fe4+—Fe4+), and the system passes smoothly from
a disproportionated phase to a homogeneous phase, as
shown in Fig

For T > 0, as soon as T is increased, the occupations of
the bands tend to be the same and therefore ferromag-
netism tends to be favored, but at the same time, due
to the magnetic entropy term, magnetic order tends to
be destroyed. This implies that, when the temperature
rises, there is a competition between the FM and PM
states.

Notice in Fig. B, that for the critical hopping value,
tc =~ 0.36 U, the phase transition between the D-FiM and
H-PM phases (experimentally observed) occurs even in
the absence of magnetic coupling between the localized
moments. At this hopping value the thermal energy,
which the system acquires when the temperature rises,
it can reduce simultaneously the magnetic order of the
o4 localized moments, m, and the charge disproportion-

ation § between the Fe sites, as shown in Figs [B] which
shows the temperature dependence of (a) the magnetiza-
tion and (b) the charge disproportionation between Fe,
respectively.
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FIG. 3. Temperature dependence of (a) the magnetization on
tag orbitals and (b) the charge disproportionation between
Fe sites when kh = kg = 0. Parameters: G = 1.108 Up
y t = 0.362Ug. The vertical dashed line indicates the ex-
perimental transition temperature (7" = 210 K) reported for
CaCusFesO12 in Refs 81011

In particular, from these two figures it can been see
that: (i) the order of the localized moments in the Fe
decreases smoothly with temperature and (ii) the charge
disproportionation between Fe at low temperatures it is
less than its maximum value, 6 < Omax = 1. These
two characteristics present in our model are in agreement
with what is suggested in Ref19.

So far, the effect of the magnetic coupling between the
localized moments t24 has not been considered in order
to first examine under which conditions of the parame-
ters Ug and G it is possible to find the type of experi-
mental transition. However, in the most realistic case,
from the experimental point of view, we should assume
that these terms are non-zero and analyze their effects.
As mentioned before, we will consider the magnetic cou-
pling constant: k = —kq for the charge disproportionated
phases, while £ = kj, for the homogeneous phases, and
we will examine the effect of each of them on the phase
diagram of figure 2] where k4 = kj, = 0 was assumed.

Effect of kq4

When considering the presence of a ferromagnetic cou-
pling kg between the localized Fe-magnetic moments the
phase diagram obtained is shown in figure[d Notice that:
(i) the D-FiM phase is stabilized in a larger region of
the phase diagram (as expected from the atomic model
analysis); (ii) the effect of k4 is more pronounced in the
frontier between the D-FiM and D-PM phases, where
the itinerant contributions to the free energies are simi-
lar, but the magnetic contribution reduces the total free
energy of D-FiM phase with respect to that of the D-
PM phase, and (iii) the D-PM phase is greatly reduced
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FIG. 4. Temperature-hopping phase diagram: effect of k4.
Non-zero parameters: G = 1.108 Uo, ka = 0.432Uq. Arrows
indicate the main effect of increasing k4 on the phase diagram
on the Fig.

for kg = 0.432 Uy but it does not disappear. Although
it is not shown here, from the analysis of the transi-
tion temperatures at the limit of narrow bands (¢ — 0),
it can be shown that a magnetic coupling with value
kqs = G — Ug/2 = 0.608 Uy is necessary for this D-PM
phase to disappear. It should be noted from the phase
diagram of the figured that taking into account only this
magnetic coupling kg4, the hopping region where the ex-
perimental phase transition type appears is wider, and
the transition temperature is reduced by increasing ?.
These two points would indicate that together with G
and Ug, the ferromagnetic coupling kg would be relevant
when adjusting the parameters of our model to the ex-
perimental data known so far, such as the temperature
of the transition 7T,.

Effect of £,

When considering the antiferromagnetic coupling, ky,,
which affects the homogeneous phases, the phase diagram
obtained for kj;, = 0.432 Uy is presented in figure Bl As
seen in this diagram: (i) the stability region of the H-FiM
phase is reduced with respect to the D-FiM and H-PM
phases, causing the frontiers between them to move in the
direction indicated by the arrows included in Fig.[Bl This
is because the antiferromagnetic coupling term favors the
homogeneous phases in which the t;, moments are an-
tiparallel between them, penalizing the H-FiM phase and
making it less stable; (ii) the effect of kj, is less important
on the frontier between the D-FiM and H-FiM phases.
This occurs since in this region ¢ in phase D-FiM phase is
appreciably reduced by the temperature so that, for each
hopping value, the D-FiM phase can extend up to the
temperature at which the charge distribution becomes
homogeneous.

However, although it is not shown here, we con-
firmed that the charge disproportionation changes very
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FIG. 5. Temperature-hopping phase diagram: effect of kj,.
Non-zero parameters: G =1.108 Uo, kn = 0.432Up. Arrows
indicate how the frontiers between the phases would be dis-
placed upon increase of k.

smoothly near the temperature of the phase transition
from D-FiM to H-PM, in contrast to the experimental
facts, and therefore one would infer k; would not be so
important, as we show in next section.

B. Best fit to experiments in CaCusFe 012

We finally adjusted the model parameters so as to fit
best the experimental results in CaCuszFe sOq2. Con-
cretely, the critical temperature for the phase transition
D-FiM to H-PM was adjusted to ~ 210 K, as experimen-
tally reported®2:19. At the same time, we took care to
also describe the main characteristics of the temperature-
dependence of the magnetization and occupation of the
3d orbitals reported in Ref1?, as shown in Figs. Bl and [0

Comparison of experimental magnetization and our
description.

RefA? presents the magnetization curve as a function
of temperature, including the contributions of magnetic
moments in both Fe and Cu. Although in our model
we do not consider the Cu sites, in order to find the
best fit, we compare the experimental magnetization with
the magnetization, m, per Fe site which we obtain with
our calculation. After analyzing several combinations be-
tween the four parameters of the model (Ug, G, kq, kr), in
figure [6h the temperature-dependence of the magnetiza-
tion per Fe site, calculated with our model, is presented.
The parameters considered (in eV) were Uy = 0.0925,
G = 0.1025, kg = 0.005, k;, = 0. We would like to stress
that the best fit is obtained for a very small value of kg4
and negligible kj. For the hopping we consider ¢t = 0.031,
which we found provides the optimal fit to experimental
data. Although, when comparing the Figs. [l a qualita-
tively good description of the experiment is observed, it
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FIG. 6. Temperature-dependence of (a) the magnetization
of moments t24 located in Fe sites obtained with our model
and (b) reported by Shimakawa et al2°. Parameters of our
model in eV: Ug = 0.0925, 6 = 0.1025, kq = 0.005, kr, = 0
and ¢ = 0.031. The colors in figure (a) correspond to the
phases presented in the figure 2] while the dotted line is an
interpolation included as a guide to the eye.

is evident that the region where the magnetization tends
to zero is narrower in our calculation (a) than in experi-
ment (b). This could result from our calculation defining
the PM phase as the one in which the magnetization of
the Fe sites is strictly zero, whereas experimentally, it is
seen in the Fig [Bb, the condition used seems not to be
so strict (within the PM phase are included points with
m # 0). It would seem that in Ref? the criterion of
change in the concavity of m was adopted to define the
transition temperature. When taking into account that
the phase defined as paramagnetic in the experiment has
a magnetization whose value at 210 K (~ 3u, /f.u.) cor-
responds to 30% of the value of the magnetization at 90 K
(~ 9uy /f.u.), these points can be assigned in our model
to an H-FiM phase rather than an H-PM phase.

Temperature-dependence of total occupancies at Fe sites.

Now we will compare the temperature-dependence of
the total occupancies in the 3d-Fe orbitals, obtained
with our model, and the isomeric shift curve reported
in RefA%. From the assumptions of the model the total
occupations of the 3d-Fe orbitals can be calculated by
means of the following expressions,

Nyg =ny, + 1.l =3+ (Rac) + (Raa) (8a)
Ngg = ntfg + neg =3+ (ng.) + (ngq) (8b)

where the average values (n,,) are those that minimize
the free energy for each value of hopping and tempera-
ture. In the Fig.[[is shown the temperature-dependence
of the occupations of the 3d-Fe orbitals (Eqgs. () corre-
sponding to the parameters of the Fig.

The difference in scale between the data in Figs. [ is
due to the fact that the magnitudes plotted are not ex-
actly the same: the isomeric shift is connected to the va-
lence at each Fe® and Fe” site, as indicated in figure [,
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FIG. 7. Temperature-dependence of (a) the total occupations
of the 3d-Fe orbitals calculated in this work and (b) the iso-
meric shift reported in Ref2%. The parameters are the same
as in Fig.[6l The colors in (a) correspond to the phases pre-
sented in the Fig[2] and the dotted line is an interpolation to
calculated data included as a guide to the eye.

and therefore is also related to the total occupations of
ey orbitals. Anyway, when comparing both Figs. [7 it is
seen that our model qualitatively reproduces the changes
with temperature of the charge disproportionation § that
experimentally shows the isomeric shift.

Notice here that, according to the experimental results
of the Fig. [Mb, there is a region around the transition
temperature in which the three valences (Fngr, Fe®Tand
Fe'™) seem to coexist, which would indicate that the
phase transition between D-FiM and H-PM is not so
sharp. This fact, together with the Fig. [Bb, would sug-
gest that the phase transition experimentally reported
as: D-FIM — H-PM for CaCusFe 015 and which our
model describes for a range of hopping values around
t = 0.031 eV, as indicated by the arrow in Fig. 8 might
perhaps under pressure occur also passing through differ-
ent intermediate states (for intermediate temperatures),
according to one of the following two sequences of phase
transitions:

I. D-FiM — D-PM — H-PM
IT: D-FiM — H-FiM — H-PM

Both possibilities appear in our phase diagram of Fig.
sequence I (through an intermediate D-PM phase) is pos-
sible at lower hopping values (decreasing pressure), while
sequence IT (through an intermediate H-FiM phase) is
possible at larger hopping values (increasing pressure).

It would be interesting to test these predictions with
experimental investigations of the phase diagram of
CaCusFe 012 under pressure.

Regarding the metallic character of each phase, in the
figure [0 we present the total spectral densities for both
orbitals ey-Fe, obtained with our model in points (a)
t =0.031 eV and T = 0.0138 ¢V (~ 160.2 K) within the
D-FiM phase, and (b) ¢t = 0.031 eV and 7' = 0.0216 eV
(~ 250.7 K) within the H-PM phase. As it is appreciated,
the energy gap in the spectral density of the D-FiM phase
would allow to attribute to it a semicondutor/insulator
character, while the H-PM phase would be metallic, as



B Best fit to experiments in CaCuzFeysO14
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FIG. 8. Phase diagram 7T-t of our proposed model for

CaCusFes 012, with model parameters providing the best fit
to experimental data. Parameters (in eV): Uy = 0.0925,

G = 0.1025, kg = 0.005, kj, = 0.

the experiments suggestﬁﬂ.
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FIG. 9. Total spectral densities of both eg-Fe orbitals for (a)
D-FIM phase at T' = 160.2 K which correspond to m = 0.85,
and (b) H-PM phase at T' = 250.7 K with m = 0. Parameters
(in eV): Up = 0.0925, G = 0.1025, kg = 0.005, ks, = 0 and
t = 0.0310.

Let us now analyze the charge disproportionation ob-
tained with the model parameters providing the best fit
to experiments. Taking into account Fig. [7h, from our
definition of symmetric charge disproportionation at Fe
sites 4,

0= |(nac) — <n60> | = B B )

At 90 K we can thus estimate dmod(90K) = 0.5, so that

one would have:

Fe® = Felt=9+ = 35+

Fef = Fel4t9)+ = Fet5+

V. CONCLUSIONS

We propose the first microscopic effective model which
describes the phase transition experimentally observed
in CaCusFesO12, between the charge disproportionated
ferromagnetic phase (D-FiM) and the homogeneous para-
magnetic phase (H-PM). The model includes two inter-
penetrated Fe sublattices, with two e, itinerant electron
orbitals per site, possessing local intra-orbital and inter-
orbital correlations, as well as nearest-neighbour correla-
tions. Also magnetic coupling is considered between the
localized magnetic moments representing ta, orbitals, as
well as Hund coupling between the itinerant and localized
spins.

With the analytical treatment performed for the sim-
plified model proposed, we were able to:

i) obtain the phase diagram of the model, which
includes the phases experimentally observed in
CaCuszFe4012, and analize the effect of the different
correlations and magnetic couplings;

ii) obtain a range of model parameters which allows to
describe the experimentally observed phase transi-
tion, mainly driven in this model by the nearest-
neighbour correlations G between itinerant elec-
trons;

iii) we could also describe the temperature-dependence
of the magnetization and the charge disproportion-
ation between Fe reported for CaCusFe Oqs.

iv) the model also predicts some phases not yet experi-
mentally observed, like the disproportionated para-
magnetic (D-PM) and homogeneous paramagnetic
(H-FiM) phases, which could be found in exper-
iments under pressure . Interestingly, in another
parameter range (G < Up), also a phase (L) with
selective occupation of thee, orbitals is obtained
(corresponding tor # 0): this orbital selectivity
might be relevant for other compounds of the dou-
ble perovskite family ACusFe,O15 (A: rare earths),
which are believed to present varying degrees of
charge disproportionation and/or charge transfer.
For G > Uy and G < Ug the model exhibits a
symmetry between the order parameters § and v,
respectively measuring charge disproportionation
and orbital selectivity, reflected in the correspond-
ing phase diagrams.

_ Having analyzed the model for cases G > Uy and
G < U, it is observed that CaCusFe Oq2 is best de-
scribed by assuming: G > Uy, and the origin of the ex-
perimentally reported D-FiM to H-PM phase transition
is connected to the nearest-neighbor electron correlation
G in our approach. However, the analysis of the G < Ug
case is still important and could be relevant to explain fu-
ture experiments in other double perovskite compounds
of this family.



At this point, it is important to emphasize that this
simplified model and analytical treatment provide suit-
able approach to explain the phase transition reported
in CaCugFe 012, and could be used as a starting point
to formulate a more general theory that makes it pos-
sible to explain the experimental phase diagrams re-
cently reported by Chen et all? for the solid solutions
LawCal_mCU3Fe4012 with z = O, 1/47 1/2 N 3/4 5 1, as well
as, other members of the ACuzFe ;015 familyt® 22, which
can present both, intersite charge transfer Cu-Fe like for
x = 1 and Fe-charge disproportionation like for x = 0,
here (but with differents ratios Fe*' /Fe’t as reported
for example in SrCuzFe;012423:24) and other features
that make their study more complex, not yet theoreti-
cally done yet.

ACKNOWLEDGMENTS

We are especially grateful to Prof. B. Alascio for the
motivating discussions and his valuable comments and
advice. We acknowledge financial support by CONICET
(PIP Grant 0702, and the fellowship awarded to I.R.B.).
C.I.V. and R. A. are members of Carrera del Investigador
Cientifico, CONICET.

Appendix A: Phase diagrams for G< Uo

We already shown that when considering Uy < G it
is possible to find the phase transition from D-FiM to
H-PM reported in several experiments $&10, However,
we found that it is possible to find average occupations
corresponding to the disproportionate phase, provided
that Ug ~< 2G, now we will consider the case in which
Up/2 < G < Up and analyze the phase transitions possi-
ble in this case for the proposed model.

To start, in figure we present the phase diagram
obtained for G = 0.892Uy and kp, = kq = 0. We have
chosen this value for G since it corresponds to the sym-
metric case of the diaNgram in Fig. 2 that is, both have
the same difference |G — Ug| = 0.108 Uy. In this case,
in addition to the H-FiM and H-PM phases, there is also
the phases homogeneous in charge with orbital dispropor-
tionation ferromagnetic (L-FiM) and the homogenous in
charge with orbital disproportionation paramagnetic (L-
PM). Clearly, the phase diagram is qualitatively similar
to that obtained with G = 1.108 Up, in terms of the pres-
ence of H-FiM and H-PM phases in similar hopping and
temperature ranges. However, the main difference with
the diagram in Fig.[lis that the charge-disproportionated
phases D-FiM and D-PM appear replaced by phases with
local orbital selectivity in each Fe: the L-FiM and L-PM
phases. In this case, because G < Uy, for low hopping
and temperature the system reduces its energy by pay-
ing G instead of Ug. This is achieved by occupying more
of one of the two bands e, in each site (v # 0) whereas
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FIG. 10. Phase diagram T-t for case G = 0.892 Ug without
magnetic couplings. Phases: homogenous in charge with lo-
cal orbital disproportionation ferrimagnetic (L-FiM), homo-
geneous in charge with local orbital disporporcionacion para-
magnetic (L-PM), homogeneous ferromagnetic (H-FiM), ho-
mogeneous paramagnetic (H-PM).

maintaining the same charge among the Fe sites (6 = 0).
As in the G > Ug case, as the hopping increases the ef-
fect of orbital disproportionation v is compensated by
the energy that the system gains when forming bands,
and therefore, the occupations of both e, orbitals tend
to gradually homogeneize until for ¢ ~ 0.9 Uy they are
equal.

The above results allow us to highlight the symmetry
that exists between § and v with respect to the role they
play in the phase diagrams when magnetic couplings are
not considered. Depending on who is larger, G or Uy,
the phases at low temperatures and hopping are D-FiM
(G > UQ) or L-FiM (U0/2 <G< UQ)

In what follows we study the effect of magnetic cou-
plings on the diagram In particular, we will analyze
under what conditions the D-FiM phase can arise and we
will also examine if it is feasible to find the experimental
phase transition for this relationship between G and Ug
with reasonable values for the magnetic couplings.

Effect of £,

When considering the antiferromagnetic coupling kp, =
0.483 Uy the phase diagrams obtained is shown in fig-
ure [[T}

As seen in this phase diagram, the presence of the mag-
netic energy term increases the free energy of the L-FiM
and H-FiM phases with respect to the others, and there-
fore, the D-FiM phase becomes stable in the region where
before the L-FiM phase was stable. Note that, for this
relationship between G and Ug, there is always a region
of the diagram (¢ < 0.12Up) where the stable phase at
T = 0 is paramagnetic (L-PM).

In addition, by increasing kj; the borders between the
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FIG. 11. Phase diagrams T-t for case G = 0.892 Uy with an-
tiferromagnetic coupling k, = 0.430 Up. The arrows indicate
the direction in which the boundaries between phases move
respect to Fig. [I0l when kj increases.

phases move in the directions indicated by the arrows
in the figure [l and the phase D-FiM is confined to a
small region, being impossible to find the transition from
phase D-FiM to H-PM. When comparing the transition
temperatures, obtained from the free energy in the limit
of narrow bands, we find that the phase transition from
D-FiM to H-PM occurs whenever the ferromagnetic cou-
pling constant kg ~ 0.608 Uy. As in the diagram [I1] the
ferromagnetic coupling kg is zero, this explains why it is
not possible to obtain a reasonable phase diagram (with
magnetic phases at 7' = 0), nor find the experimental
phase transition for some hopping including only antifer-
romagnetic coupling ky,.

Effect of ky

As we explained in the previous paragraph, it is neces-
sary to include the ferromagnetic coupling k; adequately
so that, in the limits of narrow bands (¢ — 0) and low
temperatures (T — 0), the stable phase will be ferro-
magnetic (D-FiM). When considering k; = 0.430 Uy the
obtained phase diagram is presented in the figure

As seen in Figll2 the ferromagnetic coupling kg re-
duces the free energy of the D-FiM phase and it begins
to become stable in an increasingly wider region, where
previously were the L-FiM and L-PM phases. In partic-
ular, when k4 > 0.108 Uy the phases at 7' = 0 are always
FM as is to be expected since the localized t2, moments
are frozen. However, as the value of k; increases, as for
the diagrams with k;, # 0 the D-FiM phase is always
confined between phases L-FiM and L-PM, at least with
the values for the magnetic coupling constants assumed.
This would seem to contradict what we mentioned above,
that in the narrow band limit the phase transition from
D-FiM to H-PM should occur when kg > 0.608 Ug.

However, if it is taken into account that to find the
transition temperatures in this limit it was assumed that
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FIG. 12. Phase diagram T-t for case G = 0.892 Uo with fer-
romagnetic coupling kg = 0.430 Uo.

T < |w — &y|, as the temperature rises, this condition is
no longer fulfilled and therefore the value of the critical kq
could be overestimated. In addition, since a greater value
of kg higher is the magnetization of the D-FiM phase
and smaller the gap that must be overcome thermally
to homogeneize the occupations of the bands, the transi-
tion temperature between phases D-FiM and L- PM may
also be overestimated. Finally, although it is not shown
here, we have verified that by including both magnetic
couplings kj, and kg simultaneously, the phase transition
from D-FiM to H-PM is not found. B

_ In summary, having analyzed the cases G > Ug and
G < Up, it is observed that for CaCusFe4O15 it is con-
venient to alwazs consider the first one. However, the
analysis of the G < Ug case is still important and could
be relevant to explain future experiments in other fam-
ily members. Furthermore, in this model the origin of
the D-FiM to H-PM phase transition is connected to the
nearest-neighbor electron correlationG.
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