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The temperature-induced charge transfer between the Mn and Fe
sites in RbMn[Fe(CN)6] was analyzed by density functional theory
calculations. Our analysis indicates that the extent of electron
correlation (equivalently, the pairing energy or the on-site repulsion)
is much greater for the Mnnþ ion than for the Fenþ ion (n = 2, 3). This
surprising and counterintuitive finding is a consequence of the
π-back-donation effect of the CN ligands.

Intense research efforts have been devoted to the structural
and physical properties that can be controlled by changing
the valency of their transition-metal ions.1 In Prussian blues
consisting of two different transition-metal ions,2,3 charge
transfer between them, and hence a change in their valency,
can be induced by temperature,4 photoexcitation,5 pressure,6

and electric field.7 Such materials with controllable charge
transfer are potentially important in multifunctional device
applications. Among Prussian blues, RbMn[Fe(CN)6] is
unique because it is stoichiometric and hence suitable
for precise structural analyses. This compound consists of
Fe(CN)6 and Mn(NC)6 octahedra, which share their CN
ligands to form the double-perovskite framework with

Fe-CN-Mn linkages (Figure 1). The Rbþ ions occupy
every second Mn4Fe4 cube such that the Rbþ ions form a
three-dimensional network of edge-sharing Rb4 tetrahedra
(Figure 1b).
RbMn[Fe(CN)6] undergoes a structural transition from the

high-temperature (HT) cubic phase to the low-temperature
(LT) tetragonal phase at 231 K upon a lowering of the
temperature, while the LT phase is converted to the HT
phase at 304 K upon a raising of the temperature.4,8 In the
HT cubic phase, both the Fe(CN)6 and Mn(NC)6 octahedra
are regular in shape [Mn-N = 2.012 (�6) Å and Fe-C =
2.170 (�6) Å].4 In the LT tetragonal phase, each Mn(NC)6
octahedron shows a strong axial elongation [Mn-N=1.991
(�4) and 2.268 (�2) Å] and each Fe(CN)6 octahedron a
slight axial flattening [Fe-C = 1.886 (�4) and 1.831 (�2)
Å].4 Experimental studies reveal that the LT phase has high-
spin (HS) Mn3þ (d4, S = 2) and low-spin (LS) Fe2þ (d6,
S = 0) ions, while the HT phase has HS Mn2þ (d5, S = 5/2)
and LS Fe3þ (d5, S = 1/2) ions.

4,8 Namely, the temperature-
induced phase transition involves charge transfer between the
Mn and Fe sites.
The HSMn3þ/LS Fe2þ configuration of the LT phase has

been confirmed by electronic structure calculations,8,9 but
there has been no such report concerning the HS Mn2þ/LS
Fe3þ configuration of the HT phase. In a discussion of the
charge-transfer phenomenon of RbMn[Fe(CN)6], it is essen-
tial that the electronic structures of both the HT and LT
phases be equally well described under a given theoretical
analysis. This need prompted us to carry out a systematic
density functional theory (DFT) study of the HT and LT
phases. In the present Communication, we report surprising
results of our investigation, which reveal that the extent of
electron correlation ismuch greater for theMnnþ ion than for
the Fenþ ion (n=2, 3) in RbMn[Fe(CN)6], and this counter-
intuitive finding is a consequence of the π-back-donation
effect of the CN ligands.
Our spin-polarized DFT calculations, for the experi-

mental structures of the LT and HT phases unless otherwise
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mentioned, employed the projector-augmented wave method
implemented in the Vienna ab initio simulation package10 with
the generalized gradient approximation (GGA),11 a plane-
wave cutoff energy of 400 eV, a set of 3 � 3 � 3 k points,12

and a threshold of 10-6 eV for energy convergence. In general,
band gaps are underestimated and the electron localization of
3d states is poorly described by DFT calculations. These
deficiencies are commonly corrected by performing either
DFTþU13 or hybrid-functional14 calculations. In the hybrid-
functional method, the exchange energy is obtained by mixing
the Hartree-Fock and DFT exchange energies in a certain
ratio. In the DFTþUmethod, the on-site repulsionU is added
on magnetc transition-metal ions. Our study adopted the
DFTþU method of Dudarev et al.,13 which makes use of the
effective on-site repulsion Ueff = U - J, where the screened
exchangeparameterJ is on theorderof 0.9 eV. InourGGAþU
calculations, the Ueff values on Mn and Fe are referred to as
UMn and UFe, respectively.
Because RbMn[Fe(CN)6] has two different transition ele-

ments, Mn and Fe, it is not a trivial task to find the
appropriate UMn and UFe values for the GGAþU calcula-
tions especially when both atoms possess unpaired spins, as is
found for the HT phase. In their elemental state, Mn has less
contracted 3d orbitals than does Fe so that UFe and UMn

would be comparable in magnitude with UMn < UFe. Thus,
we begin our GGAþU calculations for the HT phase with
UFe=UMn= 4 eV, typical values used for oxides ofMn and
Fe. Figure 2a shows the projected density of states (PDOS)
plots calculated for the up- and down-spin 3d states of theMn
and Fe atoms. Each Fe has the t2gv and t2gV states fully
occupied, while each Mn has the t2gv states fully occupied
and the egv states half-occupied. Because the energy of the
occupied Fe t2g states is lower than that of the Mn egv states,
charge transfer from the Fe toMn sites is prevented. Tomake
this charge transfer possible, the Mn egv state should be
lowered in energy. The addition of U on a 3d magnetic ion
splits its 3dv and 3dV states such that, with increasingU, the 3dv
(3dV) state is further lowered (raised) in energy. Thus, the use
of a large UMn would make charge transfer possible.
To verify the above implication, we first performed

GGAþU calculations for various UFe with UMn = 4 eV
(Table 1a) to find that the correct electronic structure of the

HT structure is not obtained even whenUFe,UMn. The μMn

values of Table 1a suggest the need to use UFe , UMn with
small UFe. Thus, we performed GGAþU calculations for
various UMn with UFe fixed at 1 and 2 eV. As summarized in
Table 1b, μMn and μFe increase gradually with an increase in
the differenceUMn-UFe, reaching values of 4.59 and 1.09 μB,
respectively, when UMn = 8 eV and UFe = 1 eV. These
calculatedmoments are close to the values expected for theHS
Mn2þ/LS Fe3þ configuration (5 and 1 μB, respectively).

4,8,15

The corresponding PDOSplots (Figure 2b) show the expected
feature; i.e., eachMn has the t2gv and egv states fully occupied,

Figure 1. (a) Perspective view of the crystal structure of the HT cubic
phase of RbMn[Fe(CN)6]. The red and blue circles represent the Fe and
Mn atoms, respectively, and the yellow and turquoise circles the C andN
atoms, respectively. (b) Arrangement of the Rb atoms in the Mn4Fe4
cubes.

Figure 2. PDOS plots of the Mn and Fe 3d states of RbMn[Fe(CN)6]
obtained from GGAþU calculations for (a) the HT cubic structure with
UMn=UFe = 4 eV, (b) the HT structure withUMn = 8 eV andUFe= 1
eV, and (c) the LT structure with UMn = 8 eV and UFe = 1 eV. The up-
and down-spin densities are indicated by positive and negative values,
respectively.

Table 1. Spin Moments of the Mn and Fe Sites Obtained for the HT Structure of
RbMn[Fe(CN)6] by GGAþU Calculations

(a) As a Function of UFe with UMn Fixed at 4 eV

UFe (eV)

1 2 4 6

μMn (μB) 4.01 3.91 3.88 3.89
μFe (μB) 0.36 0.16 0.04 0.01

(b) As a Function of UMn with UFe Fixed at 1 and 2 eV (Results for
UFe = 2 eV Are in Parentheses)

UMn (eV)

4 6 8

μMn (μB) 4.01 (3.91) 4.30 (4.22) 4.58 (4.53)
μFe (μB) 0.36 (0.16) 0.64 (0.47) 1.01 (0.89)
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while each Fe has the t2gv states fully occupied and the t2gV
states partially unoccupied. Thus, the observed HSMn2þ/LS
Fe3þ configuration of the HT cubic phase is reproduced only
when UMn . UFe with very small UFe.
We note that the UMn and UFe values appropriate for the

HT cubic phase are also valid for the LT tetragonal phase. As
summarized in Table 2, μMn = 3.93 μΒ and μMn = 0.07 μΒ
when UMn = 8 eV and UFe = 1 eV, which are very close to
those expected for the HS Mn3þ/LS Fe2þ configuration of
the LT tetragonal phase (i.e., 4 and 0 μΒ, respectively).

4,8 The
PDOS plots calculated for the LT tetragonal phase with
UMn = 8 eV and UFe = 1 eV show the HS Mn3þ/LS Fe2þ

configuration (Figure 2c). As expected, theHT cubic phase is
calculated to be less stable than the LT tetragonal phase (by
2.4 eV per formula unit).
Our finding of UMn . UFe is quite surprising, and such an

observation has not been reported inDFT studies onmagnetic
oxides of transition-metal elements. In such oxides, the ligands
surrounding the transition-metal ions are σ donors. InRbMn-
[Fe(CN)6], the CN ligands act as σ donors to both Fenþ and
Mnnþ (n=2, 3) ions. In addition, the πCN and π*CN orbitals
of the CN ligands interact with the Fe t2g andMn t2g orbitals.
πCN has a greater weight on the N atom but π*CN on the C
atom (Figure 3). Consequently, the Fe t2g-π*CN interaction is
stronger than the Fe t2g-πCN interaction, whereas the Mn
t2g-π*CN interaction is weaker than the Mn t2g-πCN inter-
action. Thus, the CN ligands act as π acceptors to the Fenþ

ions but as π donors to the Mnnþ ions. The π-back-donation
effect of the CN ligands on the Fenþ ion, via the Fe t2g-π*CN
interaction, would delocalize the electron density of the Fenþ

ion into the CN ligands, hence making the electron distribu-
tion around the Fenþ ion less contracted and reducingUFe. In
contrast, the electron distribution around theMnnþ ionwould
become more contracted because of the π-donation effect of
the CN ligands, hence increasing UMn.
In their study of the experimentally deduced charge-density

distribution of RbMn[Fe(CN)6] using the maximum entropy

method,16 Kato et al. found that, in the charge-transfer transi-
tion fromtheHSMn2þ/LSFe3þ configuration to theHSMn3þ/
LS Fe2þ configuration, the transferred electron is spread over
the complex [Fe(CN)6]

4- because of the Fe t2g-π*CN interac-
tion, which is consistent with our finding described above.
The spin-density distribution calculated for theLTphase is

presented in Figure 4a. The formally diamagnetic Fe2þ ions
participate in the spin-density distribution; the Mn3þ spins
are delocalized into each FeC6 octahedron plus the N atoms
of the two axial CN bonds, while the four equatorial CN
bonds exhibit spin polarization.17 The ferromagnetic cou-
pling between the Mn sites, though separated with a long
distance, arises from the spin delocalization through the
intervening Fe(CN)6 octahedra, which is caused by Fe
t2g-π*CN interactions. In terms of the charge-density dis-
tribution, the occurrence of the electron delocalization be-
tween the Fe2þ ion and the CN ligands can be seen for a
certain range of electron-density values. An example is given
in Figure 4b, which shows the electron delocalization be-
tween the Fe2þ ion and the axial CN ligands.
Compared with the experimental LT and HT structures,

their optimized structures by GGAþU calculations (see the
Supporting Information) have a shorter (longer) Fe-C
(Mn-N) bond and require a smaller UMn (i.e., 4 eV) for
the proper description of the electronic structures. Never-
theless, the requirement for UFe , UMn with small UFe

remains the same.
In summary, the extent of electron correlation is much

greater for the Mnnþ ion than for the Fenþ ion (n = 2, 3) in
RbMn[Fe(CN)6] because of the π-back-donation effect of
the CN ligands, which delocalizes the electron density of the
Fenþ ion into the surrounding CN ligands. This makes the
electron distribution around the Fenþ ion less contracted but
makes that around the Mnnþ ion more contracted. Conse-
quently, UFe is small and UMn . UFe.
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Table 2. Spin Moments of the Mn and Fe Sites Obtained for the LT Structure of
RbMn[Fe(CN)6] by GGAþU Calculations for Various Values of UMn with
UFe Fixed at 1 and 2 eV (Results for UFe = 2 eV Are in Parentheses)

UMn (eV)

4 6 8

μMn (μB) 3.70 (3.71) 3.82 (3.83) 3.93 (3.93)
μFe (μB) 0.12 (0.12) 0.09 (0.09) 0.07 (0.06)

Figure 3. Interaction of the Fe t2g and Mn t2g orbitals with the (a) πCN

and (b) π*CN orbitals of the CN ligand in each Fe-CN-Mn linkage of
RbMn[Fe(CN)6].

Figure 4. Plots of (a) the spin density and (b) a part of the charge-density
distributionobtained for theLTphaseofRbMn[Fe(CN)6] fromGGAþU
calculations with UMn = 8 eV and UFe = 1 eV. The large red and
turquoise spheres represent the Fe and Mn atoms, respectively.
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