PHYSICAL REVIEW B 80, 064403 (2009)
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The results of first-principles density-functional theory and the local-spin-density approximation [L(S)DA]
with a Hubbard Coulombic U and projector-augmented wave method electronic-structure calculations for the
layered two-dimensional organic-based magnet [Fe'(TCNE)(NCMe),][Fe"'Cl,] are reported. The L(S)DA
+U method accounted for the on-site Coulomb interaction between the Fel' and u4-[TCNE]'~ ions. The results
from the spin-polarized calculations are in agreement with the antiferromagnetically coupled ferrimagnetic
ground state. The magnetic moments for Fel' and [TCNE]~ are 3.70 and 0.27 ug, respectively, which are
reduced from the sum of the isolated ions (4 and 1 ug, respectively) due to antiferromagnetic coupling, which
are in accord with molecular-cluster model calculations. Spin-polarized partial density-of-states calculations
reveal strongly spin-polarized Fe'[TCNE]'~ conduction and valence bands. The highest majority band prima-
rily consists of a Fell d,_-based band with hybridization (~33%) by a [TCNE]"~ p band at 2.60 eV below the
Fermi level (Eg), and the highest minority band primarily consists of a [TCNE]'~ p band with hybridization

(~40%) by Fell d bands at 0.09 eV below Ep, and the materials is an insulator.
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I. INTRODUCTION

In the last few decades, organic-based materials have be-
come an alternative to inorganic solids,! due to their control-
lable properties, especially in combination with other tech-
nologically important electrical and optical properties.?
V[TCNE], *zCH,Cl, (TCNE=tetracyanoethylene; x~2; z
~0.5) is a room temperature (7.~ 125 °C) organic-based
magnet formed from the reaction of TCNE and V(CgHg),
(Ref. 3) or V(CO)4 (Refs. 3 and 4) in solution or in by
chemical vapor deposition.’ It is a semiconductor with a con-
ductivity approaching 107> S/cm at room temperature.® In
addition, magnetotransport studies reveal that electrons in
both of the wvalence and conduction bands of
V[TCNE],*zCH,Cl, are spin polarized,” suggestive of
“spintronic” applications.®

In addition to V[TCNE],, M[TCNE], *zCH,Cl, (M=Mn,
Fe, Co, and Ni) magnetically order as high as 100 K.® More
recently, [Fe(TCNE)(NCMe),|[FeCl4] has been reported to
have a 90 K 7,.! While the study of V[TCNE], has been
limited by the paucity of structural information beyond the
V-N distance,!! both Fe[TCNE],*zCH,Cl, (Ref. 9) and
[Fe(TCNE)(NCMe), |[FeCl,] have been structurally
characterized.!® Their study will provide deeper insight into
the electronic, electrical, and magnetic properties of this fam-
ily of molecule-based magnets enabling a better understand-
ing of V(TCNE),. Both Fe[TCNE],*zCH,Cl, (Ref. 9) and
[Fe(TCNE)(NCMe), |[FeCl,] (Ref. 10) possess a layered
magnetic structure, with the layers separated by MeCN
ligands for the latter (Fig. 1), and bridged by diamagnetic
w4-[C4(CN)g]*>~ for the former. The layered structure for
[Fe(TCNE)(NCMe),][FeCl,] consists of Fel bonded to four
M4-[TCNE]'™ and is a ferrimagnet due to antiferromagnetic
coupling among the high spin S=2 Fe! with the S=1/2
u4-[TCNE]". In addition, two MeCN ligands are bonded
perpendicular to Fe'-based undulating plane giving a dis-
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torted local Dy, environment for each Fe'! site. The S=5/2
[Fe''Cl,]~ counter anion resides between the layers but does
not contribute to the magnetic ordering.!®!> Given that the
[Fe(TCNE)(NCMe), |* orders as a ferrimagnet, it should ex-
hibit spin polarization below the critical temperature'® and a
spin-polarized electron structure has been experimentally ob-
served for [Fe(TCNE)(NCMe), |[FeCl,] (Ref. 14) but it is an
insulator."

To complement the experimental observation of spin po-
larized for [Fe(TCNE)(NCMe),][FeCl,] and extend the pre-
liminary computational study, its electronic structure is
herein computationally investigated by including a Hubbard
U term to account for the on-site Coulomb interactions.
While several inorganic materials exhibiting spin polariza-
tion have been widely studied, e.g., CrO,,'¢
[Fe'(TCNE)(NCMe),][Fe"'Cl,] is the first spin-polarized

structure of

FIG. 1. (Color  online) Crystal
[Fe(TCNE)(NCMe), |[FeCl,] (H, white; C, gray; N, blue, CI, green,
and Fe, red) (Ref. 10). Due to structural disorder each methyl
groups displays 6 H atoms.
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FIG. 2. (Color online) Partial density of states from LDA PAW
calculation. Total DOS (—); [TCNE]™ C p (—); [TCNE]"™ N p
(—); Clp (—); Fe"d (—); and Fe'' d (—).

organic-based material with structural information to be
computationally investigated in detail.!* With the investiga-
tion of potential for spintronics applications, this will be a
promising prototype for future organic-spin-based electron-
ics and also provide further insight into V(TCNE),.

II. COMPUTATIONAL DETAILS

All calculations were performed using the density-
function method (DFT).!” The Kohn-Sham equations were
solved self-consistently using structural parameters fixed at
their experimental values.'” The local-density approximation
(LDA) was used with projector-augmented wave (PAW) as
plane-wave basis functions.'® The PAW potentials for Fe
were generated from the [Ar]3d%4s? atomic configuration
and the 3d and 4s electrons were treated as valence electrons.
The atomic potentials for H, C, and N were generated from
the 1s', [He]2s?2p?, and [He]2s?2p® atomic configurations,
respectively. The 2s and 2p electrons were considered as
valence electrons for C and N. The plane-wave energy cutoff
was set at 350 eV and 8 X 8§ X 8 k-point mesh was generated
according to the I'-centered Monkhorst-Pack scheme to
sample the Brillouin zone!® (resulting in 125 k points in the
irreducible Brillouin zone). For spin-polarized calculation,
the L(S)DA+U method®® was used. The Hubbard U was
included to account for the on-site Coulomb interactions. We
adopted the simplified rotationally invariant approach formu-
lated by Dudarev et al.?! The total energy can be summarized
by the following expression:

u-J
EL(SDA+U _ pL(SIDA | : D [(E ngm)

o

_< E n;,m’n;',m)]’ (l)

where U and J are the spherically averaged matrix elements
of the screened Coulomb electron-electron interactions; U is
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FIG. 3. (Color online) Spin-density isosurface of a ferrimagnetic

layer of [Fe'(TCNE™)(NCMe),]* calculated by the L(S)DA+U

method. The red isosurface indicates the spin-up electron density;

the blue isosurface indicates the spin-down electron density. All
atoms are black.

the effective on-site Coulomb interaction parameter and J is
the effective on-site exchange interaction parameter (in this
approach, only U—J is meaningful, not U and J separately).
n is the on-site occupation matrix obtained by projection of
the wave function, m is the on-site orbitals for (e.g., on-site
interaction for d orbitals, m or m'=-2, -1, 0, 1, and 2), and
o is the spin (1 or —1). The values of U and J for Fe, C, and
N were adopted from Ref. 22. The initial guess for the cal-
culation included the difference between the number of
spin-up and spin-down electrons (i.e., 3) for each antiferro-
magnetically coupled Fe(TCNE) moiety. Since Fe!! is high
spin (§=2) and [TCNE]~ is §=1/2, the initial guess was
accounted for that when calculating magnetization (see sup-
porting information).

Molecular-cluster model linear combination of atomic or-
bitals (LCAO) calculations were performed using the DFT
method with all-electron Gaussian-type orbital.”> An unre-
stricted hybrid DFT, the Becke’s three parameters with Lee-
Yang-Parr correlation function,”* was used with a 6-31+
+g(d,p) basis set for H, C, and N, and an Ahlrich’s triple ¢
valence® basis set for Fe'l. Methyl groups were substituted
by H for simplicity and to enforce D,;, symmetry. A high-
spin wave function of the cluster model was initially ob-
tained. This was followed by a calculation utilizing the
broken-symmetry method (BS-DFT) to see if it has an anti-
ferromagnetic ground state.?

III. RESULTS AND DISCUSSION

The density of states (DOS) of crystalline 1 calculated by
LDA method is shown in Fig. 2. The partial density of states
(PDOS) of the p orbitals of [TCNE]'~, CI", and the d orbitals
of Fel' and Fe' are shown along with the total DOS. The
highest-occupied Fe'' and Fe'! d bands are at 1.52 and 0.69
eV below the Fermi level (Eg), respectively, and both d
bands are hybridized by [TCNE]~ and CI” p bands. Since
the LDA calculation is nonspin polarized and thus does not
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FIG. 4. (Color online) Spin density of an antiferromagnetic
Fe!l-TCNE"~ fragment calculated by the LCAO molecular-cluster
model. The red isosurface indicates the spin-up electron density and
the blue isosurface indicates the spin-down electron density. All
atoms are black.

distinguish between low and high spin for Fe!' (§=2) and
Fe'! (§=5/2). Also, both Fe!' and [TCNE]"~ exhibit strong
Coulomb interaction from theoretical and experimental
results,?? therefore a Hubbard U is included to account for
the Coulomb term in the spin-polarized calculations.

As the paramagnetic [Fe'Cl,]~ counter anion does not
contribute to magnetic ordering,'? the spin-polarized calcula-
tions were simplified by removing it and focusing only on
the magnetic layers. The calculations for both one and two
layers of [Fe!'(TCNE)(NCMe),]* take into account the dif-
ferences between spin-up and spin-down electrons for
Fe'l(TCNE™), and the initial magnetic moments, to ensure
Fe!l high spin S=2 and [TCNE]"~ S=1/2. Furthermore, both
antiferromagnetic and ferromagnetic interactions between
Fe!l and [TCNE]"~ were evaluated.

The L(S)DA+U calculation of two layers per unit cell
showed no sign of interaction between the layers and this is
ascribed to the large interlayer separation (~8.5 A). In the
calculation for single layer per unit cell, the antiferromag-
netic ground state between Fe!' and [TCNE]~ were found to
be lower in energy than the ferromagnetic ground state, in
agreement with previous experimental results.!® This calcu-
lation gives magnetic moments of 3.70 up for Fe' and
0.27 g for [TCNE]~ (average 0.111, 0.011, 0.013 uy for
sp* C, sp C, and N, respectively) or 3.43 up/FeTCNE, due
to antiferromagnetic coupling, Fig. 3. Note that the spin only,
uncoupled moments are expected to be higher for both
[TCNE]™ (1 wp) and Fe' (4 up assuming the Landé g
value is 2.0023). However, since spin-orbit coupling was ex-
pected for high-spin Fe'l, its magnetic moment should exceed
4 MB-

In order to understand the lower than expected magnetic
moments, a thorough qualitative analysis utilizing molecular-
cluster model LCAO calculations were executed to provide
further insight into the antiferromagnetic interaction’®?’ be-
tween Fe!l and [TCNE]". An antiferromagnetic ground state
obtained by BS-DFT method showed the spin density of
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FIG. 5. (Color online) Spin-polarized partial density of states of
layer [Fe'(TCNE™")(NCMe),]*. Total DOS (—); top: Fe''d,, or-
bital (—); d,, (—); d2 (—); d, (—); dy2_y2 (—); bottom: TCNE C s
(—); p (—) and Ns (—); p (—). Inset: all Fe'l bands (—), all
[TCNE]~ bands (—).

[TCNE]~ is opposite to that of Fe'', Fig. 4. Moreover, the
spin density on the C-CN fragment connected to Fe'l is re-
duced, partly due to the ligand-to-metal charge transfer in the
antiferromagnetic ground state, as was previously observed
for Mn'(CsHs)(CO),(TCNE™).?® A natural bond orbital
(NBO) (Ref. 29) analysis (Table I) showed Fe' has a spin
electron density of 3.65 unpaired, spin-up (@) electrons (S
=1.83); the unbonded C(6)C(8)N(10) fragment has 0.343 un-
paired, spin-down (B), 0.066 «, and 0.178 B electrons, re-
spectively, and the C(4)C(3)N(2) fragment, connected to
Fe', has 0.011, 0.093, and 0.108 B electrons, respectively.
The spin electron density on the central, C(4) and C(6), car-
bons will be further reduced when all CNs are bonded to
additional Fe! ions, as occurs within the layers. If the total
spin density is based on the NBO value of Fe'bonded
N(2)C(3)C(4), the total spin electron density will be —0.805
unpaired electron (~0.4 up spin down). Furthermore, the
spin electron density of the central C(4) is higher than in the
case of a Fe''(TCNE™) layer. A lower spin-density value is
expected for C(4) as C(5)N(11) is bonded to an additional
Fe'' (in a periodic boundary condition), due to the antiferro-
magnetic interaction. The reduced electron density on C(3)
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TABLE 1. NBO analysis of Fe'-[TCNE]"~ (showed only one [TCNE]"~ per Fe since all four are equiva-

lent, unit in number of electron).

"N B\
SC% 1 Ch
e - ~N 7'
,Co CZ%
Na Ne)
/
Feu
Atom Natural charge Core Valence Rydberg Total Spin density
Fel 1.47843 17.99318 6.51283 0.01556 24.52157 3.65000
N2 —-0.54253 1.99928 5.50774 0.03551 7.54253 —-0.09304
C3 0.41633 1.99906 3.55956 0.02505 5.58367 -0.01095
C4 -0.32564 1.99865 4.30656 0.02043 6.32564 —-0.19427
C5 0.26875 1.99922 3.69856 0.03347 5.73125 0.03753
Co6 —-0.26658 1.99855 4.24950 0.01853 6.26658 —-0.34334
C7 0.25591 1.99923 3.71206 0.03280 5.74409 0.06909
C8 0.28243 1.99925 3.68506 0.03326 5.71757 0.06565
N9 —-0.30881 1.99955 5.28837 0.02089 7.30881 —-0.17519
N10 —0.35554 1.99954 5.33516 0.02084 7.35554 —0.17799
N11 —-0.31401 1.99954 5.29308 0.02139 7.31401 —-0.10104

also could be a factor of the low conductivity. This analysis
is consistent with the magnetic moments for the
Fe'(TCNE™™) unit obtained from L(S)DA+ U-based
calculations.°

The calculated spin-polarized partial density of states
shows that a [Fe'(TCNE™)(NCMe),]* single layer to be
strongly polarized at both the valence (0 to —6 eV with re-
spect to Ep) and conduction bands (0 to +2.5 eV with re-
spect to Eg), Fig. 5. The highest-occupied molecular orbital
(HOMO) majority band (spin up) and minority band (spin
down) are found to be at 2.60 and 0.09 eV, respectively,
below Eg. The spin-up HOMO is primarily composed of the
Fell d,. orbital (~33%) that is hybridized by the [TCNE]"~ p
orbitals and the spin-down HOMO is primarily composed of
p orbitals from the [TCNE]~ that are hybridized by
(~40%) the Fe' d orbitals. The inset in Fig. 5 shows the
[TCNE]~ p bands cross the Fermi level without an obvious
band gap. This highest-occupied [TCNE]'~ p band was con-
tributed from the [TCNE]'~ #* orbitals. The 7" — 7"+ U split-
ting is about 0.8 eV, as a result of the Coulomb interaction
(in which splits the 7" band into 7" and 7"+ U bands). The
7 —a"+U splitting in Fe'[TCNE]~ is smaller than in
VI[TCNE]~ and the Fe"" d bands (both ¢, and 1,,) are lower
in energy than the V" d bands (t,,). Furthermore, modifica-
tion of [TCNE]"~ U-J parameters from 0 to 4 €V does not
show any significant change in the 7" —#"+U splitting.
Thus, the L(S)DA+U calculations for a single layer of
[Fe''(TCNE™")(NCMe),]* predicted the Fe'! d bands and the
[TCNE]™~ p bands to be strongly spin polarized. The calcu-
lated multiple Fe"  bands (~—2.5 to -6 eV with respect to
Er) were a result of the distorted local D,;, environment.
While the e, bands (~-2.5 to -3 eV) are appeared to be
localized in the calculated results, the Ire bands (~-3.6 to
—6 eV) show indication of electron dispersion and are mix-

ing with the [TCNE]"~ 7 orbitals. This result was summa-
rized with a schematic shown in Fig. 6.

IV. CONCLUSION

L(S)DA+U DFT calculations on
[Fe'(TCNE)(NCMe),][Fe"'Cl,] confirm the ferrimagnetic
ground state for single layer [Fe''(TCNE™")(NCMe),]*, with
antiferromagnetic-coupled magnetic moments of 3.70 and
0.27 up for Fe'! and [TCNE]™", respectively. Hence, inclu-
sion of the Hubbard U Coulomb term accounts for the spins
and magnetic moment that were not accounted for in the

A
E

Majority («) Band Minority (4) Band

v
%, ] TCNE 7*+ U

[
Fe!l d-orbitals <
(distorted D,,) L

FIG. 6. Schematic illustration of spin-polarized density of states
for [Fe'(TCNE™)]*.
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preliminary calculation. Furthermore, the highest band arises
primarily [TCNE]~ based, not Fe! based.

Analysis of the PDOS reveals that both the valence and
conduction bands are spin polarized and has minority bands
near the Fermi level. The [TCNE]'~ p orbitals are found to
be the highest-occupied minority bands 0.09 eV under the
Fermi level with hybridization by the Fe'd bands, with
Fe!' d band 2.60 eV under the Fermi level with hybridization
by the [TCNE]" p bands. Below the critical temperature,
[Fe''(TCNE)(NCMe), |[Fe''Cl,]  should exhibit spin-
polarization behavior. This layered ferrimagnetic material,
however, is found to be an insulator,’> which could be a
result of the reduced electron density of the nitriles due to the
antiferromagnetic interactions.
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