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In this paper we have investigated the electronic properties of Fe(OH), hydroxide by using the spin-
polarized version of the generalized gradient approximation (o-GGA) as well as the o-GGA+U. Our calcu-
lations for the iron hydroxide show that the o-GGA results are at variance with experimental findings. On the
other hand, we have shown that 0-GGA+U is capable of opening a gap at the Fermi level resulting in an
insulating ground state. Moreover, the frequencies of the Raman-active A;,(OH) and infrared-active A,,(OH)
stretching modes of OH group are calculated at ambient conditions. We have found the calculated gap as well
as the calculated frequencies are in good agreement with experimental results.
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I. INTRODUCTION

Several authors have investigated the electronic properties
of layered hydroxides. In particular, brucite-type hydroxides
with the general formula M?>*(OH),, where M?* stands for a
divalent cation, are extensively studied. The study of the
electronic structure of these materials as well as the study of
their temperature-pressure phase diagram has helped the
physicists to gain a better understanding of the Earth’s crust
and mantel. It is well known that these hydroxides are abun-
dantly found on the Earth’s surface. In this paper we have
concentrated on the electronic structure of the hydroxide
Fe(OH),, commonly known as white rust, and in particular,
we have addressed its insulating phase by studying its band
structure. Fe(OH), has a hexagonal crystal structure and is
isostructural with brucites, Mg(OH),, Ca(OH),, Mn(OH),,
B-Co(OH),, and B-Ni(OH),. Factor group analysis at the
Brillouin-zone center determines that there are two internal
stretching OH vibrations, i.e., the symmetric A;,(OH), the
antisymmetric A,,(OH) modes, and six lattice modes
Alg(T)’ AZu(T)’ Eg(T)’ Eu(T)’ Eg(R)7 and EM(R)l

Both the local spin-density approximation (LSDA) and
the spin-polarized version of the generalized gradient ap-
proximation (o-GGA) fail to predict the insulating behavior
of Fe(OH),. It is known that the transition-metal oxides en-
counter a similar problem.? But the LDA + U approach which
was first introduced by Anisimov et al.,? and its variants such
as LSDA+U or 0-GGA+U, allow us to study some of the
properties of the strongly correlated electron systems, with
considerable improvement over the LSDA or o-GGA results.
In fact, the standard density-functional theory (DFT) within
the framework of Kohn-Sham formalism which employs
LSDA or o-GGA predicts an unphysical metallic character
for Fe(OH),. This is due to the fact that the crystal field and
the electronic-structure effects are not sufficient in this case
to open a gap at the Fermi level. As expected, we have
shown that the LSDA+U and 0-GGA+U schemes predict
the insulating behavior of Fe(OH), with a gap close to the
experimental findings.*
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The organization of this paper is as follows. In Sec. II we
present the 0-GGA+ U approach which starts with the for-
mulation of Anisimov et al.>>-® We have employed this for-
mulation for the LSDA+U and o-GGA+ U schemes, where
the evaluation of the interaction parameters is based on the
linear-response theory.” In Sec. III, the computational details
are described. In Sec. IV the application of this methodology
for studying the electronic properties of Fe(OH), as a
strongly correlated system is discussed. Moreover, the fre-
quencies of the Raman-active and infrared-active stretching
modes of OH, as well as the magnetic moment of Fe2* in
Fe(OH), are evaluated. Finally, in Sec. V the concluding
remarks are presented.

II. THEORETICAL DETAILS

Anisimov et al. have extended the standard local-density
approximation (LDA) employed in DFT to the LDA+U by
adding an on-site Hubbard-type interaction Ey,. This term
accounts for the on-site Coulomb interaction and is respon-
sible for the correlation gap occurring in Mott insulators.
The suggested energy functional has the following form:

Eipasuln(r)] = Eppaln(r)] + El-lub[{n,l/y,a,-n’}] - EDc[{”IU}],
(1)

where n(r) is the electronic density and nffm, are the atomic-
orbital occupations for the atom I with spin o. The last term
in this equation is to avoid double counting of the interac-
tions contained in Ep,;,, and in some averaged way, in Ejpa.
The Ep ¢ term represents the mean-field approximation to the
LDA contribution of on-site electronic interactions. In this
term, n'“ is the trace of n::m, over magnetic quantum number
m. A rotationally invariant formulation has been
introduced®® where the orbital dependence of Eyy, is defined
by Eq. (2) in Ref. 9.

In this procedure we introduce the response functions as
the localized level occupations with respect to the potential
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shift in d levels. By using the response-function approach,® !0

the effective interaction parameter U is deduced from the
following equations:

dn’,
=—, 2
X1 da, (2)
dal dal 1 1
=—— 4+ —L =" =¥, 3
d”lfl dﬂ(]}0 (XO X )II ( )

Here yx;; are the elements of the linear response matrix, né,

is the occupation number of the d levels and «; represents the
potential shift. y (the screened response matrix) includes all
screening effects from crystal environment which is associ-
ated with the localized electrons and x, (the unscreened re-
sponse matrix) contains nonscreening effects of the total en-
ergy of the noninteracting Kohn-Sham qausiparticles
associated with the system. Therefore, for eliminating the
nonscreening effects in the evaluation of the physical value
of U, xp ! must be subtracted from y~'. To compute the Hub-
bard effective interaction U, we used LSDA calculations
with potential shift acting on the d levels in one of the Hub-
bard atoms which in this case are the iron sites. For evaluat-
ing the on-site Coulomb interaction U, we only considered
the nearest-neighbor electronic interactions of iron sites and
in our numerical calculations we used two supercells with
different number of iron atoms. We performed a series of
perturbations on Hubbard atoms (iron atoms). Moreover, we
considered a delocalized background which adds one more
column and one more row to the response matrix. These
elements are determined by imposing overall charge neutral-
ity of the perturbed system for all localized perturbations

2 X=0, 2 )(?,=0, for all J, 4)
1 I

EX11=0, E)(?J=0, for all 1. (5)
J J

It is worth mentioning that the singularities in y~! and )(51
can be avoided when computing the difference Xal— X' by
shifting the elements of Y, and y matrices with the same
amount.

III. COMPUTATIONAL DETAILS

Our calculations are based on the use of DFT and the ab
initio pseudopotential plane-wave method using the PWSCF
code of the Quantum ESPRESSO distribution.'! We start our

calculations with a hexagonal unit cell (space group p3ml)
and assume that the hydroxide Fe(OH), is in its antiferro-
magnetic structure with the magnetic moments aligned in the
basal plane. Fe atoms are located at (0, 0, 0) and (0, 0, 0.5).
The O and H atoms are located at (1/3, 2/3, z), (1/3,2/3,z
+0.5), (2/3,1/3,0.5-z2), and (2/3,1/3,1-z) with z~0.1
for O atoms and z~0.2 for H atoms. All coordinate numbers
are specified in crystal units. Experimental lattice parameters
are a=6.166 a.u. and c=17.399 a.u.'>'* Note that the z val-
ues reported by Lutz et al.'* (z=0.22 for O atoms and z
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=0.44 for H atoms) are almost two times greater than ours.
This is because the c-cell parameter of our super cell is two
times greater than theirs. Thus, the two sets of z values along
with their ¢ parameters are compatible and their small differ-
ences are due to the use of the geometry relaxation in our
case and the use of the experimental results in theirs.

The calculations are performed with the ultrasoft GGA
Perdew-Burke-Ernzerhof (U.S. PBE) (Ref. 15) nonlinear
core-correction (NLCC) pseudopotential for iron atoms
while for oxygen and hydrogen U.S. PBE (non-NLCC)
pseudopotentials have been chosen. We also performed the
calculations with U.S. LDA Perdew-Zunger (PZ) (Ref. 16)
NLCC for iron atoms and U.S. PZ (non-NLCC) pseudopo-
tentials for oxygen and hydrogen. For the pseudopotential
generation we used the 3d’4s' valence-atomic-orbital con-
figuration for iron, the 2s?2p* for oxygen and the 1s' for
hydrogen. Brillouin-Zone integrations were performed using
6X6Xx3 Monkhorst and Pack'” special point grids using
Marzari and Vanderbilt smearing technique with a smearing
width of 0.008 Ry in order to smooth the Fermi distribution.
The Kohn-Sham orbitals are expanded in a plane-wave-basis
set. The energy cut off for the wave function and the charge
density are respectively 50 and 400 Ry. These values are
used because of the ultrasoft pseudopotentials for Fe, O, and
H and the imposed periodic boundary conditions. The opti-
mized lattice parameters of Fe(OH), after relaxation are: a
=6.105 a.u., ¢c=17.396 a.u., and z=0.115 for O atoms and
z=0.221 for H atoms expressed in crystal unit. After per-
forming the optimization, we have found that the optimized
volume is 2% less than the experimental results.'3 In order to
compute the Hubbard interaction U, we have used potential
shifting which acts on the iron ion to study the response of
the d atomic occupations on the perturbed site and on the
other atoms in the system. For this purpose, we performed a
series of self-consistent calculations with different potential
shifts in the d levels of one of the iron ions. Then, through
Egs. (2) and (3), we obtained the response matrices y and x°.
The perturbed atom, with a shifted potential in the d channel,
strongly interacts with its nearest neighbors. This screening
process is not completely efficient. Thus, we performed per-
turbation in a larger supercell to consider the nearest-
neighbors contribution in the response matrices. First, we
considered C1 supercell with two iron ions and then extrapo-
lated the result to C4 supercell which contains four C1 su-
percells with eight iron ions (See Fig. 1).

IV. RESULTS AND DISCUSSION; FOR DIFFERENT
SUPERCELLS

A. C1 supercell

The C1 supercell contains two iron atoms in a hexagonal
structure with opposite spin polarizations [Fel and Fe2 in
Fig. 1(a)]. Figure 2 shows the variation in d-level occupation
of Fe ions in terms of potential shifts in the first iteration of
perturbation when the perturbed atom is Fel. In this manner
the nonscreening part of linear response Y, is defined. For
the purpose of clarification, we mention that the density re-
sponse obtained at the first iteration does not involve any
effect of the electron-electron interaction and, in fact, it cor-

155111-2



CALCULATION OF THE EFFECTIVE INTERACTION...
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FIG. 1. (a) CI supercell with opposite spin polarization for the

two iron atoms, Fel and Fe2, and (b) C4 supercell with eight iron
atoms.

€
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responds to the response of the independent electron system.
The slopes of the two lines in Fig. 2 are —1.2464 Ry~! and
1.0634 Ry™!, but if the perturbed atom is Fe2, these slopes
are slightly shifted relative to the previous result. In this way
we obtain the elements of the nonscreening linear response
matrix, i.e., X?l, X?z, X(Z)l’ and X(z)z-

After repeating the iteration cycle for sufficient number of
times, i.e., after the electron-electron interaction has fully
played its role, we obtain the screened linear response y
matrix which, in turn, via Eq. (3) results in the evaluation of
the Hubbard interaction parameter U. Figure 3 shows the
variations in d-levels occupation of Fe ions in terms of po-
tential shifts in the last iteration of perturbation when the
perturbed atom is Fel. The slopes of the lines in Fig. 3 are
—-0.1460 Ry~' and 0.0181 Ry~'. We obtain a similar figure
when the perturbed atom is Fe2. In this case the slopes are
0.0179 Ry~ and -0.1457 Ry~

In order to avoid the singularities in y~' and Xal, appear-
ing in Eq. (3), one adds the delocalized background to both y
and x,. Diagonal elements of x, '_x~! show the value of the
effective interaction parameter for C1 supercell as 2.96 eV
and nondiagonal terms correspond to the intersite effective
interaction in the local-density approximation.
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FIG. 2. Occupation of d levels of Fe ions as a function of po-
tential shift, @, on Fel ion in the first iteration of perturbation. This
gives the independent electron system response xj.
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FIG. 3. Occupation of d levels of Fe ions as a function of the
potential shift, &, on Fel ion in the final iteration of perturbation
using the fully screened response, when Fel in supercell C1 is
perturbed.

B. C4 supercell

The results obtained using the C1 supercell can be cor-
rected by considering a larger supercell, i.e., the C4 supercell
with eight iron ions in the unit cell [Fig. 1(b)]. By consider-
ing the nearest-neighbors contribution, the effective interac-
tion can be estimated more efficiently. Thus, in order to ob-
tain the response functions, we first perturb the potential on
the d levels of one particular iron ion in the C4 supercell.
The results are shown in Fig. 4. According to Fig. 4(a), the
slopes of the lines are 0.5129 Ry™!, -2.998 Ry~!,
0.3246 Ry~!, and 0.3244 Ry~' and the value of these slopes
in Fig. 4(b), when the perturbed ion is Fe2 in C4 supercell,
are  0.0168 Ry™!, -0.1949 Ry~!, 0.0048 Ry~!, and
0.0057 Ry~'. We note that the C4 supercell gives rise
slightly to a larger U value. This is due to the fact that the
effect of nearest-neighbors’ contributions in the value of U is
positive (See Ref. 8). So, we expect the calculated U value
for Cl-supercell turn out to be less than the U value for C4
supercell.

By considering the background effects in y and " re-
sponse matrices, the diagonal elements of the matrix )(51
—x~! gives us the value of the Hubbard U on the iron sites in
C4 supercell. The result is U=4.05 eV. The C4 supercell is
believed to be large enough to compute the Hubbard U for
Fe atoms in Fe(OH),. So, the calculation for a somewhat
larger supercell results in a negligible change in our U value.
As a result, we have used this computed interaction param-
eter in our LSDA+U and o-GGA+ U calculations to obtain
some of the physical properties of this compound. In order to
obtain the d-level occupation numbers more accurately
whenever necessary, we have used localized Wannier func-
tions of the bands around the Fermi energy. Figure 5 dem-
onstrates the change in the total density of states for the bulk
Fe(OH), considering the on-site effective Coulomb interac-
tion U in the two cases of 0 and 4.05 eV. The energy of the
Fermi level is set to zero. By taking into account the on-site
correlation effects, Fe-d bands below/above the Fermi level
are shifted to a lower/higher energy level which results in a
notable gap.

Apart from the change in the density of states, one can
observe that there are changes of the projected density of
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FIG. 4. Occupation of d levels of iron ions in terms of the potential shift, @, on Fe2 ion for C4 supercell; (a) in the first iteration of
perturbation (nonscreening part of linear response, x;), (b) in the final iteration of perturbation (fully screened part of linear response, x).

states (PDOS) weights near the Fermi level (See Fig. 6).
Fe-3d orbital are split into efgl) and 1,, states by the crystal
field with octahedral symmetry. The measured bond lengths
surrounding a given Fe atom are 3.253 A and 2.827 A, and
the bond angles formed by Fe and O atoms are 98° and 82°
(See Ref. 1). The crystal field of this distorted (compressed)
octahedron has D5, point-group symmetry. According to the
group representatlon of D3, the triplet ,, level splits into a
doublet, e; @ and a singlet a . Consequently, we end up with
a singlet, a,,, and two doublets, e( ) 2) . By calculating the
d-orbital occupation numbers and in accordance with the
Hund’s first rule, we have found that all majority (spin-up)
states and the a;, minority (spin-down) state are occupied.
Moreover, as Fig. 6 shows, our calculated d-orbital occupa-
tion numbers are in agreement with our PDOS results where
the a;, minority state lies below the Fermi level and the two
doublet minority states lie above the Fermi level. Since the
minority a;, (spin-down) state becomes occupied, the sym-
metry would not be further lowered. The result is compatible
with the work of Sams et al.'® for a compression along the
quantization axis presented in their discussion section.

As a result within the 0-GGA+U and due to the gap
opening the minority-spin states of the #,, manifold of iron
are split into two subgroups. Within 0-GGA+U the lower
energy minority-spin d-state merge in the group of states
below the Fermi level where it mixes strongly with the states
originating from oxygen p orbital and majority-spin d-states
of the iron ions.

The calculated band structure of Fe(OH), using o-GGA
+U with U=4.05 eV is shown in Fig. 7(b). We obtain the
insulating behavior which is deduced from the band structure

shown in Fig. 7(b). As this figure shows a gap opens around
the Fermi level with a minimal width of about
2.29%0.05 eV. This band gap now separates the valence
band from the conduction band. This is in contrast to the case
of o-GGA with metallic band structure [See Fig. 7(a)]. The
obtained band-gap value is in good agreement with the ex-
perimental optical band gap which is 2.1+0.05 eV.* The
band gap is direct and located at the I" point. Moreover, from
the 0-GGA band-structure calculation it is seen that the band
width, W, is 0.86 eV, resulting in the ratio of U/W=4.71.
The value of this ratio indicates that the hydroxide Fe(OH),
belongs to the strongly correlated electron system.

We also considered the following two transitions, (i)
{3d(Fe),2p(0)} —4s(Fe) and (ii) {3d(Fe),2p(0)}— 3d(Fe).
These transitions are of interest in an optical band-gap mea-
surement of Fe(OH), hydroxide. First, we show that both of
these transitions satisfy the dipole selection rules and second
we present the results obtained via 0-GGA+ U. In the case of
an isolated atom interacting with light, the dipole selection
rules takes the following form:

n'l',m |— -Plnl,m) # 0,

when Al= *1 and Am=-1,0,1, (6)

where A is the vector potential, P=-iAV is the momentum
operator, and the atomic states |n’l "m’) have the same center.
However, in a solid, we have hybridized atomic orbitals cen-
tered at different points. Since the matrix elements
(dpe>polA -P|sg.) and {dg.,po|A -P|dp.) assume nonzero val-

8 8 ;
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7t — 7} .
6 — 6l .
st — s|
8 8
4t - 4}
o [a]
st - sl
2t — 2|
1 b 1
5 , . A " 6 i ; i i
25 20 15 10 5 0 5 25 20 15 10
(a) Energy (eV) (b) Energy (eV)

FIG. 5. Density of states of Fe(OH), as a function of energy with (a) GGA and (b) o-GGA+U (U=4.05 eV).
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FIG. 6. The projected density of states of Fe(OH), as a function of energy with (a) o-GGA and (b) o-GGA+U (U=4.05 eV).

ues, both transitions are allowed. The state |dg.,po) is a hy-
brid state. Our results show that the first transition is pre-
dicted to occur at 2.29 =0.05 eV and the second transition is
predicted to occur at 2.67 = 0.05 eV within 0-GGA+ U [See
Fig. 7(b)], and the corresponding values within LSDA+U
are, respectively, 1.9+0.05 eV and 2.16+0.05 eV (not
shown in here). These results are consistent with our PDOS
calculations. From PDOS calculations shown in Fig. 6(b), it
is clear that the first transition {[3d(Fe),2p(0)]— 4s(Fe)} is
weaker than the second transition {[3d(Fe),2p(0)]
—3d(Fe)}. Tt is known that LSDA and thereby LSDA+U
works better for inhomogeneous electron systems with
nearly uniform density and usually underestimates the ener-
gies. On the other hand, when the electron-density variation
is large, one expects the o-GGA+U to work better than
LSDA+U. However, for an intermediate density variation
such as ours [Fe(OH),], it is not clear, at the outset, which
one of these two approximations (LSDA or o-GGA) gener-
ates results leading to better agreement with experiments and
it is not necessarily the case to observe similar improvements
of one approximation over the other for all physical
quantities.!® In fact, our band-gap calculations based on the
use of o-GGA+U leads to a closer agreement with experi-
mental results relative to the LSDA + U, whereas the phonon-
frequency calculations based on the o-GGA leads to an over-
estimation relative to the LSDA+ U. In what follows we will
discuss this point in more detail.

We also have performed DFT calculations for the two
internal stretching OH vibrations, A;,(OH) and A,,(OH).
Using the initial experimental structure, the frequencies of
Raman- and infrared-active stretching modes of OH are cal-
culated with ion relaxation (See Table I). By including U in
ion relaxation process, i.e., by employing LSDA+U, we

5

found that the calculated frequencies of the A;,(OH) and
A,,(OH) phonon modes are in good agreement with the ex-
perimental values."'31429 Note that the maximum difference
between the theoretical and experimental results is about 3%
and such a difference is mainly due to the kind of energy
functional used in DFT.

The experimental value for the magnetic moment of Fe?*
in FC(OH0_86D0'14)2 is 350(7)[1,3 Fe(OH0.86D0_14)2 18 struc-
turally and magnetically very similar to the Fe(OH),.'? The
magnetic moment of Fe?* in Fe(OH), is found to be 3.98u;
using 0-GGA+U calculations with U=4.05 eV.

V. CONCLUDING REMARKS

In this work we have investigated the electronic structure
of Fe(OH), hydroxide using o-GGA+U formulation and
have employed a method that is based on the linear-response
approach to calculate the interaction parameter (Hubbard U)
entering the effective potential of the Kohn-Sham formalism
in DFT. By this approach we obtained U=4.05 eV. The cal-
culated band structure of this compound within the o-GGA
+ U approach shows a gap around the Fermi level whose
minimal width is 2.29 =0.05 eV. The band gap is direct and
is located at the I" point. It corresponds to the weak transition
of {3d(Fe),2p(0)}— 4s(Fe) character at 2.29 +0.05 eV and
the stronger transition of {3d(Fe),2p(0)}— 3d(Fe) character
around 2.67*+0.05 eV. Using the band structures within
a-GGA and 0-GGA+U show the ratio of U/W to be 4.71.
In LSDA+U calculations the magnetic moment of Fe?* in
Fe(OH), is 3.98 . We have carried out of the frequencies of
Raman- and infrared-active stretching modes of OH are car-
ried out with ion relaxation using the experimental cell pa-

/

0:

B s e e P i

5 %% =~

VAV

Energy (eV)
>

207

257
(@ T K M TA H L A K M A

5

AN

o1 L.

[
/

IVAVA

Energy (eV)
~I -

—
W
(0

207

257
(b) T K M TA H L A K M A

FIG. 7. The band structure for Fe(OH), with (a) o-GGA and (b) o-GGA+U (U=4.05 eV).
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TABLE 1. The Raman- and infrared-active stretching modes of
OH (in cm™!) for Fe(OH), at ambient conditions.

Aj(OH) Ay, (OH)
o-GGA 3683.0 3716.7
o-GGA ? 3679.4 3711.8
LSDA 3574.8 3605.4
LSDA® 3583.1 3620.1
Exp. 3576 3624¢
3572*3 3627149

2With ion relaxation by o-GGA+U (U=4.05 eV).
PWith ion relaxation by LSDA+U (U=4.05 eV).
‘Reference 14.

dReference 1.

rameters and have found good agreement between theory
and experiment.

Finally, in our calculation we have only focused on the
on-site Coulomb energy U and neglected the exchange inter-
action, J, defined in Eq. (4) of Ref. 9. In other words, we
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have set J=0. In order to account for the exchange interac-
tion in an approximate manner, one defines an effective on-
site Coulomb interaction U,;=U~J 2! However, for strongly
correlated electron systems such as Fe(OH),, where U>J,
neglecting J in U, is considered to be a reasonable approxi-
mation. Moreover, considering the fact that slightly smaller
U,y leads to slightly smaller gap, we believe that the inclu-
sion of the exchange interaction parameter would result in a
better agreement between the calculations based on the U,
and the experimental gap of Ref. 4. In our future work, we
plan to evaluate the J value numerically and repeat our band-
structure calculations for the transition-metal hydroxides.
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