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The potential energy surface of the Fe dimer is investigated on the basis of density functional theory in the
generalized gradient approximation (GGA). Electron correlation effects are taken into account explicitly within
the GGA+U approach. We find a value of 2.20 eV for the Coulomb repulsion pararbketerdescribe the

Fe dimer best, yielding &4~ ground state with an interatomic separation of 2.143 A. Agreement of the
associated vibrational frequency, binding energy, ionization potential, and electron affinity with experimental
data as well as corresponding results calculated within a high-level ab initio approach is improved significantly
compared to conventional GGA. The effectldfon calculated geometric and magnetic properties of larger
Fe clusters is discussed.

1. Introduction Nevertheless, although a magnetic moment of6.%5 ug has
been derived in a SterrGerlach experimenig the electronic

_ Magnetic transition-metal (TM) clusters are an important .., g state has not even been determined unambiguously yet
ingredient for a range of applications. One example is ultrahigh- for the smallest Fe cluster. the dimer

density magnetic storage devices, in which the logical bits are . . .
represented by single magnetic clusters arranged on a substrate On the other hand, starting with the work of Harris and Jones

by making use of their natural self-organizatfobue to rapid n 1.979'14 humerous first-pr.inciples compqtational SFUdieS on
technological advances, miniaturization has now reached a point\/a‘r'oUS structural, electronic, and magne.tlc properties of iron
clusters have been conductéd?® As a detailed account of the

where the particles are so small that size effects start to play an : - . .
results obtained in these studies cannot be given here, we refer

important role in determining their properties. It has been X

revealed, for example, that the magnetic moments of free Fe,the reader to the most recent articles and rt_aference_s tRETdin.

Co, and Ni clusters are not just given by a simple interpolation Most of these_ works are based_on densr[_y functlonal theory

between the corresponding values of the isolated atom and the([_)FT) em_ploylng the local _densny approximation (.LDA) or

bulk, but show some oscillatory behavior with cluster Size. different kinds o_f the generalized gradient approxmatlon (GGA)
for the calculation of the exchange-correlation eneigy, It

Clearly, to explain these phenomena, it is inevitable to under- . N .
stand how the electronic structure of the clusters, which in turn NS out that, independent of the specific implementation of
DFT and the details of the computational scheme, all these

strongly depends on the spatial arrangement of the atoms, . . ) - . ) .
studies, including the early configuration interaction (CI)

evolves with particle size. lculationg6 find a7A d state with i "
Today, this can only be achieved with the help of first- calculations,”find a ‘A, ground state wi _amalgne Ic momen
of 6 ug and a formal electronic occupation of 134’.

principles calculations, because a detailed examination of many . ) . .
properties of isolated TM clusters is a task still beyond the reach ~ However, corresponding spectroscopic properties are in rather
of experiments. While small magnetic clusters and even single POOr agreement with experimental data. When GGA functionals
atoms deposited on supporting substrates have already bee@'® usedwe of Fe; is calculated to be around 400 ch
investigated experimentally with great succéids not trivial compared to 300 cnt in experiment.” Even worse,De is

to eliminate the influence of the substrate and obtain the Overestimated by more than a factor of 2 (or 3, within the LDA),
properties of the corresponding isolated clusters. As they are@nd the IP and the EA are off by about 10% depending on the
highly reactive and sensitive to their environment, it is difficult functional used foiE,. and other computational details. Also,

to produce beams of size-selected clusters of sufficient intensity 'ecent high-level ab initio studies based on multireference
to determine, e.g., their electronic and magnetic structures configuration interaction (MRCI) and employing great compu-
directly. In addition, determination of the geometries of small tational effort give rise to the assumption that the physics
TM clusters in the gas phage is not yet feasible in experiments_Obtained in conventional DFT/GGA calculations is not cor-
As a consequence, in the case of iron, the bond lengtés rect?s22In these works, 8%~ state with a 3&4s® occupation
only been measured for the dimer trapped in solid atgo of the molecular orbitals and a spin moment of#is found
neor? matrixes, using the extended X-ray absorption fine lowest in energy, which corresponds to the state originally
structure (EXAFS) technique. Harmonic vibrational frequencies Proposed by Leopold et al. as the only one to be able to explain
(we) have been obtained for & e, and Fg.”8 In contrast to the observed photoelectron spectréiiVhile associated vibra-
that, dissociation energieBd),° electron affinities (EAY,1°and tional frequencies agree very well with experimentally (ac-
ionization potentials (IP}-12 have been measured to good curately) obtained values, the bond length~e2.19 A turns
accuracy for iron clusters containing 19, 34, and 100 atoms. Out to be much larger than the values obtained in the EXAFS

measurements® In addition, the failure to observe Fén
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discrepancies are due to experimental uncertainties (the differ-TABLE 1. Properties of Fe,, Fe,~, and Fe," Obtained
ence in measured bond lengths of 1.87 and 2.02 A dependingWithin Conventional GGA (U = 1.00 eV)
of the rare-gas host matrix, e.g., seems to be rather high), or lie system  state r.(A) we(cm?l) De(eV) AE2(eV)

in the fz?lct that the cal(_:ulations were performed at the limit of Fe A, 2005 214 559 0.00
the available computational capacities, and the results could not s 2.144 329 2.27 0.32
be fully converged with respect to basis set size and level of expt  2.02 300 1.18

correlation (as the authors of ref 22 have pointed out), remains  Fe~ Ay 2071 378 —0.99
to be solved. Unfortunately, the MRCI method is computation- __, 8e§pt ) 125 %51(3 1.93 _06934
ally too demanding to be, in the near future, applied to Fe © ex?at ' 278 6.30

clusters containing more than a handful of atoms. Consequently, ' _
if one accepts the idea that a computational procedure suitable *Relative energy with respect fo thé\, ground state of ke
for the investigation of larger Fe (and other TM) clusters should Reference 5¢ Reference 69 Reference 7¢ Reference 9" Reference
at least be able to capture the physics for the smallest cluster,
Fe,, an improved calculational method, preferably at the cost
of DFT, seems very desirable.

In this article we show that the discrepancies between

lated to infinitely large supercells. The one-electron Kehn
Sham wave functions and the charge density were expanded in

. X . ) a plane-wave basis set with an energy cutoff of 500 eV. All
experimentally derived values for spectroscopic properties of .o\~ 1ations were carried out without imposing any symmetry
the Fe dimer as well as corresponding results calculated within qstraints.

a high-level ab initio approach on the one hand, and the outcome  tho ccA+U Approach. To improve the description of the

of DFT/GGA calculations on the other hand, can be traced back on-site Coulomb repulsion of localized d (or f) electrons in
to an improper description of electronic correlation effects in - qnentional LDA, a Hubbard Hamiltonian in the unrestricted
the latter. This originates from the fact that the Coulomb 4 tree-Fock approximation is combined with the density
repulsion of !ocalized elgctro.ns in partly filled dor f shells is  ¢,nctional in the LDAFU method?26The Coulomb interaction
only treated in a mean-field-like manner in conventional LDA s -haracterized by a spherically averaged Hubbard parameter

or GGA. One way to cure this deficiency is the so-called  gescribing the energy required for adding an extra d electron
LDA+U method (or GGA-U, when gradient corrections are 4 o 1 atom,U = E(d™) + E(d"1) — 2E(d"), and a parameter

taken into account), where a Hubbard-like term for the on-site ; representing the screened exchange integral. Within the

Coulomb repulsion of the localized electrons is incorporated approach of Dudarev et & which we have adopted here, the
into the density function&®2 This method has been applied -, energy only depends on the differende— J '

to bulk systems and surfaces where conventional LDA gives

qualitatively wrong results, leading to considerable improvement _ B 6_ o o

in the description of many properties of, e.g., 3d-TM oxi&les. Eecatu = Eeea T [(U J)/Z]ZTI’[p Popl

We here report results of our calculations employing the 7

GGA+U method for the investigation of a finite, molecular wherep? is the on-site density matrix of the d electrons. The

system, Fhe Fe dimer. ) i . . correction term to the GGA energy can be regarded as a penalty
In section 2 we describe the computational details and discussg . ction which drives the on-site occupancy matrix to idem-
briefly how the on-site Coulomb interaction parametéris potency. As a result, unoccupied d states are shiftedJby- (
introduced in the framework of DFT. Results are presented and y5 toyyard higher energies, while occupied d states are moved
discussed in section 3, and concluding remarks can be found INhy the same amount to lower energies. As the valuk which
section 4. is an approximation of the Stoner exchange parameter, was kept
constant atl = 1 eV in our calculations of the Fe dimer, the
2. Computatonal Method strength of the single parametéibecomes the decisive quantity.
Numerical Details. The calculations were performed on the ForU =1 eV, the conventional GGA expression for the energy
basis of spin-polarized DPY in combination with periodic IS recovered, as in this cate— J = 0 eV. We like to mention
boundary conditions and a plane-wave basis set. Exchange and'€re that the strength of the effective Coulomb interadtan
correlation were treated within the GGA proposed by Perdew, metallic buII.< iron (and other 3d metals) is a top|c'stlll under
Burke, and Ernzerhof (PBEY,together with the spin interpola- ~ debate. Steiner et al. proposed values eleV (with J =
tion of Vosko, Wilk, and Nusaif! The Kohn-Sham equations ~ 0-73 €V) deduced from experimental dé&tayhile a value olJ

were solved via iterative matrix diagonalization based on the = 2.3 eV was found semiempirically by Gl@nd Stollhoff®
minimization of the norm of the residual vector to each However, recent studies of correlation effects in bulk iron

eigenstate as implemented in the Vienna ab initio Simulation SUggest even larger values fdrcomparable to corresponding
Package (VASPY For each Fe atom, the 3d and 4s as well as Values in cobalt and mckéf’:%ln contrast to that, Cococcioni
the semi-core 3p electrons were treated as valence states. ThealculatedU = 2.2 eV with a slight dependence on lattice
remaining electrons together with the nuclei were described by SPacing by using a constraint-DFT approth.
the all-electron projector augmented wave (PAW) method
proposed by BlohF3 and adapted by Kresse and JouB¢ifthe
integration over the Brillouin zone was performed by using the  Results of GGA Calculations.Before discussing the influ-
I' point only and a Gaussian smearing method with a half-width ence of electronic correlation on the potential energy surface
of 10 meV. To investigate different magnetic states, the of the Fe dimer, we first review the situation forF&s found
difference in the numbers of electrons occupying the two spin within conventional DFT/GGA by giving a brief summary of
channels was kept fixed at the desired value. A noncollinear the main results obtained in our GGA calculations. In Table 1,
magnetization density was not taken into account. equilibrium distances, harmonic vibrational frequencies, dis-
The systems were placed in cubic supercells of 15 A length; sociation energies, and total energies are listed for the neutral,
calculated properties involving charged species were extrapo-the anion Fg", and the cation F&. We note that most of these

3. Results and Discussion



Electron Correlation Effects in Fe Dimer J. Phys. Chem. A, Vol. 110, No. 37, 20080801

400 - B U=150eV r U=1.75eV r U=2.00eV
= L _ L i
e %007 y_100ev [ i [
= 00| (conv. GGA) [ f i [
o L | L e |
2 100} . £ 4 s
" - 4 - - ' - i
ol 414 cm B B L a4
| K R SO [ T ol S | L1 1 1 & 1 1 |1 i1 1 1t 1 1 1 11 1 1 1 1 I 1 1 |
1.9 2.1 2.3 1.9 2.1 25 1.9 2.1 2.3 1.9 2.1 23
400 - U=220eV i U=230eV F U=250eV i U=275eV
E 300 - - - -
: 200 F 408 cm E v L L
o 2 I L |
0: et : L : pontt : A
{ (I O PSS N [ e 1T [ | { R ) o (O N L | NN T TR (AR A WS L | { A N I (S | [ M Y |

129 21 2.3 1.9 24 2.3 1.9 2.1 2.3 1.9 241 2.3

Fe — Fe distance (A)

Figure 1. Relative potential energy of the, (circles),’=;~ (squares), andA (triangles) states of ks a function of interatomic separation for
different values oU. The curves were shifted so that= 0 corresponds to the lowest energy state found for a specific value of

data are consistent with results of other DFT/GGA calculations. about 10%. Only the bond length agrees well with the
For the’A, state, e.g., Gutsev and Bauschlicher have calculated experimental value of 2.02 A for kerapped in solid Né.
values of 2.011 A and 397 cthfor re andwe, respectively, by However, although this value is generally accepted to be more
employing a different GGA functional and Gaussian basis reliable than the value of 1.874Alue to the smaller polariz-
functions!® Chréien and Salahub obtained corresponding values ability of the neon matrix compared to argon, the large difference
of 2.008 A and 415 crmt.18 For the other states, the deviations between both values may be a sign that also the former value
in re andwe are similar. While the same is true for the EA and is not the true equilibrium distance of the Fe dimer. This idea
IP of 0.99 and 6.74 eV, our calculated dissociation energy of is supported by results of a study performed by Jules and
2.59 eV is considerably higher than the value of 2.18 eV Lombardi#® Based on experimental force constants obtained
obtained in ref 19. from measured vibrational frequencies, they calculated values
However, the largest difference between the results presentecaround 2.10 A forre of Fe; by employing several empirical
here and those of other GGA calculations fog Eencerns the rules. In addition, Leopold et al. suggeste®®g™ ground state
energy differenc@E between théA, and the’>;~ states. While for Fe based on their photoemission spectrifmlhis is
values around 0.50 eV are commonly obtained by using GGA supported by results of MRCI calculatich$? and raises the
functionals and localized basis functions, we have calculated question of how well conventional DFT in the GGA is suited
here a value of 0.32 eV. We attribute this to the use of plane for the investigation of the Fe dimer (and possibly larger Fe
waves in our study compared to Gaussian basis functions inclusters as well). In the next part, we discuss the effect of an
the other work$81® Small basis sets generally seem to explicit consideration of Coulomb repulsion as described above.
overestimateAE, which can be explained by the fact that the Results of GGA+U Calculations. In Figure 1 the potential
molecular orbitals if=4~ are more extended and therefore need energy of several states of the Fe dimer is displayed as a function
larger basis sets to be described satisfactorily. Gutsev andof interatomic separation for different values of the Hubbard
Bauschlicher have reported changes that occur when employingparameteld. The caséJ = 1.00 eV corresponds to conventional
triple-£ basis sets instead of 6-3tG*. Although they did not GGA and has been discussed in the previous section. We note
investigate the effect oAE, they find a slight increase e that, with increasingJ, the =4~ state with an equilibrium
from 397 to 404 cm! for the A, state, which reduces the dif-  distance of 2.143 A and a vibrational frequency of 346 &is
ference from our value of 414 cth We therefore consider the  energetically favored compared to thi, state, and eventually
values of~0.50 eV forAE as obtained in various DFT/GGA  becomes the ground state fdr= 2.00 eV. WherU is increased
calculations to be not converged with respect to the basis set.further, another state appears for large distances, which is
Nevertheless, we find the same discrepancies compared todentified as®’A4 and could not be stabilized fat = 1.00 eV.
experimental values as reported in other DFT studies. Most This state becomes lowest in energyfbe 2.40 eV. However,
strikingly, we of F&; and Fe~ is overestimated by 40% and  corresponding values fog and we of 2.273 A and 188 cm*
50%, respectively, compared to the values of 395 and obtained forU = 2.75 eV are way off experimental values.
2504 20 cnmt obtained from photoemission ddtén addition, To illustrate the effect of electronic correlation in terms of
D of Fe, appears to be more than 1.4 eV too large with respect U, we have depicted the KokiBham eigenvalues of th,
to the reference value of 1.18 eV, which was deduced from and the®sy~ states of Feas calculated within conventional
collision-induced dissociation of Fein combination with the GGA and by usingU = 2.20 eV in Figure 2. The highest
experimental values for the IP of fand the Fe atorfi.The occupied level in théA, state, which has a formal electronic
errors in EA and IP are somewhat smaller, but still amount to occupation of 3&4<, is a 3dy minority-spin orbital. The
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Figure 2. Kohn—Sham eigenvalues (horizontal bars) of selected states of the Fe dimér=at.00 eV (conventional GGA) and = 2.20 eV.
Arrows represent electrons (of either spin), and circles denote unoccupied levels.

antibonding 4s, majority-spin orbital is not occupied, which 3.0+
leads to a formal 4s4s bond order of 1. We find that It

considering Coulomb repulsion explicitty has a profound .\o\\
influence on the electronic spectrum. Resulting from the shift S : =3
of the one-electron eigenvalues, thes¢and the 3d, levels — Exp. (Ref. 9) SO —a
are nearly degenerate for= 2.20 eV. As a consequence, the 1.0 T

low-moment (6ug) A, State becomes unstable whehis S ==
increased further.

Occupation of the 4s, orbital instead of the 3}, level yields £
the %4~ state, which is unstable within conventional GGA, as 6.6
four unoccupied minority-spin 3d states are lower in energy
than the occupied 4s orbital. However, with increadinthese
levels are shifted toward higher energies, so that the high-
moment (8ug) %%y~ state becomes the ground state fbr= jo!
2.00 eV. The formal occupation of 3ds’ is characterized by 621~ Eyp. (Ref. 11) s
a 4s-4s bond order of only 1/2, leading to smaller vibrational — %
frequency and dissociation energy compared to’thestate. 6.0 —L 1 I I 1 1 Y

From analogous investigations for Feand Fg*, spectro- 14
scopic properties of the Fe dimer and their dependence on the
size of the parametdd were derived. Results fdD, IP, and
EA calculated with respect to the\, =5, and®A, states are : 8
shown in Figure 3. Solid lines and filled symbols mark regions % i o0 -0
where the corresponding state is the ground state. Itis observed~ 1.0 ¢———@—@—a--00
that all curves exhibit more or less linear behavior, which is i —
expected from the linear way by which the paramétamters 1 ) O—— .
the calculations. The kinks occurring at some points are due to Ay
state-crossing events. The ground state of Fe.g., is ofA, 0.6 | | | | | | |
symmetry forU < 2.00 eV. For larger values &f, however, 1.0 1.5 2.0 25 3.0
we obtain a state with longer bond length lowest in energy,

D, (eV)

6.4 & A A A

IP (eV)

. UleV
which probably corresponds to th&, state reported by Gutsev ) 9 .
and Bauschlichet? Figure 3. Dependence oD, IP, and EA on the size of the Hubbard
. o . . parameteiJ. The different curves refer to different states of neutral
For discussion, we first consider the range betwéen 1.00 Fe: A, (circles), %Sy~ (squares), and, (triangles). Where lines are

eV andU = 2.00 eV, where théA, state is the ground state of  solid, the corresponding state is the ground state.

Fe,. With respect tdDe and IP, the remarkable discrepancies

between the values calculated within conventional GGA and the errors amount to 0.66 eV f@, 0.14 eV for IP, and 0.10
the experimental data are reduced with increa&lng/hile we eV for EA. These errors could be decreased further with
observe a slight increase in the error of EA. b= 2.00 eV, increasingU. For instance, the IP of th&\, state reaches the



Electron Correlation Effects in Fe Dimer

TABLE 2: Absolute Values and Their Deviation from
Experimental Data? for Various Properties of the Fe Dimer
Calculated within Conventional GGA and by UsingU =
2.20 eV

U(eV) state re(A) we(cm?) De(eV) IP(eV) EA(eV)
1.00 A, 2.005 414 2.59 6.74 0.99
—0.7% +38.0% +119.5% +7.0% +10.1%
220 %25 2.143 346 1.75 6.44 0.94
+6.1% +15.3% +48.3% +2.2% +4.4%

aFor the experimental values, see Table 1.

experimental value of 6.30 eV fdy = 2.35 eV. However, in
this region the low-moment state is no longer the ground state.
Consequently, wheb is increased further, a high-moment

state has to be taken as reference. In doing so, we find that the

EA of the®°%,~ state is a decreasing functiondf At the same
time, De and IP stay rather constant. Keeping in mind that the
9A4 state with the large equilibrium distance and very low
vibrational frequency is unlikely to be physically important in
competing for the ground state of feve arrive at errors of
0.57 eV forDe, 0.14 eV for IP, and 0.04 eV for EA fad =
2.20 eV, where th&, state is lowest in energy for the neutral.
A summary of the results obtained by employing this value
of U, which we consider to describe the Fe dimer best, as well
as their deviation from experimental data, is given in Table 2,
together with corresponding values calculated within GGA. We
find that the properties of the Fe dimer calculated with=
2.20 eV not only are in better general agreement with
experimental findings compared to the case of conventional
GGA, but also are consistent with the results of the MRCI
calculations of Hbner and Sauét and Bauschlicher and
Ricca?? However, as no absolute convergence with respect to
the size of the basis set and the level of correlation was achieve
in these high-level ab initio studies, a direct comparison to our
results should only be made with caution. When we relate our
findings to other studies of electronic correlation in Fe-
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calculations have been carried out at the Regional Computer
Center of the University of Cologne (RRZK).
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