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We have studied the effect of local Coulomb interactions on the electronic structure of the molecular magnet
Mn,, acetate within the LDA-U approach. The account of the onsite repulsion results in a finite energy gap
that is in a good agreement with the experimental results. The resulting magnetic moments and charge states of
nonequivalent manganese ions agree very well with experiments. The calculated values of the intramolecular
exchange parameters depend on the molecule’s spin configuration, differing by 25—30% between the ferrimag-
netic ground state and the completely ferromagnetic configurations. The values of the ground-state exchange
coupling parameters are in reasonable agreement with the recent data on the magnetization jumps in megagauss
magnetic fields. Simple estimates show that the obtained exchange parameters can be applied, at least quali-
tatively, to the description of the spin excitations in Macetate.

DOI: 10.1103/PhysRevB.65.184435 PACS nuniber75.50.Xx, 75.30.Et, 71.26.b

INTRODUCTION is ab initio electronic structure calculations. So far, density-
functional computations of the electronic structure forMn
Single-molecule magnets represent a new class of “zerohave been carried out within the local-density
dimensional” magnetic materials consisting of almost nonin-approximatio’ (LDA) and generalized gradient approxima-
teracting, identical pointlike nanoscale entities. These tion (GGA).2%?° These calculations indicate that first-
magnetic molecules have attracted a great deal of attentigorinciples calculations are feasible for complex magnetic
from physicists as well as chemists for detailed studies omolecules and suggest that basic model Hamiltonian param-
many novel aspects of mesoscale magnetism, such as quasters, such as the value of the magnetic moment and the easy
tum spin tunneling, spin relaxation of mesoscopic magnetsaxis anisotropy, may be estimated directly from calculations.
the implications of the topological spin phaderry phasg Since the transition metal ions are coupled via oxygen
etc*1% The [Mn;,0;5(CH3;C0O0),4: (H,0),]-2CH;COOH  ligands in many magnetic molecules, and since it is well
-4H,0 compound?!*? often referred to as Mp acetate or  known that for transition metal-oxide systems the standard
simply Mny,, is one of the best-studied examples of thisdensity-functional methodd.DA or GGA) do not yield cor-
kind of materials. Relatively slow dynamical processes tak+tect energy gaps and magnetic superexchange
ing place in not too strong magnetic fields, when the in-interactiond!~>®it is natural to investigate other methods that
tramolecular spin excitations can be ignored, have beeimclude some of the many-body effects missing in the stan-
widely studied in experiments, and the properties of thedard approaches. In particular we consider the LBA
ground-state multipleS=10 are known very well. Corre- approximatiort® which for MnO and similar systems pro-
spondingly, most of the theoretical treatments of;Mnave  vides a much improved description of the electronic structure
been based on the rigid-spin modske, e.g., Refs. 13-p2 and spin excitation spectfa3Mn,, acetate is also an insu-
assuming that the molecule’s magnetic subsystem can Hating metal-oxide system, and by taking into account the
represented as a single collective s@is 10. On the other onsite Coulomb correlations via the LDAU approximation
hand, the internal magnetic and electronic structure of theve show below that the calculated energy gap compares well
Mn;, molecules and the intramolecular interactions responwith the experimental value of the order of 2 8\vhereas
sible for the formation of the molecule’s collective spin havethe LDA or GGA calculation®~%° yield much smaller en-
been studied in less detail. Several experiments includingrgy gap. It is also of interest to evaluate the intramolecular
inelastic neutron scatterirfd,megagauss field magnetization exchange couplings. These have not yet been calculated for
measurement¥, and optical absorption have been per- Mn;, acetate, but for Y recent GGA calculatiori8 yield
formed to clarify the internal properties of the Mmmol-  values that had to be reduced by a factor of 3 to achieve
ecules. The experimental data have been analyzed within tregreement with experiment. This difference might also be
spin-Hamiltonian approact;?® however, the resulting infor- caused by the neglect of the onsite Coulomb interactions,
mation was not systematic, and often did not lead to unsince this approximation is known to decrease the calculated
equivocal conclusionssee, e.g., the discussion of different exchange interactions in metal-oxide compout{cs.
parameter sets in Ref. 26 In this work, we present the results of first-principles
Another approach to investigate intramolecular propertied DA+ U calculations of the electronic structure and ex-
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elements of the Green function matrix in this localized rep-

resentation(the effective Hamiltoniand will be defined
laten. In terms of the elements of this density matfix’},
the generalized LDA U functionaf® has the following form

EFPATYp7(r),{n7}]=ESPA p(r)]+EY[{n"}]
—Ead{n7}]. 2
Here p?(r) is the charge density for the electrons with the

FIG. 1. The sketch of the arrangement of the manganese a”gpin o. and ELSDA[pa(r)] is the standard LSDA functional.

oxygen ions in the My molecule. Big dark-grey circles represent g ation(2) asserts that the LSDA suffices in the absence of
the Mrf* ions, big light-grey circles—M#t" ions, and small dark orbital polarizations that are given by

circles are the bridging oxygens. Non-equivalent manganese ions
Mn;, Mn,, Mn3, and the oxygens O1, O2, O3 bridging them are

- - U 1 " ’ " o -0
indicated. E [{n}]zz{%v (m,m"[Vedm",m"”)ni o n
change interactions for Mp. We show that the account of +({m,m"|Vedm’,m”)

the many-body effects within the LDAU approximation .

gives a reasonable picture of the electronic structure, with a —(m,m"[Vedm”,m’")ng i ()

finite energy gap and an integer value of the total spin of the . . .
molecule. Moreover, for the first time we present the Calcu_WhereVee is the screened electron-electron interactions. The

lated data for the intramolecular exchange constants jyatrix elements oV, are dpfmed Via an average Coulomb
parametet) and the Hund intra-atomic exchange constant

Mny,. We discuss the results of our calculations and com’s"o oy "o ast term in Eq2) describes the correction for
pare them with the existing experimental data and previou§ Y, L . .
e double countingin the absence of orbital polarizations,

theoretical studies. LSDA A
The rest of the paper is organized as follows. In Sec. | Wézq' (2) should reduce té 1, and is given by

describe the computational scheme and the approximations 1 1
employed in this work. In Sec. Il the resulting electronic Edc[{n‘f}]:EUN(N—l)—EJ[NT(NT—1)+N1(NL—1)],
structure and calculated magnetic moments in e pre-

sented. Section Ill is devoted to the computation of the in- )
tramolecular exchange interactions. The conclusions are prgvhereN?=Tr(n, ) andN=N'+N!.
sented in Sec. IV. In addition to the usual LDA potential, we find an effec-

tive single-particle potential
|. SCHEME OF CALCULATIONS

The calculations have been performed for the crystal Vi = E {{m,m"[Vedm',m")n
structure found by L& with the simplifications similar to mm
those made in Ref. 2@&ll the methyl groups Cklhave been +({m,m"|Vedm’,m”)
replaced by hydrogen atoms and the water of crystallization n
and acetate molecules from solvent were omijttétdis im- —(m,m"[Vedm"”,m"))nz, .}
portant that the omitted fragments of the molecule do not 1 1
change coordination of the manganese ions: all of them re- —U( N——=|+J N°= _) (5)
main sixfold coordinated. Therefore, the real calculations 2 2

have been done for the system MDy(HCOO)((H20)a. {0 he used in the effective single-particle Hamiltonian
Part of this system is sketched in Fig. 1, showing the ar-

rangement of the manganese ions and the oxygens bridging NN
them. H=Hspat X linlma)Vy, (inlm’'q]. (6)

To start the LDA+U calculations one needs to identify mm’
the regions where the atomic characteristics of the electroni€he linearized muffin-tin orbitalLMTO) method in the or-
states have largely survive@‘atomic spheres). Within  thogonal approximatioll has been used for the LSDA cal-
these atomic spheres one can expand an electron wave funmilations.
tion in terms of a localized orthonormal bagislmo) (i Using our Green’s function method we can obtain the
denotes the siten is the main quantum numbek,is the effective exchange interaction parameters via the energy
orbital quantum numbem is the magnetic number, ardis  variation at small spin rotatiorfd.The corresponding expres-
spin indey. The density matrix is defined as sion in the LDA+U scheme takes the fofth
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TABLE I. The calculated magnetic moment® wg) of the
manganese ions, values of the exchange interaction paranieters
K) and the energy gafin eV) for different values ofJ (in eV). The
value ofJ is 0.9 eV. The parameters of the exchange interactigns
correspond to the exchange between the closest ibims in the
cubane(see text

U Mot Mvn, Hwn, #vn, J1 J2 Jz Jy Gap

40 20 -—2.72 344 3.65 —-53 —47 —-37 —19 1.35
6.0 20 —280 355 3.76 —49 —-37 —33 —12 1.78
80 20 —292 352 384 —47 -26 —-30 -7 201

DOS (states/eV cell)

J|j :{zm} IlmmrXIri]mrmHmml:-nHmm ] (7)
where the spin-dependent potentiblsre expressed in terms
of the potentials of Eq(5),

=V

mm’ mm’

il
- V:~n m (8)

while the effective intersublattice susceptibilitieis gnd j)
are defined in terms of the LDAU eigenfunctions) as
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FIG. 2. Partial densities of states for different manganetse (

orbital9 and oxygen p orbitaly atoms within the LDA-U ap-

. Npet — Ny ’ ; itm’ . ilm™*
ij - nk? n'kl ilm* jim” ,ilm’  jim
Xmm/mumm_ E wnkT wnkT ‘pn’kiwn’ki -

knn’ €nky — €n’k|

proach. The valued =8 eV andJ=0.9 eV have been used.

9) to those obtained in Refs. 28 and 29 using the GGA ap-

. proach. The main distinction of the LDAU results as com-
As a ground state, the standard spin arrangement has beghred with the LDA is the nonzero energy gap instead of the
chosen with the spins of Mnions directed down and the finjte DOS at the Fermi levelnote that LDA/GGA method
spins of My and Mr ions directed up. This arrangement gjso can provide finite value of energy gap and integral total
was self-consistent. To check the appllcablllty of the |0cal'magnetic momenﬂzzo ue; it depends on Computationa|
ized Spin models to Mﬁ the calculations for the ferromag- Schem@_&zg However, the resumng gap is Considerab|y
netic configurationgall spins up have also been performed. smaller than the value inferred from the optical d&a.

Il. ELECTRONIC STRUCTURE AND MAGNETIC
MOMENTS

Detailed calculations have been carried out for the three
values ofU =46, and 8 eV keeping constant the value of the
intra-atomic Hund’s exchange parametde=0.9 eV, to
check the sensitivity of the results with respect to variation in
the local Coulomb repulsiol). For all values ofU used in
the calculations, the system turns out insulating with the en-2
ergy gap between 1.5 and 2 eV, and the integer moment 0%
the ferrimagnetic ground staje;;=20ug . Dependence of
the calculated quantities on the value Wfcan be inferred
from the data in Table I, and as one can see, for most of th
properties the dependence this reasonably weak. The
valueU=8 eV seems to be slightly preferrable; it is known
that this value gives good agreement with experiments for
other manganese-oxide systems, and agrees reasonably wi
with the independent theoretical calculafibrgiving the
value ofU=6.9 eV. Therefore, below we discuss in detalil
only the case ofJ=8 eV.

To begin with, let us compare the results given by LDA
and LDA+U approaches. In Figs. 2 and 3, we show the
calculated partial densities of stat@&@0S) for different man-
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FIG. 3. Partial densities of states for different manganetse (

ganese atoms and for the oxygen atoms belonging to therbitals and oxygen p orbital§ atoms calculated within the LDA
exchange bridges. Our LDA curves for the DOS are similarapproach.
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TABLE II. The comparison of the calculated magnetic moméimsug) with the existing theoretical and
experimental data. 1 are the data calculated by Pederson and Khanna, Refs. 28 grdti29;data calcu-
lated by Zenget al, Ref. 27(only the contribution ofi-states is presentgExpt. — the experimental results
of Robinsoret al,, Ref. 42. The next two columns are the results of our calculations done within the LDA and
LDA +U methods. LDA+U results for the valueb =8 eV, J=0.9 eV are shown.

1 2 Expt. LDA LDA+U
Fin, -2.6 ~3.05 —-2.34 —2.41 -2.92
Finn, 3.6 3.89 3.69 3.53 3.52
Hin, 3.6 4.04 3.79 3.55 3.84
Lotal 20 20 20.56 19.00 20.00

Moreover, there is a difference in the DOS peaks structuremanganese-oxygen compounds, have been presented in Ref.
All manganese ions in Mp molecule are in distorted octa- 44. Quantitative evaluation of the exchange constants has
hedral coordination, correspondingly, one can see the thrdgeen performed in Ref. 24 using the results of the
peaks oft,y character situated below the tveg-like peaks. megagauss-field experiments; however, the magnetization
For the LDA calculations the spectral density is strongly con-curves appeared to be not very sensitive to the values of the
centrated within the regiotr 2 eV near the Fermi level, see exchange parameters. Another quantitative approach, based
Fig. 3, while for the LDA+U calculations, the DOS is on the inelastic neutron scattering data, has been
spread rather uniformly over the region of about 10 eV.  undertakerf® but a simplified eight-spin model was used that

It is known that the LDA-U approach is effective for makes the fitting not conclusivsee the discussion of vari-
consideration of charge separation and charge orderingus possible sets of parameters in Ref). Ztherefore, we
phenomend® Mn,, molecules also exhibit Mt -Mn** dis-  believe that it makes sense to focus the discussion of our
proportionality, which has been directly demonstrated by theesults on qualitative trends in the calculated parameters in-
measurements of the x-ray absorption spetiticne majority ~ stead of their exact values.
spin DOS curvessee Fig. 2 demonstrate three occupieg The exchange parameters have been calculated for differ-
peaks and two emptg, peaks for Mn, while for Mn, and  ent values ofU, see Table I. As expected for the superex-
Mn; ions only onee, peak is empty; this picture indeed change mechanism, the values of the couplings decrease with
corresponds to the charge disproportionality detected in th#creasingJ; again, below we discuss only the values corre-
experiments. sponding toU=8 eV. We have compared the calculated

Several remarks are in order. There are indications thatalues of the exchange parameters with the data suggested in
the manganese-oxygen bonds are considerably covalent, aRé@fs. 44 and 24, see Table Ill. In this table, we have shown
3d states of manganese are highly hybridized withstates ~ only the interactions between relatively closely situated man-
of oxygen. As can be seen in Fig. 2, the main features in thganese ions; the exchange parameters between distant ions
partial DOS of manganese ions have counterparts in the paflo not exceed 2—3 K. As one can see, the values obtained in
tial DOS of oxygen ions. Another indication of the strong our calculations are closer to those resulting from the analy-
covalence is the discrepancy between the sum of the latal 3sis of the megagauss-field experiments, while the data sug-
moments of Mn ions and the total magnetic moment of thegested from general chemical consideration are bigger by
molecule that is calculated from the total DOS. The differ-about a factor of 3. However, the more interesting fact is that
ence, which is of order of 25, can be attributed to the the exchanges between the #nions are not all equal, as
partial moments of oxygens estimated to be of order ofssumed in Refs. 24 and 44. The Mnions in Mny, mol-
0.05ug . ecules are arranged in the four corners of a culidistorted

The value of the energy gap calculated within LBA cube, see Fig.)Awhile the other four corners are occupied by
scheme varies from 1.78 eV to 2.01 eV with the change irfhe oxygens providing superexchange bridges between the
the value of U from 6 eV to 8 eV. Recent optical
measurements show the features in the absorption and re-
flection spectra in the region of the charge-transfer excita-
tions at 1.7 eV, 2.0 eV, and 2.4 eV. Magneto-optical
measurement3also show the latter feature. These values are
in very good agreement with the calculated energy gap.

IIl. INTRAMOLECULAR EXCHANGE INTERACTIONS

At present, there is no reliable quantitative information
about the intramolecular exchange couplings in the;Mn  FIG. 4. The sketch of the arrangement of the manganese and
molecules, making difficult the validation of the correspond-oxygen ions in the inner cubane of Mnmolecule. Arrows show
ing computational results. Crude estimates for the exchange directions of the displacement of the Mn ions which lead to the
couplings, based on the comparison with differentformation of the inner cubane instead of the perfect cube.
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TABLE lll. The comparison of the calculated values of the ex-
change parametergast line of the table with the existing data.
3—the data suggested by Sessefial, Ref. 44; 4—the data of
Platonov et al, Ref. 24. LDA+U results for the valuesU
=8 eV, J=0.9 eV are shown. The parameters of the exchang
interactionsJ; and J; correspond to the exchange inside different
pairs of Mny ions in the cubanésee text All values are given in
kelvin.

J; Js J3 J3 J4
3 —-215 —86 —86 (730
4 —86 —-20 —-23 0.0
LDA+U —47 —26 —-30 —-10 -7
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is Eg=—2J3—J;—32J,+16J, and the energy of the first-
excited state i€, =2J;+J3, so that the excitation energy is
52 K. This number is close to the values 58—66 K obtained
in the neutron scattering experimeftsOf course, this

eagreement should not be taken litera(ifyis a semiclassical

estimate, the value af; is not big enough, we did not take
into account the contributions of relativistic interactions that
could be comparable to the exchange contributfeetc) but

we believe that this indicates qualitative adequacy of the cal-
culated exchanges.

IV. CONCLUSIONS

We have applied the LDAU approach to the study of
intramolecular magnetic interactions in Mracetate system.

. ) i
manganese ions. Therefore, the manganeses form a distort@gl, have shown that the account of the onsite Coulomb in-

tetrahedron with four short edges of the length 5.33 a.u. anfl 4 tions provides a good description of the main features of

two long edges of the length of 5.56 a.u., and the angleg,q glectronic and magnetic structure, giving the finite energy
Mn-O-Mn in the cubane which correspond to the long andy,, and the integer value for the magnetic moment of the

short edges of the manganese tetrahedron are 95.5° aithiecyle. The calculated partial magnetic moments, charge
100.6°. In spite of the moderate difference in the angles ""_nGisproportionaIity between the Mrand Mny,, Mns ions, and
lengths of the exchange pathways, the calculated couplingye energy gap are in agreement with existing experimental
parameters turn out very different; the interactidggor the 413 The calculations show significant hybridization and
longer pathways are about three times smaller than the integpnsiderable covalency effects, and the contribution of delo-
actionsJ; for the shorter ones. 0644 . calized electrons in the total magnetic moment of the mol-
All the previous consideratiofis*®“*“of the exchange in- ecule is about 10%. The calculated intramolecular exchange
teractions in Mn, were based on the localized Heisenberginteractions are in qualitative agreement with the existing
model, assuming that the values of the magnetic momenigata. An interesting result of the calculations is that the in-
and the exchange parameters do not depend on the spin gractions between the Mh ions situated in the inner cu-
rangement of the molecule. To check the accuracy of thigane are not all equal, differing by about a factor of 3 for
assumption, we have performed the calculations for the togjfferent exchange-coupled pairs. The applicability of local-
tally ferromagnetic spin configuration, when all manganesgzed Heisenberg model has been estimated by comparing the
spins are directed up, using the parametérs8 eV andJ  yalues of the exchange interactions for different spin con-
=0.9 eV. The results are the following: figurations(ground-state ferrimagnetic and totally ferromag-
netig, and the corresponding variation in the coupling pa-

Hwn, =3-06ug,  pwn, =355, twn,=3.8%u, rameters is about 30%.
gap=1.63 eV,
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