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Properties of low-lying excited manifolds in Mn;, acetate
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Most experimental properties of the single-molecule magnef,Moetate have been successfully explained
by the assumption that Mpacetate has an effective ground-state spiisefL0. However, the effect of the
low-lying excited manifolds caused by interactions between Mn spins has not been well understood. To
investigate the features of the low-lying excited manifolds, the intramolecular exchange interactions are cal-
culated using density-functional theofpFT). With the calculated exchange parameters, the energy gap
between theéS=10 ground state and the first-excited-state manifold is calculated by diagonalization of the
Heisenberg Hamiltonian. The upper limit on the energy gap is about 40.5 K which is likely to be overestimated
due to an incomplete treatment of the Coulomb potential within DFT. It is found that there are sev&al
low-energy excited-state manifolds above 8«10 ground-state manifold. The magnetic anisotropy barriers
for the low-lying spin excitations are calculated using DFT. Based on the calculations, it is found that the
anisotropy barriers for the low-lying excited manifolds are approximately the same as that for the ground-state
manifold.
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[. INTRODUCTION effects by dimerizing two strongly bonded Mn spifisAl-
though this eight-spin model explained some experimental

Single-molecule magnetSMM's) have been extensively data, it was limited to features below 50 K. At higher tem-
studied for the past decade because of both scientific areeratures the dimerization scheme breaks down. Later all
practica| reasons: macroscopic quantum phenoﬂnenéwewe Mn Spins were included in the Heisenberg Hamil-
and possible utilization as magnetic storage devicas. tonian and excited-state manifolds were clarified by diago-
prototype of the SMM'’s ig Mn;,0;,(CH;CO0),4(H,0),] nalization of the Hamiltonian W|th|.n the constraint of a fixed
-2(CH;COOH)-4(H,0) (hereafter Mn,),® which is a €nergy gap(35 K)_betvvlgen the first excﬂed—;tate_ and t_he
three-dimensional array of identics= 10 molecules. Very ground-state manifolt* Nonetheless, there is still a big
recently, derivatized Mp-type molecules were successfully controversy over the energy gap between the first-excited-
deposited on a gold filhwhich further enhances the pros- state an_d the ground—state manifold, and there has begn less
pects for storing magnetic information in a single molecule exploration of high-energy features caused by many-spin ef-
A single molecule of Mg, has four ferromagnetically
coupled MA* ions (S=3/2) in the cubane and eight ferro- 9 6 10
magnetically coupled Mt ions (S=2) in the crown as o
schematically shown in Fig. 1. In the ground state, the mag- s
netic moments of the eight M ions are antiparallel to SN
those of the four Mfi* ions which leads to a total spin of 1/ %2
S=10.

So far many interesting features of the SMM Misuch .’ Se
as magnetization steps in the hysteresis lodbs|ectron 5 @&
paramagnetic resonan@®&PR) transitions® and low-energy el 4 J3 3 et
excitations in inelastic neutron scatteriny have been well . .
understood by considering each molecule as an object with s ;
an effective spin o65=10. However, magnetic susceptibility J 1 \ /!
measurement§ '*have demonstrated that some experimen- L v
tal data are not consistent with ti$e= 10 single-spin picture “
and suggest that the first excited-state manifold may be lo- 12 8 J 1
cated at 35—-40 K above the=10 ground-state manifold, 4
which Iie_s within t_he energy barrie_r to magnetization rev_ersal FIG. 1. Schematic diagram of the exchange interactions within a
of 65 K in zero field. Since the flrsF-exmted-state manifold single molecule for the SMM Mp. The empty circles denote
overlaps with the ground-state manifold above 35-40 K, anni+ jons, the filled circles denote M ions, and each Mn ion is
internal many-spin structure within a molecule should benymerically labeled. The bond length between spin 1 and 9 is

included to explain the high-energy experimental data. Thehorter than that between spin 1 and 6. The thick solid lines are
dimension of the Hilbert space of this SMM is so large that afor J,, the thick dashed lines are fd, the thin solid lines in the

simplified eight-spin model with strong Dzyaloshinsky- inner cubane are faf;, and the thin solid lines in the outer crown
Morya interaction was first proposed to include many-spinare forJ,.
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TABLE |. Here M;=6—c denotesM =6, whereMg is an eigenvalue of the total spin operator projected along the easy axis and “c”
is attached to distinguish between different typedviof=6 states. From the second column, shown are flipped spins to create low-energy
spin excitations relative to th®= 10 ground-state labeled in Fig. 1, Ising energy expressions, DFT-calculated energies relative to the ground
state,AE (in units of eV}, the energy differences between DFT results and least-squ&k&Hhy, EPFT—ESF, and the magnetic anisotropy
barriers(MAE) (in units of Kelvin).

M, Flipped spins Ising energy AE(eV) EPFT—ELSF (eVv) MAE (K)
10 Eo— 24);— 481,+ 27J5+ 64, 0 —0.0049 54.1
6-c 9 Eo— 12),— 481,+ 2735+ 321, 0.0352 —0.0064 54.8
9-b 1,9 Eo— 24J,— 24),+ 36], 0.0598 —0.0134 54.5
6-b 5 Eo— 24),— 24,+ 2735+ 321, 0.0780 0.0095 55.2
5-b 1,59 Eo— 24, 241,+32], 0.0902 0.0171 54.8
5-a 1,7,9 Eq—24J, 0.1328 —0.0045 554
8-b 1,459 Eo— 12J,— 243,— 935+ 361, 0.1361 0.0014 54.1
8 1,4,9, 12 Eo—243,—9J; 0.1377 —0.0012 54.9
9-c 4,5 Eo— 12J,— 24J,+ 360, 0.1445 0.0114 54.9
13 1 Eo— 12),— 241,+ 641, 0.1496 —0.0064 53.6
8-c 1,8,9 Eo—12),—9J; 0.1929 —0.0057 54.8
9-d 4,9 Eo—243,+32], 0.1955 0.0027 55.0

fects. Here “high energy” means low-lying excited mani- (4H,0 and two acetic acidsare not included, and 16 ac-
folds above theS=10 ground-state manifold. Recent high- etates, CHCOO, are replaced by 16 formates, HCOO. The
energy inelastic neutron-scattering measurements exhibitedzzro-field total anisotropy barrier for tf&= 10 ground-state
broad anomalous peak at 10 K, which may have a magnetiganifold does not change much within this simplification.
origin (not due to phononsand could not be rationalized by The total magnetic moment for the ground state was con-
the S=10 single-spin picture because the first allowed peakirmed to be 2@z, which is in good agreement with experi-
within a single-spin picture is about 14 KAdditionally, — ment and it is stable. Details of the optimization schemes and
there have been many attempts to determine the signs awrdectronic properties of the optimized geometry for the
magnitudes of the exchange couplings between Mn ionground state were discussed elsewHerelereafter, unless
from different approaché%but no consensus has arisen. specified, our calculations have been carried out for the
To resolve the above issues, we calculate the energy gagbove simplified form.
and examine properties of the low-energy excited manifolds
using density-functional theoi®FT). In Secs. Il and IIl, we
present our DFT method and calculations of the exchange Ill. INTRAMOLECULAR EXCHANGE INTERACTIONS
interactions between Mn spins. Our calculated values are )
compared with those from other groul§s2°In Sec. IV, we The fourfold symmetry and the geometry of a single;n
discuss excited-state manifolds and energy gaps between dffolecule indicate that there are three symmetrically in-
ferent manifolds. These are obtained by diagonalization ofduivalent Mn sites and four different exchange interactions
Heisenberg exchange Hamiltonian with our calculated exP&tween Mn spins as shown in Fig. 1. To calculate the ex-
change constants using the Lanczos mefiddin Sec. V, change constants using DFT, _|t is assumed that_the ma_gnetlc
we present the magnetic anisotropy barriers for the lowmoments of all Mn ions are aligned along a particular direc-

energy excited manifolds and compare to that of the groundt_ion (collinea. EIeven. distinctive.spin configurations are
state manifold. In Sec. VI, we present our conclusions. ~ constructed by reversing magnetic moments of a few Mn
ions simultaneously from th8=10 ground statésee Table

I). For example, aM =9 state M is an eigenvalue of the
total spin operato8 projected along the particular directjon
Our DFT calculation¥ are performed with spin-polarized can be built by flipping both one Mn spin in the cubane and
all-electron Gaussian-orbital-based Naval Research Laboranother Mn spin in the crown within tHg= 10 ground state:
tory Molecular Orbital LibraryNRLMOL) (Ref. 23 which M¢=—-3/2X(3—-1)+2X(7—1)=9. There are several
is ideal for studying a single molecule. Here we use theways to construcM =9 states with collinear spins that are
Perdew-Burke-Ernzerhof(PBE) generalized-gradient ap- labeled as 9-b, 9-c, and 9-d in Table I. None of the examined
proximation (GGA) in the exchange-correlation potentfl. collinear spin configurations are eigenstatesS3f Mean-
Since the SMM Mn, has fourfold symmetry for fully sym- field calculations are not directly applicable to optimizing
metrized calculations the total number of inequivalent atomsxcited states such #=9,M¢=9) in Mn,,, because those
to consider is reduced to 176#4. To save geometry- eigenstates are represented by linear combinations of many
optimization time without losing interesting physical proper- single Slater determinants. The geometries for the distinctive
ties, the following simplified form of the SMM Mpis used:  spin configurations are taken to be the same as that for the
[Mn450;5(HCOO),¢(H,0),4]. Molecules of crystallization ground state except for the proper spin arrangements. It is

II. DFT CALCULATIONS
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TABLE 1l. Comparison of our DFT-calculated intramolecular magnetic moment for th&=10 ground state. Then the ex-
exchange couplings with those from LBAU calculations(Ref.  change constants were calculated from the valudsaoidU.
19), diagonalization of the Heisenberg modRlefs. 16 and 17and Our calculations show that the Coup"ng between one Mn
experimental result¢Ref. 18 in units of Kelvin. A positive sign  spin in the cubane and another Mn spin in the crown closest
denotes an antiferromagnetic coupling. to the Mn spin in the cuban®, is confirmed to be the stron-
gest antiferromagnetic coupling, although its absolute mag-
nitude does not agree among different groups. Our calculated
value of J; agrees somewhat with those from Refs. 19 and

LDA+U Expt.
DFT [Ref. 19 Ref. 17 Ref. 16 [Ref. 18

J; 115 94 119 430 432 17. The antiferromagnetic coupling between a Mn spin in the
J, 84 52 118 170 173 cubane and the other type of Mn spin in the crodmnis
J3 —4 60 -8 170 166 confirmed to be weaker thady,. But the ratio ofJ, to J;
Ja 17 14 23 —129 0 does not agree among different groups. Our valud.ofs

between the values obtained from Refs. 19 and 17. The cou-
pling between Mn spins in the cubade turns out to be the
confirmed that a slightly different initial geometry for the weakest and is ferromagnetic. The coupling between Mn
collinear spin configurations does not significantly alter ourspins in the crownl, is weakly antiferromagnetic. Overall,
calculated values of the exchange constants. Since fourfolthe DFT calculated values are closest to the results obtained
symmetry is broken for the spin configurations consideredfrom Ref. 17, and they are 20—40 % larger than those from
unsymmetrized calculations are required with a total numbethe LDA+U method except for the weake3j. However,
of 100 atoms. The energies of the spin configurations ar¢hey are significantly smaller than the other two reported
self-consistently minimized with a small basis set and fineresults from Refs. 16 and 18. Our calculated valued'sf
mesh?® Our calculations show that the minimized energiesmay be overestimated compared to experimental data for the
range from 0.04 eV to 0.2 eV above the ground-state ferrifollowing reasons. It has been found from other SMM'’s such
magnetic structure. From Ref. 25 it is known that for he as Mn, [Ref. 29 and V5 [Ref. 3( that the DFT-calculated
=10 ground state the lowest electronic excitation is a majorexchange interactions were overestimated by a factor of 2
ity spin excitation between the, levels in Mn(3d) states, and 3 compared to the experimental data, respectivefy.
which is about 0.44 eVmajority lowest unoccupied molecu- These overestimated exchange interactions are due to the fact
lar orbital-highest occupied molecular orbitdl UMO- that the PBE generalized-gradient approximation does not
HOMO) gap,®’ and that the energy gap between minority fully treat self-interaction corrections of the localizédtates
LUMO and majority HOMO is~0.89 eV. Comparison of in the Coulomb potential. Self-interactions caus# &ec-
the minimized energies to the LUMO-HOMO gaps indicatestrons slightly more diffusive resulting in an overestimation of
that these different spin configurations are lower-energy exexchange interactions. Proper treatment of the electron cor-
citations than those obtained by moving an electron from theelations in Mn atoms may improve our DFT calculations of
majority HOMO to the unoccupied majoritfor minority)  the exchange interactions. This is supported by the fact that
orbital. Thus they will be called low-energy spin excitations.the LDA+U method produces 20—-40% smaller exchange
There are twelve equations to solve for five unknowtie  interactions than our DFT calculations and that the exchange
background energiz,, four exchange constanis, J,, Js, interactions decrease with increasity in the LDA+U
andJ,) so a least-square-fit SF) method® is used. method!® The assumption that all Mn spins are collinear is
Our calculated values od’s are shown in Table Il in valid as long as the local magnetic anisotropy of the Mn sites
comparison with results of other groups. When the mini-is much smaller than the low-energy collinear spin excita-
mized energies of the low-energy spin excitations are recakions. The Mn ions in the outer crown have local magnetic
culated using the calculated values B$, it is found that easy axes canted from tk@xis and local anisotropy barriers
they are in good agreement with the DFT-calculated energiesf 10 K. The Mn ions in the inner cubane have local easy
as indicated in Table I. Let us briefly review the essence ofixes in thexy plane and local anisotropy barriers of 1 K. The
the different approaches used by different groups. In Ref. 1@nergy of the lowest collinear spin-excitation is 408 K. Thus,
the value ofJ; was first determined from the experimental the anisotropy does not compete with the spin configurations
data, and thed, andJ; were varied with the fixed value of predicted by low-energy collinear spin excitations. Noncol-
J,=0 to reproduce th&=10 ground state. In Ref. 16 the linear ordering would provide modest refinements on the ex-
values ofJ’s were slightly varied from the previously re- change constants.
ported value¥ using diagonalization of Heisenberg ex-
change Hamiltonian to provide tig&=10 ground state and
the energy gap of 35 K between the ground state andsthe

=9 first-excited-sta.te manifold. In Ref. 17 the exchange pa-. To calculate the energy gap between the ground state and
rameters were obtained to reproduce their megagauss expettie first-excited manifold, we use the following isotropic

mental data with a constraint of the energy gap of 35 K. In(j.e., no anisotropyHeisenberg exchange Hamiltonian
Ref. 19 the LDA+U method was used to include electron

correlations between Mn ions, and the values of the intra-
atomic Hund’s exchange parameteand the average Cou- H=E JA,§1,§, (1)
lomb parametetJ were determined to obtain the correct =Y '

IV. HEISENBERG EXCHANGE HAMILTONIAN
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TABLE lll. Several lowest-energy eigenvalues of the Hamilto- S=9
nians for a total number oN Mg=—12, Mg=-11, M=—10,
M¢=-9, andM = —8 states. 33K
Mg N Energy(K) S=9
-12 269148 —2574.2988 i 7K S=9
—-11 484144 —3034.6061
—2926.5083
—10 817176 —3464.9569 40.5K
—3034.6061
-9 1299632 —3464.9569
—3424.4283 S= 10
—3417.4348
—3384.2171 FIG. 2. Calculated low-lying excited manifolds for the SMM
-8 1954108 —3464.9569 Mny,.
—3424.4283
—3417.4348 . .
33842171 (M¢=—8) states belong t&=9 manifolds. So the first-

excited-state manifold ha&8=9 located at 40.5 K above the
S=10 ground state, and there are two m@e9 excited

where the sum runs over all pairs connected by the exchandg@nifolds located at 7 K and 40 K above =9 first-
interactions and the values of the coupling constatda- excited manifold(Fig. 2). Our calculated values of the en-

beled in Fig. 1 are in Table II. The total Hamiltonian is a €9y 9aps are upper limits because DFT calculations may
10°x 10° matrix. Using the fact thabl is a good quantum overestimate the exchange interactions due to the reasons
number. we claésify the total numbersof thé Hates into 45 discussed in Sec. lll. If the exchange constants are reduced

different constantM. states such adM = =22, +21, by a half, then the energy gaps will be also reduced by a half.

+20,... +10, =9, ... +=1.0. Since we are interested in Single—ion anisotropy parameters which we did not include

low-lying excited manifolds, we examinel = —12, M = in Eq. (1) does not significantly affect the energy gap.
—11, Mg=-10, Mg=—9, andM4= — 8 states only. If the

S=10 manifold is the ground state, then the lowest-energy V. MAGNETIC ANISOTROPY BARRIER
eigenstate of the exchange Hamiltonian with a basis set of all
M= —10 states corresponds {&=10M = —10). Addi-
tionally the lowest-energy eigenstate of the Hamiltonian with
a basis set of aM;=—9 states corresponds {6=10Mg
=—9) and it should have the same energy|8s 10M¢=
—10). The eigenstates with the saiBenust be degenerate if
they belong to the same manifold. The first-excited eigen
state of the Hamiltonian with the basis set of ElL=—9
states corresponds t&=9,M¢ = —9) if the S=9 manifold

is the first-excited manifold above ti&=10 ground state.

The magnetic anisotropy barrie(MAE) for the eleven
low-energy spin excitations as well as the ground state are
calculated with the assumption that the barriers are caused by
the spin-orbit interaction only. Other effects such as noncol-
linearity of the magnetic moments of Mn ions and spin-orbit-
vibron coupling® on the anisotropy barrier will not be in-
cluded in our study. However correlation effects due to the
addition of multideterminantal wave functions are addressed
in part by the forthcoming discussion. The spin-orbit inter-
actionV| g can be decomposed into one-electron operdtors
There are a total number of 269 148,=12 states, 484144 o|5ted to the electric fields caused by nuclei and two-

Ms=—11 states, 8171784;=—10 states, and 1299632 g|gctron operatorg;; related to the electric fields due to the
Ms=—9 states, 1954 10Bls=—8 states. rest of electrons as follows:

We diagonalize the full Hamiltonian matrices for tig
=-12, Mg=-11, Ms=-10, Mf=—9, and Mg=-8 1
states using the Lanczos mettfdd: A few calculated low- Vis=—— 2 §-(px V) )
lying energy eigenvalues are shown in Table Il and Fig. 2. 2ce
The lowest energy for theM =—10 states is identical
to those for theM,=-9 and M,=—8 states, but it is
much lower than the lowest energies for thle=—11 and :E fi+2 gij » ()
M¢=—12 states. The lowest energies for th,<—12 ' 7
states will increase with increasinlyl¢|. This indicates that
the ground state haS=10. Next higher energies are from P Z, > 1 @
the Mg=—9 andM¢= —8 states. The three excited energy b5 Iri-Rr,| 1F |ri—r
eigenvalues for théVl ;= —9 states coincide with those for

the M = —8 states which are much lower than the excited 1 7 C_R
energies for thévi;=— 10, Mg=—11, andM = — 12 states. fi=—> —§. ( \V XM (5)
This suggests that the three excited states forMhe: —9 5 2c¢? Iri-R,|°
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1 1. (. (F-1) whereD is the uniaxial anisotropy parameter which can be
9=~ S| ix=—=5], (6)  calculated from Eq.(7). For the S=10 ground state, as
I'2c ri—r; shown in Table | the uniaxial parameter is about 0.54 K,

where the summation for( ») runs over all electrons located Which is in good agreement with experimént.

- ; . . An eigenstatéd) of the many-electron Hamiltonian that
atr; (all nuclei located aR, with nuclear numbeZ,), cis . . . X

o ) . belongs to an excited-state manifold can be written in terms

the ipeed of lightS; is the spin operator of thigh electron, ¢ 5 linear combination of many Slater determinarts)
andp; is the momentum of theth electron. Within the self- :z#c#@#), where|<I>#> is a single Slater determinafur-
consistent fieldSCH approximation, we have calculated the thonormal basis functionand some of®,) correspond to
wave function ;.= (r)x, satisfying H|V;,)  our examined low-energy spin excitations, all of which are
=€,/ Vi,), where H is the many-electron Hamiltonian excitations involving three or more spin orbitals. Therefore,
without spin-orbit couplingy;,, is a spatial function ang,  the expectation value of the spin-orbit couplibgs with
is a spinor. Therefore, the energy shify due toV, s using  respect tq®) is decomposed into diagonal and off-diagonal
second-order perturbation theory is writterfby elements such as

-3 3 &

!
T,0

I(7'|VL5|\IIJ0"><\P]U"|VLS|\I,I0'> ’ (7) <CI)|VLS|(I)>:E C;C//,<CD;L|VLS|(DM>

€ic— €jg’ ®

whereg;,, is the energy of the occupied state with spigr %

and €, is the energy of the unoccupied state with spinor +/§V CLCKAPuVigP.), ©)

o’. The summation runs over all occupied and unoccupied . i ) )

states of all atoms within a certain energy window and ovetvhere the summations run over spatial coordinates and spin

up and down spinor states. The contributions for the case4driables of all electrons in Ma. V s is made of one-

that both ofi andj are occupiedor unoccupielito the en-  €lectron and two-electron operators as shown in(8p.To

ergy shift cancel each other out. For uniaxial systems such dacilitate calculations of the diagonal and off-diagonal ele-

Mn,, the second-order energy shift is simplified as follows: Ments, the off-diagonal elements of the one-electron operator
S(®,|fi|®,) are explicitly written in terms of single-

A,=D(S)?, (8)  electron spin orbitald*

1 - -
2 (D@, =5 > f Py dPry 2 e, (F)X5 P, (T2)
01, 0N

lpirrl(rl)X(lrl T lvlfill(rl(rN)X(,rl

-~

( i_ﬁv)
Iri—R,J?

14

2¢? wix

S- : (10)

XXa, PR (TNX G 2

-~

14

d/l,\l(rN(rl)X(er T 'plr\lrrN(rN)Xrer

whereV, is only applied to the single-electron spin-orbitals Magnetic anisotropy barriers for the low-energy spin excita-
and the square of the normalization factoNfltancels out tions are almost the same as that for the ground sate
N! permutations of theN single-electron spin-orbitals in =10 manifold. This indicates that the diagonal elements of
(®,]. As can be seen from E(L0), because all spin-orbitals the spin-orbit interactioEq. (9)] do not vary much with
Vio Xops -+ - o Xy lﬂialerla o %UNXZTN are ortho- dlfferen_lt_hspln (Ie)x\(;ltattlgns{d()bﬂ|\<;5| q()p">~§q)”(|:VLzS|CD”>hfor
normal to each other, the off-diagonal elements of the on p#v. Then(PIV g ®)~(D,|Vig|®,)(2,|C,["), where

S . eE#|CM|2= 1 by definition. So the magnetic anisotropy barri-
electron operatof; are nonvanishing when only one single- ¢rs for low-lying excited-state manifolds must be approxi-

electron spin-orbital is different betwedr>,) and[®,).  mately the same as that for the ground-state manifold. Note
The off-diagonal elements of the two-electron operaigr  that we have calculated second-order anisotropy barriers
are nonvanishing when no more than two single-electromnly so that the barriers shown in Table | are all between 54
spin-orbitals are different betwedb,) and|®,). Single K and 55 K. The results of this discussion suggest that the
Slater determinants which differ by three or more spin orbit-DFT-based determination of MAE is valid under the follow-
als (i.e., the low-energy spin excitationare not connected ing conditions:(i) single-electron and two-electron excita-
by the one- or two-electron operators, 8b,|V, g/®,)=0  tions cost an order of electron volij) considered collinear

for u# v. Hence, the off-diagonal contributions to the en-spin excitations cost an order of magnitude less energy than
ergy shift A, is zero. As shown in Table I, the calculated the single-electron and two-electron excitations.
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VI. CONCLUSION may be situated much lower than the high-energy levels

We have calculated the intramolecular exchange intera within the S= 10 ground-state manifold. We have also calcu-
tions among Mn spins in the single-molecule magneth Yated the magnetic anisotropy barriers for the low-energy
([Mny,01( HCOOY,(H,0),]) considering localized low- spin excitations using DFT and the second-order perturbation

energy spin excitations using density-functional theory. Ourtheory with the assumption that the spin-orbit coupling is the

calculated values of the exchange constants agree with tqmost important interaction. Our DFT calculations show that

; fe anisotropy barriers for the low-energy spin excitations
results from Refs. 17 a_nd 19. _Wlth our palcula_ted e>_<chang re approximately the same as that for #e 10 ground
constants, we have diagonalized the isotropic Heisenber

S . . ate.
Hamiltonian using the Lanczos method. We have confirme
that the ground state iS=10 and that there is aB=9
first-excited manifold located 40.5 K above thHe=10
ground-state manifold. This energy g&.5 K) is an upper K.P. was funded by W. M. Keck Foundation, MRP and

limit to the experimental gap due to the self-interactions inCSH were supported in part by ONR and the DoD HPC
the calculations. This indicates that the first-excited manifoldCHSSI program.
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