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Magnetic coupling in neutral and charged Cr 5, Mn,, and CrMn dimers

N. Desmarais® and F. A. Reuse o
Institut de Physique Expienentale, EEole Polytechnique Fterale de Lausanne, PHB-Ecublens,
CH-1015 Lausanne, Switzerland

S. N. Khanna
Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284-2000

(Received 18 October 1999; accepted 21 December)1999

Theoreticalab initio studies of neutral, cationic and anionic,Ckn,, and CrMn dimers have been
carried out to explore the progression of magnetic coupling with the number of electrons. It is shown
that while Cp and Cg have antiferromagnetically coupled atomic spins; @as a ferromagnetic
ground state closely followed by an antiferromagnetic state. On the other hand, adlifders are
ferromagnetic, irrespective of the charge. The neutral CrMn is ferrimagnetic while the charged
CrMn are antiferromagnetic. In all cases, the charged dimers are found to be more stable than the
neutral ones. The results are compared with available calculations and experiments and the
difficulties associated with theoretical description and the experimental interpretations are
discussed. ©2000 American Institute of Physidss0021-960600)30311-7

I. INTRODUCTION the nature of magnetic coupling changes as one changes the
) number of electrons. For each dimer, we investigateGhg
Cr and Mn atoms are the onlyd3atoms with &l elec- 54 thep symmetry states to examine the possible mag-
trons and, according to Hunds rules, have a half-filted a4 couplings. A Mulliken population analysis is presented

_shell. The filled subshell leads to intricate magnet_|c behav;[0 give insight on the magnetic moment distribution at each
iors and even the correct treatment of, @nd M, dimers atomic site gLM)
X)-

has proven to be a challenge to theoretical investigations. For In Sec. Il we give the details of the calculations and Sec.

example, for Cy, a proper description based on conﬁgurationII contains the results and discussion
interaction has been estimated to require a large number otJ '

configurationg57 million).* A modified generalized valence

bond (MGVE)? approach was proposed to properly account!. COMPUTATIONAL DETAILS

for the correlations. It leads to the antiferromagnetic order  1pq theoretical scheme used is a linear combination of
and predicted a double-well potential energy surface. The;mic orbitals(LCAO) approack® as implemented within
local spin density s_chemes were generally successf_ul in 8he Kohn—ShamKS) density functional formalisr® The
producing the antiferromagnetic order and experimentalqmic orpitals are expanded in terms of gaussian functions
bond length bl,Jt lead to a very high b|nd|_ngsenef§-§E) a!']d centered at the atomic sites. Furthermore, the charge density
could not confirm the d.ouble-V\_/eII potent_%ﬂ. The situation 54 the exchange correlation potentials and energy density
for Mn; has also been interesting. Experiments o, Miol- o6 fied with sets of auxilliary gaussian functions centered
e.CU|ESG_I{10 matrices predict an antiferromagnetically coupled the nycleus. For details the reader is referred to our earlier
dimer”~" Using an approximate Hartree—Fock calculation,,ne 7 cajculations were performed at the all-electron level

and an Heise.r::Peig Model, Nesbet has predicted such an af}sing |arge uncontracted gaussian basis sets fully optimized
tiferromagnetic'S ¢ ground state almost 30 years ddde- ¢, density functional calculations: the DZVE2basis set

. 9 . .

cent calculations based on density funcﬂonggl{tg]e(dmfﬂ, (15s/9p/5d). Exchange and correlation contributions have
however, predict a ferromagnetic ground state.In Con-  peen treated at two levels namely the LSDA and the GGA.
trast to Mn, experiments on M1 in matrices show ferro- £ | SpA calculations, we have used the form proposed by

magneticl4coupling with a large magnetic momediS us  perdew and WangPW91)° while for GGA, the recent func-
per atom™" while measurements on CrMn dimers in matricesqna of Perdew, Burke, and ErnzerhéfBE962 was used.

givgs a net. spi(? of 1.5 indicating ferrimagnetic or ferromag-gactional occupation numbers were uge a small elec-
hetic cogplmgl. ) , tronic temperatunewhenever the highest occupied molecular
In this paper we report results of density functio@F)  qhita) (HOMO) was degenerate. The final results, however,

calculations on GI Mn,, and CrMn dimers and their 4yays correspond to zero temperature and have integral oc-
charged counterparts. Our objective is twofdld). To exam- ¢\ nation numbers. Unless otherwise specified, the multiplet

ine the applicability of the local spin density approximation problen?! was not treated here. Our computed energies, thus
(LSDA) and generalized gradient approximatié®GA)  epresent, an average value over all pure spin stites
functionals to these complex molecul¢g) To explore how  g_ Me UP 10 Sy, the latter being formerly defined by the
total number of electrons but in practice only the outer shell
aE|ectronic mail: khanna@hsc.vcu.edu electrons really contribuje

0021-9606/2000/112(13)/5576/9/$17.00 5576 © 2000 American Institute of Physics
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TABLE |. Calculated atomic ionization potenti@lP), electronic affinity
(EA), and total spin valuenis) along with their experimental counterpart
and predicted state.

®

IP (eV) EA (eV)

Mag.Moment
T

Atom LSDA GGA Expt® LSDA GGA Expt"® mg Expt. Statd

Cr 753 735 6766 056 0.28 0.666 3 S,
Mn 752 7.18 7.435-029 —-060 ¢ 25 °Sy,

3 rom Ref. 48.
bFrom Ref. 49.
‘Mn~ is not observed.

B.E (eV)

|

P o o
o o tn
IR RN

u.)

™
P IR

In this papermg will refer to the difference between the
number of up and down electrons divided by 2 and will be
called the total or net spin value. The, so defined, spin value

is the eigenvalue of the operat8y applied on the one deter-
minant wave function of the reference Kohn—Sham nonin-
teracting system. On the other har@will refer to the spin R —— prosvererprrTY R
value of the real eigenstate of the system. We might some- °o 1t 2 3 4 5. &
times call “singlet,” “triplet” and so forth, the mg s

=0,1,..., KS solutions, although these solutions are contamixg. 1. Bond length, binding energy, and the spin magnetic moment at the
nated by higher spin states and do not usually represent theo atomic sitegmarked by hollow and filled circlgsn Cr,.

real spin state to which they refer. We also define the local-

ized spin moment,u)'{' (where the indexM underline the
relationship to the arbitrary decomposition scheme of Mul-

liken), as the difference between the up and down Mullikenvalue’ binding energy and localized spin moment per atom

population at a given siteX. This term gives a qualitative for all neutral a_nd.charged .d'”?ers- Npte that the binding
insight of the magnetic moment distribution at each atomic. <Y of the anionic gnd cationic species are computed rgla-
site. tlye t'o the corres'po.ndlng neutral and charged atom. Negative
binding energy indicate an unstable dimer. For the charged
CrMn dimers, based on the theoretical IP and EA of free
atoms, we choose the  dissociation channel
Our results on atoms are given, for completeness, ifCrMn™—Cr+Mn* and CrMn —Cr~+Mn. The variations
Table I. The calculated ionization potentidP) based on with the net spin multiplicity of PBE96 bond length, binding
LSDA and GGA show fairly good agreement with experi- energy and localized spin moment per atoms are reported in
ment. For the Cr atom the LSDA electronic affinitiésA) Figs. 1-9 for the neutral, cationic, and anionic,,C¥n,,
agrees better than GGA. Both functionals lead to an unstabland CrMn dimers. The open circle in the magnetic moment
Mn~ anion in agreement with available experimental resultspart of each figure indicates the magnetic moment on one
Table Il gives the ground state bond length, total spinatom while the dots indicate the magnetic moment on the

&
1

Bond Length(a.

w
|

Ill. RESULTS AND DISCUSSION

TABLE Il. GGA(PBE96 equilibrium bond lengthr(y) binding energyBE), net spin (ns), magnetic coupling
(MC), and spin magnetic moment per sitey( and uy) for all XY neutral and charged dimers (X3¥Cr or
Mn). LSDA(PW9)) results are given in square brackets.

XY re(a.u) BE (eV) mg? Mc2® ux° (1e) wy® (1g)
cr, 3643279 134235 00 AF +4.40+2.80  —4.40-2.80]
cr 56(3.15 154247 55 FM +550+2.700  +5.50—1.70]
Cr, 3.693.30 1.442.25 0.5 AF +4.3( +3.05| —3.30—2.09
Mn, 499475 063084 50 FM +5.00+5.00  +5.00+5.00]
Mn;, 5.604.60] 1.631.91 5.5 FM +5.5( +5.50] +5.50 +5.50]
Mn, 440435 167188 45 FM +450+4.50]  +4.50+4.50]
CrMn 430400 084137 05 FIM  +52§+485  —4.29-3.85
CrMn* 429400 2392900 00  AF +5.00+4.70]  —5.00—4.70]
CrMn~ 4804.05) 111.61° 0.0 AF +455+4.10  —459-4.10]

8 SDA net spin (ng) and magnetic couplingMC) are identical to their GGA counterpart for all dimers except
Cry (in which casemgs=0.5, MC=AF).

®The magnetic coupling symbols used are fhtiferromagnetic FM (ferromagnetiy, and FIM (ferrimag-
netic).

°A “ 4" (“ =") sign indicates a majority of ufdown) spin.

dDissociation channel: CrMh—Cr+Mn".

®Dissociation channel: CrMi—Cr~+Mn.
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FIG. 2. Bond length, binding energy, and the spin magnetic moment at theIG. 4. Bond length, binding energy, and the spin magnetic moment at the
two atomic sitegmarked by hollow and filled circlgsn Cr;. two atomic sitegmarked by hollow and filled circlésn Mn,.

other atom. This give us a clear picture of the magnetic couthe binding energy1.80—2.8 eV.>*?® Goodgame and God-
pling involved. Each dimer result will be discussed in detailyarq using a modified generalized valence bahtGVB)

in the following sections. scheme found a reasonable estimate of both the bond length
) _ and the binding energyB.04 a.u. and 1.86 e\f They also
A. Neutral and charged chromium dimers found a second minima at 5.78 a.u. bound by 0.3 eV only.

We begin with our results on neutral Cwhich has More recently, Anderssoat al?” using a CASPT2 scheme

been the Subject of several experime%%ra‘1 and obtained a very gOOd agreement with the eXperimental re-
theoretical %>~ investigations. LSDA calculations were Sults:re=3.23a.u., BE1.54eV. They also observe a sec-
the first to obtain a bond lengtt8.17-3.22 a.).in good ~ ©nd minima around 4.5-5.0 a.u., which become a shelf upon

agreement with the experimental one while overestimatingnclusion of relativistic corrections. At the same time, Baus-
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FIG. 3. Bond length, binding energy, and the spin magnetic moment at th&1G. 5. Bond length, binding energy, and the spin magnetic moment at the
two atomic site{marked by hollow and filled circlgsn Cr;. two atomic sitegmarked by hollow and filled circl¢sn Mn;.
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FIG. 6. Bond length, binding energy, and the spin magnetic moment at th€&lG. 8. Bond length, binding energy, and the spin magnetic moment at the
two atomic site{marked by hollow and filled circlg¢sn Mn,. two atomic sitegmarked by hollow and filled circl¢sn CrMn*.

chlicher and Partriddé have performed coupled cluster combe and Becke have used a simple scheme to extract the
single double(CCSD) calculations and DFT-GGA calcula- pure singlet energy from the broken symmetry and highest
tions using the Becke—Lee—Yang—P#&BLYP) functional  spin state KS energies for the LSDAWN), B3LYP, and
and the three parameters hybrid functionals of Becké33P86 functionals. We will come back to their results later
(B3LYP, B3P86, see Ref. 28 and References therein fopn, but for now we just want to point out that the notation
more details The CCSD, B3LYP, and B3P86 calculations SP-XYZ will designate the “spin projected(SP pure sin-
failed, giving too large of a bond lengttaround 4.75 a.li.  glet, where XYZ stands for the “XYZ" functional.

and too small binding energgapproximately 1 eV, while In Table Ill we compare our calculated bond length,
the BLYP functional leads to a reasonable bond ler{gtA1  binding energy, and total spin value with previous calcula-
a.u) but overestimate the binding ener¢y.99 e\). Edge- tions and experiment. Second minimum, or shelf, are also
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FIG. 7. Bond length, binding energy, and the spin magnetic moment at th&1G. 9. Bond length, binding energy, and the spin magnetic moment at the
two atomic sitegmarked by hollow and filled circlesn CrMn. two atomic sitegmarked by hollow and filled circlesn CrMn™.
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TABLE llIl. Calculated and experimental equilibrium bond length)( har- tential curve. In this figure, we show the potential energy
monic frequency ), binding energyBE), and total spin valuert) or  ¢\yrye for Cp based on present calculatiofRBE98 and on
electronic state of neutral chromium dimer. CASPT2+ RC,27 MGVB,2 DFT BLYP, B3LYP,28 and DET

re we BE me/state  SP-B3P86(Ref. 25 calculations. The experimental RKR
curve, obtained from a fit of 30 vibrational levéfsjs also

a
tigﬁﬁfﬁ{f@mb 3% jﬁ‘f ;:20 8 reported. Note that, except for CASPFRC which gives a
LSDA(VWN)® 3.17 2.28 0 good overall description, all the other methods, including the
BLYP? 3.21 1.99 0 present calculations, fail to reproduce the entire potential
B3'-Y;d 4.74 1.07 0 curve. LSDA curves, which are not reported for cumbersome
E?Ff:spse i:gg (1):22 Sinoglet reasons, are similar to the_BLYP one. It is thus clear that in
2.40 114 this case, the PBE96 functional, as well as other GGA based
MGVB' 3.04 1.86 DN functionals, do not generally improve LSDA results. Further-
5.78 03 more, while all LSDA results show the same trerid=sason-
CASPT2 3.25 596 1.37 N able bond length, overestimate the binding energy, no double
CASPT2+RCY 4‘;;2'0 625 154 50 well), GGA results can be quite different from _each others.
45-50 One would generally assume that GGA functionals better
LSDA(PWOD" 3.22 392 2.35 0 describe the exchange and correlation hole than LSDA ones.
PBE9S 3.64 365 1.34 0 This would imply that LSDA results were good for the
Expt e 008 14w Cid - wrong reasons. On the other hand, since different GGA func-
’ 435-548 R ' ‘ 9 tionals show different behaviors, it may indicate that rather

than improving LSDA results, they erroneously treat the
3Results from Ref. 3. BH: Barth and Hedin functiori&ef. 50. delicate interplay between bonding and magnetic coupling

PResults from Ref. 4. VWN: Vosko, Wilk, and Nusair functiori@ef. 5J). ; ; : : : :
‘Results from Ref. 26. VWN: Vosko, Wilk, and Nusair functiotRef. 51). found in chromium dimer. It would certalnly be Interesting

dResults from Ref. 28. BLYP: Becke exchan@ef. 52 and Lee-vang— [OF future development to have a good understanding of what
Parr correlation functionalRef. 53, B3LYP, B3P86: Becke 3 parameters goes wrong in each case.
functionals(Ref. 5. We now come back to the result of Edgecombe and

Eﬁi‘;gﬁ ;Irom Ref. 25. SP-B3P86: spin projected singlet using the B3P8G o o The ground state obtained here is based on a broken

'Results from Ref. 2. MGVB: modified generalized valence-bond methodsSymmetry, spin unrestricted, density functional theory. Such
9Results from Ref. 27. CASPT2: complete active space second order pertua ground state has spin contamination and it is desirable to

hg‘;‘gggntthegx' CASPT2RC: CASPT2rrelativistic corrections. compare results with pure spin singlet states. A simple ap-
W . . . . .

'From Ref. 22, proach to calculate spin singlet energies using the broken
IFrom Ref. 24. symmetry and the maximum spin energies has been pro-
“From Ref. 23. posed by Noodlemaf?. The proposed scheme assumes weak

coupling of the atoms and implies the validity of the Heisen-

berg model. It has been used by Edgecombe and Buke
reported when available. It is well knowhthat, in KS-DFT,  calculate the spin uncontaminated singlet ground state. Their
one has to carry out broken symmetry calculations on suckesults based on the B3P86 hybrid functional do exhibit a
antiferromagnetic systems. It is thus intriguing to note thatdouble-well potential energy curve with minima at 3.00 and
in their recent paper, Chergg al?® have used.., symme-  4.53 a.u. bound by 1.38 and 1.14 eV, respectively. While the
try. Such a symmetry has lead to a zero local magnetic moexistence of double minima and their binding energy are in
ment at the Cr sites as opposed i§,=4.40ug obtained agreement with the present work and the deduced experi-
here. In the last column of Table Ill the electronic state ismental curve, the calculations of Edgecombe and Becke have
reported for MGVB and CASPT2 methods while, due to thesevere limitations. The scheme proposed by Noodleman is
multiplet problen?® only the total spin valuemg, is re-  valid only for weak coupling where there is negligible over-
ported for DF based methods. lap, S, between the atoms carrying the localized spins such

The present results are reported under the labels LSDAs in transition metal complexé$This is certainly not the

(PW91) and PBE96. Note that while PW91 gives a bondcase for Cy which has a short bond length. In addition, as
length close to the experimental value, the binding energy ishown in Table Il the localized moments at the atomic sites
strongly overestimated. These results are in good agreemeate much different from their free atom values. In such cases,
with other broken symmetry LSDA calculations. PBE96, oni.e., where the overlap integral is not small, it has been
the other hand, leads to a larger bond length but gives ahown that the application of this scheme can lead to severe
reasonable estimate of the binding energy. Interestingly, therrors®° The error is proportional t8,, and thus the validity
GGA potential curve shows a second minima at 4.15 a.uof this technique for short bond range is questionable. In
with a binding energy of 1.15 eV in addition to the ground obtaining the spin uncontaminated ground state from the bro-
state. The existence of this minima is particularly significantken symmetry solution, Edgecombe and Becke used a maxi-
in view of the experiments by Casey and Leopdldhich do  mum spin ofS,,,,=5 whereas the dimer actually has a maxi-
indicate the existence of a shelér possibly a minimum  mum spin ofS;,,,=6. The authors have also calculated spin
around 4.35-5.48 a.u. But as can be seen in Fig. 11, therojected curves for the VWN and BLYP functionals. Both
PBE96 functional fails to correctly reproduce the entire po-curves show shorter equilibrium bond length and none of
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(0.46 eV within the PBE9GLSDA (PW91)) are comparable
to the experimental estimatésof 3.22 a.u. and 0.50 eV,
respectively. From Fig. 1 we see that the evolution of the
relative stability of the different spin state of neutral chro-
mium dimer is not linear neither quadratic but rather it ex-
hibit a U-kind of shape while the variation of the bond length

3 -~ with mg is almost linear. This, as we have said, support the
g /,/,’7 non applicability of the Heisenberg model to this system.
G| /;'/ Figures 2 and 3 show that the charged dimers relative ener-
i gies with spin also exhibit a strange shape, while the varia-
/,// __Bs tion of bond length is almost regular.
Ry ---- SP,Smax=5
"/// - Ssétsma“e B. Neutral and charged manganese dimers
a1 - . , We now consider the magnetic coupling in Meiusters.
28 3.8 4.8 58 The nature of magnetic coupling in small Miin=2-8)

Bond Length (a.u) clusters has been recently investigated by the present and

FIG. 10. Broken symmetryBS), and spin projectedSP singlet potential ~ Other authors®**It was shown that while the bulk-Mn is
energy curves obtained with the PBE96 functional for the chromium dimerantiferromagnetic, small Myclusters are ferromagnetic with
The SP curve is given for two values Bf,,,. The experimental curve is large magnetic moments. The case of Mias been of par-
added for comparison. ticular interest since the electron spin resonafE8R on

Mn, in matrices predict a weakly bouriet6.42 a.u) antifer-

romagnetic molecule with an Heisenberg exchange integral
them show better agreement with the deduced experimentaf J=—9=+3 cm %.68-1%Thjs result was confirmed by UV
curve. In fact, the agreement is worse. We tried to calculat@absorption. Based on the assumption that the observed absor-
the pure spin singlet energy using the present broken syntion band originate from one of the thermally populated low-
metry and maximum spin energies within the Noodlemanying spin states of My Rivoal et al. have estimated
scheme. The results are shown in Fig. 10 for the PBE96= —10cm .7 Furthermore, resonance Raman spectroscopy
functional with S,,5=5 (for comparison with Becke wojk experiments in argon and krypton matrices confirm the exis-
and S;,,,,=6 [the same general trends are observed with théence of a weakly bound manganese dimer with
LSDA (PW9Y) functional, but the curves are not reported =76.4cm* in krypton3! The binding energy was estimated
herd. Note that the spin projected singlet state collapses to aith several methods. Kart al,>? based on mass spectro-
short bond length and the second minima becomes a shouketric analysis and an estimated “van der Waals” bond
der. The value of the Heisenberg exchange integral arounigéngth of 7.18 a.u. and applying the third-law method to their
the broken symmetry equilibrium distance is] data, have found ,(VDW)=0.27+0.26 eV[Haslettet al >
~—1300cm ! (=~—0.16 e\ for both spin projected singlet. have pointed out that the original calculated value of the
This value decreases with shorter bond length. Finally, wepaper(0.33 eV} was erronoup Haslettet al. used the same
argue that the Noodleman scheme cannot be used for Cspectroscopic data with more recent molecular parameters
because it implies a weak coupling between the atoms an@dhe estimated bond length of Baumagtnal. in matrice,r,
the validity of the Heisenberg model. It would rather be in-=6.42a.u., and their own harmonic frequencyy,
teresting to use methods based on the line of the work of76.4cm'!) and have foundD .(VDW)=0.02 eV while the
Ziegler et al?! to see how the BS potential energy curve isapplication of the LeRoy—Bernstein analyses on resonance
affected. Raman data yieldD,=0.15eV. An average of the third-law

For Cr,, the PBE96 predicts a ferromagnetic groundvalues giveD,=0.44+0.30 eV3* Morse® has suggested to

state (w=11ug) with a bond length of 5.60 a.u. and a bind- useD.<0.8 eV to be safe. We are going to stick to his sug-
ing energy of 1.54 eV. This state is only 0.015 eV moregestion. The point we would like to underline here, is the fact
stable than an antiferromagnetic state=(1 ug) with a  that the experimental bond length and binding energy are
bond length of 4.22 a.u. The LSDAW91), on the other both rough estimation and no final conclusion can be drawn
hand, predicts an antiferromagnetic configuratiop ( on the validity of a given method by comparing calculated
=1 up) with a bond length of 3.15 a.u. and a binding energyvalues to them. Furthermore, all experimental results are
of 2.47 eV. This state is 0.89 eV more stable than the ferrogiven for manganese dimer in matrices. We will come back
magnetic stateg=11ug) which has a bond length of 5.35 to this issue and to the discrepancy between the experimental
a.u. This is the only qualitative disagreement between LSDAand calculated ground state later on, but first we will review
(PW91) and PBE96 results. Recent experiméhisstimate  and discuss the previous theoretical calculations on.Mn
the binding energy of Grto be 1.30 eV in good agreement In Table IV we compare our calculated bond length,
with the PBE96 result. In the case of Grhowever, both the binding energy and total spin value with previous calcula-
GGA and the LSDA predict an antiferromagnetic groundtions and experiment. According to the present results; Mn
state with a net spin of 0.5 which is consistent with thehas a ferromagnetic ground state £ 10ug) with a bond
experimental doublet ground stafeThe calculated bond length of 4.954.75 a.u. and a binding energy of 0.63.84)
length of 3.65(3.30 a.u. and the electron affinity of 0.34 eV at the PBE9GLSDA (PW9J)] level. The first calcula-
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TABLE IV. Calculated and experimental equilibrium bond length) ( har- found a ferromagnetic “triplet” at approximately the same
monic fr‘equency @), binding energ)(BE), and total spin valuenfg) or bond Iength(3.15 a.ul bound by 0.57 eV at the LSDA
electronic state of neutral manganese dimer. (PW9)) level in good agreement with their results. We can

re we BE ms/state reasonably assume that if they had explored higher spin con-
HF+ Heisenberg 5.42 0.79 s figu_ration they might probably had found a ferromggnetic
LSDA(GL)® c03 220 105 : ms=5 ground state. BauschlicHérhas performed single
5.10 210 1.25 5 point calculations on the neutral dimer at the CASSCF level
LSDA(IMW)* 3.16 729 0.98 1 using a limited active space. Bauschlicher found %mg
476 144 086  GAR) state 0.013 eV more stable than tH& state at 5.5 a.u.
G94:L SDAVWN)? g:gg 233 3'575 qup) yielding aJ value of —7 cm %, But at 6.5 a.u., th&'S | state
478 1.29 5 is 0.002 eV more stable. He has also underlined that these
G94:BPWOT 4.72 0.91 5 results might not be reliable considering the failure of
G94:B3LYP' 6.71 0.06 5 CASSCF calculations on the chromium dimer but mainly
DMOL.LSDA(VWN)? 475 115 5 because the chosen basis set is not suited for van der Waals
i% 8:52 0(A1F) interactions.
DMOL:BPW91 4.93 0.82 5 Very recently, Nayak and Jetfehave performed LSDA
5.08 0.34 O(AF) (VWN) and GGABPW9)) calculations on small Mp(n
PBE9E 4.93 0.99 5 =2-5) clusters. They have found that all clusters are ferro-
3.19 -0.41 L magnetically coupled and carry a magnetic moment of 10,
5.13 0.54 O(AF) ; .
LSDA(PW91)' 475 270 0.84 5 15, 20, and 25up, respectively. We will concentrate our
3.15 0.57 1 interest on their dimer results. They have mostly reported
4.65 0.53 O(AF) three different states for the dimer: the ferromagnetic “11-
PBE96 495 190 0.63 5 tuplet,” the ferromagnetic “triplet” (identical to the one of
g:ig _01,'105 o AlF) Salahub and Baykarand, when possible, the antiferromag-
Expt. 6.43 76.49 <08 iyl netic “singlet.” They have performed calculations with two

programs, namely GAUSSIAN 94Ref. 40 and DMOL
aﬁgcslliti' ei;r::gerRzich ;nle ::;Fal;lgisﬁtnberg: Approximate  Hartree—  (Ref. 41). No antiferromagnetic solutions were reported with
PResults from Refg. 36. GI: %unnarsson and Lundgvist functigRaf. 55. GAUSS_IAN _94 Smce_’ accordlng to the authors, it doe_s not
°Results from Ref. 37. IMW: Janak, Moruzzi, and Williams functiciref. offer this option. Their DMOL LSDA(VWN) results are in
56). good agreement with our LSDEW9)) results and give the
‘Results from Ref. 12. BPW91: Becke exchan@ef. 52 and Perdew— Iong bond Iength ferromagnetic “11-tup|et” as the ground

Wang correlation functionaléRef. 19. B3LYP: Becke 3 parameters func-
tional (Ref. 54. G94(Ref. 40 and DMOL (Ref. 41 designate the program state. On the other hand, GAUSSIAN 94 LSDAWN)

used. yield a “triplet” ground state with a short bond leng(B.06
‘Results from Ref. 13. PBE96: Perdew, Burke, and Ernzerhof functionala.u) bound by 1.54 eV. The discrepancy between GAUSS-
(Ref. 20. IAN and DMOL LSDA (VWN) results is intriguing. Is it

Present work.

9Estimation in krypton matrix, from Ref. 8. related toa basis set proble(@A'USSIAN.calculatior?s were
"In krypton matrice, from Ref. 31. done with an Hartree—Fock optimal basis)setdoes it point
Estimation. From Ref. 35. out an error in one of the two programs? DMOL and

[From Refs. 6 and 7. GAUSSIAN GGA (BPW9) results are in good agreement

with our GGA (PBE96 calculations. They thus predict the

long bond ferromagnetic “11-tuplet” as the ground state and
tions on Mn, were performed by Nesb&tUsing an approxi-  their binding energy are in the same range as ours. Finally,
mate Hartree—Fock calculation including Heisenberg exwhile their results using B3LYP functional predicted the fer-
change interaction, he had predicted a weakly boundomagnetic “11-tuplet” as the ground state, the optimal
antiferromagnetic dimer with a long bond length. Harris andbond length is very long compared to ours and the binding
Jones® have performed nonbroken symmetry calculations aenergy is very small. In this regard, we would like to point
the LSDA(GL) level and have found a weakly bound ferro- out that Scheineet al*> have shown that three parameter
magnetic ground state with a long bond length. They have irfiunctionals are more sensitive than other methods to the size
fact found two degenerate solutions, both of them are reef the basis set. In fact, properties converge only for very
ported in Table IV. Salahub and Bayk&ra®only explored a large basis sets like the correlation-consistent basis set of
few spin configurations. The lowest reported state is théunning and co-worker$ Furthermore, as it can be seen in
weakly bound ferromagnetic “triplet,” with a short bond Fig. 11, the B3LYP functional completely fail to correctly
length. They have found three electronic states within 0.3 e\describe the binding in chromium dimers. One thus wonders
(note that the two “singlet” as the two “11-tuplet” of Harris if the B3LYP results are reliable. Though these results are in
and Jones, were obtained by forced occupation of symmetrgood agreement with the experiment, as we have stated be-
adapted orbitals Salahuf® have argued that the existence of fore, since the experimental parameters are estimated values
those states cannot be accounted by the various spin statesiofmatrices, a straightforward comparison will not necessar-
an Heisenberg manifold. We share the same general conclily indicate which theoretical method is better.
sion but we will come back to this point later. We have also At the same time as Nayak and Jena, Pederta '3



J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Magnetic coupling 5583

‘ ‘ spin states first decreases and then increases as the spin is
increased.

In contrast to Mp, the ESR experiments on
an+14 indicate a ferromagnetically coupled dimer with
pn=11ug. Experimental estimates of the binding energy
range from 0.85 0.2 e\*® to =1.39 eV*’ The present value
of 1.63 (1.81) eV at the PBE9@.SDA(PW91) level lies
within the experimental range. Bauschlictffehave also
obtained a ferromagnetic ground state wigh=11ug, e
=6.060(5.848) a.u. an®.=1.09(1.26) eV at the CASSCF
- po (CISD) levels of theory. At the CASSCEF level, Bauschlicher
B CASPT24RC found the relative stability of the spin states ranging from

P — MGVB

—— Balyp S=4.5 t0S=0.5 to be 0.09, 0.17, 0.26, 0.35, and 0.44 eV
--- BLYP . . .

— - sP-83P86 higher than the ground state, respectively. The corresponding
2.0 . \ bond lengths are 6.066, 6.072, 6.078, 6.082, 6.087 a.u., re-
* ** BondLengh (au) oo spectively. This is to be compared to our results of 0.19

(4.70, 1.67(4.10, 1.78(4.35, and 0.39 eV(5.10 a.u), re-

FIG. 11. Several theoretical potential energy curves of thed®ner. spectively, at the PBE96 level. According to these results,
GGA leads to relatively short bond lengths and large energy

spacing. Furthermore, instead of having a regular progres-

have published GGAPBE9§ results on Mp (n=2-8) sior_1 (_)f the relative stability and pond Iength with the spin
clusters. The general trends in the two studies are Sim"alygrlatlon,_we have a nonmonotomc progression as seen from
Their PBE96 results on the neutral dimer are in agreemerﬁ'g: 5 Since G cz_alculatlons have already cast doubt on
with our results. The bond length and relative energees majorlty of theoretical methodsexcept C.:ASPTZ C"’T'C“'a'
cept for themg=0 paramagnetic state which is 0.53 eV Iesst',on.s) we cannot unambiguously say which theoretical pre-
stable in our cageof the different spin states are identical to dictions are better. We also note that our calculated ground

ours, though the absolute binding energies differ by 0.36 e\State of Mn is also ferromagnetic with a net magnetic mo-

This difference is attributed to the way the atom was calcument (u=104g) smaller than the one of NI” The trend

lated. It is comforting to note that two different implementa- C(_)ntmues with Mg, we find a ferromagnetic ground state
tions of KS-DFT using the GGAPBE98 functional and two with ©=9.0ug. It has a bond length of 4.40 a.u. and a
different optimal DF basis sets, leads to the same results f(p!ndmg energy of 1.67 eV. Both the cationic and the anionic
all spin values considered. These authors also report calc@iMers are, therefore, more stable than the neutral. In the
lations using the Bachelet, Hamann, and S pseudo-  €as€ of M3, we observe &-type evolution of the binding
potential, but these pseudopotentials are not suited for spii"€rgy(see Fig. 6 with increasingms values. Surprisingly,
polarized systems. the highest spin state possibles=5.5, is not the most
We now come back to the discrepancy between(asr  Stable-
well as other¥!3 predicted ferromagnetic ground state of
free Mn,, and thg experlmental predicted antlferromagnetlccl Neutral and charged Cr—Mn dimers
ground state. This discrepancy can be due to two reasons.
Since the experiments are carried out on dimers in matrices In this section we breifly discuss our results on CrMn
and the theoretical studies are based on free clusters, omiémers and compare them to the only available experimental
could argue that it is probably the matrix which changes thedata. ESR experimerifson CrMn in matrices found that the
magnetic coupling. ESR experiments on several matricemolecule has a total spin &= 1.5 indicating a net magnetic
(Ar, Kr, Xe, cyclopropangshow that the matrix has a minor moment. Our studies on the free dimer indicate that the
effect on the measured propertfes'® This either implies ground state is ferrimagnetic: atoms have antiferromagneti-
that the matrix has no effect or all matrices have the sameally coupled spins of different magnitude at the two sites
effect. This can be resolved by performing Stern—Gerlactwith a net spin ofmg=0.5. This shows that even though
experiments on free Myclusters. Such attempts have, how- CrMn and M3 have the same number of electrons, their
ever, failed since Manis a weakly bound dimer and it is coupling is different which might be expected considering
difficult to produce them under ordinary experimental condi-that their external potential are different. The molecule has a
tions though recent experiments using a cryogenic clustedoond length of 4.30 a.u. and a binding energy of 0.82 eV
source indicate that it might still be possilfeWe would  within the GGA (see Table Il. In contrast to neutral CrMn
only like to add that the energy difference between the ferdimers, we find that both the cation and the anion have an
romagnetic and antiferromagnetic states is 0.44 eV and it iantiferromagnetic ground state with a total net spin of zero.
difficult to imagine that a matrix could invert the ordering of Charged dimers are also significantly more stable than the
states which differ by such a large energy difference. Theneutral dimer. As for Grand Mn, the evolution of the BE
second source of discrepancy could be that the experiments the charged and neutral CrMn dimers withy is non-
are analyzed by assuming a Heisenberg Hamiltonianmonotonic and neither quadratic. Furthermore, the variation
whereas we show in Fig. 4, the binding energy of differentof the bond length withmg are ranging from 3.5 to 5.8 a.u.
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