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A many-body model study

Indranil Rudra, C. Raghu, and S. Ramasesha
Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
(Received 12 December 2001; published 28 May 2002

We have used a many-body model Hamiltonian to study the nature of the magnetic ground state of heter-
obinuclear complexes involving rare-earth and copper ions. We have taken into account all diagonal repulsions
involving the rare-earth #and 5 orbitals and the copperd3orbital. In addition, we have included direct
exchange interaction, crystal field splitting of the rare-earth atomic levels and spin-orbit interaction in the 4
orbitals. We have identified the interorbitaf 4epulsionU;; and crystal field parametéy; as the key param-
eters involved in controlling the type of exchange interaction between the rare daathd4copper @ spins.

We have explored the nature of the ground state in the parameter spabtg,ol;, spin-orbit interaction
strength\, and the 4 filling n; . We find that these systems show low-spin or high-spin ground state depend-
ing on the filling of the 4 levels of the rare-earth ion and ground state spin is critically dependdut;cand

A; . In case of half filling[Gd(lll )] we find a reentrant low-spin state Hs; is increased, for small values of
Ay, which explains the recently reported apparent anomalous antiferromagnetic behavio(llbf-@dical
complexes. By varyindJ;; we also observe a switch over in the ground state spin for other fillings . We have
introduced a spin-orbit coupling scheme which goes beyond. tBeor j-j coupling scheme and we find that
spin-orbit coupling does not significantly alter the basic picture.
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[. INTRODUCTION These studies indicate a general trend for the ground state
spin of the complex as we traverse the lanthanide series. The
Electron spin pairing and the associated electron exinteraction between GCU)-Ln(lll) is ferromagnetic for
change between atoms is the cornerstone of chemical bor@d(l11) and other rare-earth ions with greater than half-filled
formation. Hence most of the molecules have closed shelf shell such as D§ll) and EflIl). Below half filling, this
ground statk and the synthesis of high spin molecules asinteraction is antiferromagnetic and leads to low-spin ground
well as molecular magnets has been a challenge. The sinstate for systems such as @yCe(lll) and Cyll)-Eu(lll).”
plest idea to synthesize a high spin molecule is to start witiThe situation remains the same when the€lQus replaced
a high spin carrier. In this regard lanthanides, and in particuby organic ligands such as nitronyl nitroxide triazole which
lar, G which has a 4’ configuration is an obvious are essentially spin-1/2 carriers.
choice. Mononuclear complexes of &dare already known. As a possible mechanism for the observed ferromagnetic
Systems with ground state spin higher tHaoan be built up  alignment of the spin of the rare-earth ion with the spin of
with multinuclear complexes involving Gd and other rare- the copper ion, it was pointed dfitthat the stabilization of
earth or transition metal ions. Studies of such heteropolymethe high spin state arises from the coupling between the
tallic compounds have also been of great interest in modelinground-state configuration and the excited-state configura-
metaloenzymes and in understanding their magnetition arising out of the transfer of the electron from the singly
properties’ Indeed, the interaction between two nonequiva-occupied copper @ orbital to an empty 8 orbital of the
lent metal centers can lead to some unique features which arare-earth ion. This mechanism is in the spirit of the super-
not encountered in complexes with the same kind of spirexchange mechanisms proposed by GoodenGtighl 963.
carriers. Similar mechanism is invoked recently by Tchougr¥efo
In the literature, there have been several studies of heexplain the ferromagnetic ordering in decamethylferroce-
eropolymetallic molecular coordination complexes of lan-nium tetracyanoethenide, by Kinoshita and co-workets
thanides and Qi) or other ions because of their lumines- explain the intermolecular ferromagnetic coupling in parani-
cence and interesting magnetic properti€ome of these trophenyl nitronyl nitroxide and by Girerd and co-work€rs
complexes exhibit a high spin ground state corresponding tto interpret the magnetic properties gfoxo Mn(ll) com-
a ferromagnetic alignment of magnetic moments of the indipounds. Indeed, the interplay of direct exchange which fa-
vidual ions, a fact which is important for designing building vors parallel spin alignment on a given sftéund’s rule and
blocks for molecular magnets. Gatteschi and co-wofkérs kinetic exchange which favours antiparallel alignment of
found that in the case of Gl )-Cu(ll) binuclear and Ciil)-  spins on bonded pair of sitéby virtue of Pauli principlgis
Gd(I11)-Cu(ll) trinuclear complexes, the @t )-Cu(ll) inter-  what determines the spin state of a systém.
action is ferromagnetic in nature, independent of the struc- Kahn and co-workers modeled the superexchange process
ture of the complex or the ligand molecule. Subsequently, aising an extended kel model and obtained a value for the
systematic effort to synthesize and study binuclear systemseptet-nonet gap from the computédq.c, in fairly good
between C(l) and other rare-earth ions was undertakeh. agreement with the experimental result. But in this model
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strong electron-electron repulsions among tHeedectrons
arising out of the contraction of the lanthanidé @rbitals as

well as between # electrons and thedelectrons have not
been taken into account. These electron repulsions, accord-
ing to the recent reports seems to play an important role in
explaining the photoemission spectra of rare-earth
compounds® Another factor which was not accounted for in 4f
the above model is the splitting of the free ion(Llh) ground

state due to the ligand field effect, on the grounds that spin-

5d

orbit coupling term is an order of magnitude larger than crys- 3d

tal field term®® The need of a detailed microscopic model

taking these factors into account has also been felt since ar o4

some exceptions to ferromagnetic coupling in(lBJ com- Ln Cu

plexes were recently reported for @y complexes and nit- FIG. 1. A schematic for the mechanism which leads to the sta-

ronyl nitroxide radical$?~?*To explain this unexpected an- pjjization of the high-spin state in the system 3['ris the rare-earth
tiferromagnetic coupling, suggestions were put forward thatjanthanide ion. Transfers between the €u3d and the Ln 4 and
the observed coupling is actually the sum of twosd levels are indicated by the arrows. The-3 4f transfer leads to
contributions?? one from the direct overlap of the magnetic a higher-energy virtual state thaml-3>5d transfer.
orbitals of the ligand with thé orbitals, which leads to anti-
ferromagnetism and the other from the overlap withda@d et al. is, however, still in a noninteracting picture since it
d orbitals, which results in ferromagnetism. But the rare-does not take into account explicit Coulomb repulsions
earth f orbitals are highly contracted to the core which among the electrons in different orbitals. Another factor
prompted Kahret al° to neglect the transfer between the 4 missing in the model is the effect of the crystal-field interac-
orbitals of Lr(lll) and 3 orbitals of Cyll). tion on the various orbitals involved. In order to take these
In this paper we present our studies of a detailed microeffects into account and understand how they modify the
scopic model in which we have taken into account explicitground-state spin in these systems, we have studied these
electron-electron correlations, crystal field effects and spinsystems by employing an interacting Hamiltonian. This
orbit effects in the lanthanide ion. We have spanned the paHamiltonian is an extension of the Pariser-Parr-Pople
rameter space of the model and have obtained phase dimodel! to more than one orbital per atom and includes di-
grams for different fillings of the # orbitals to elucidate the rect exchange interaction terms between electrons in orbitals
role played by the different parameters in controlling theon the same site. This model has been greatly successful in
ground state spin. The paper is organized as follows. In Se@escribing ground state and low-lying excited states of vari-
I, we introduce the many-body model Hamiltonian. We alsoous strongly correlated systems.
briefly describe the computational schemes employed in When we have more than one orbital per site, the ZDO
solving the model Hamiltonian. In Sec. lll we discuss the(zero differential overlapapproximation is not valid and we
results obtained by our computations on the model. Finallyshould include electron repulsion integrals when two elec-
we summarize our results in Sec. IV. trons are in different orbitals on the same atom. In this case,
we will have several kinds of nonzero two electron integrals
Il MANY-BODY MODEL on the same site. The interaction part of the Hamiltonian in

AND COMPUTATIONAL SCHEME this modified ZDO approximation is given by

The remarkable feature of these systems is that the paral- L N .
lel or antiparallel alignment of spins in the ground state is Hin= 1/221 Z , [l |3 o (B B
independent of the details of structure. This led Kahral. TRy
to propose a general mechanism by the virtue of which these -8 5M,V|‘5m i) (1)
systems attain either the high-spin or the low-spin state. The ’
contraction of the 4 orbitals towards the nucleus means thatHere,i,j are site indices ang,» correspond to the orbital
they are very weakly delocalized towards the Qud@bitals  on a particular site. The two electron integrpilsi ,|j,j,]
and thus, there is a vanishingly small overlap between the Gdontains contributions from various kinds of situations. The
4f and Cu 3 orbitals. This also means that any interactioncaseu=u’'=v=v' andi=j corresponds to the electron-
between the ground-state configuration and the charge trangepulsion integral for the electrons in the same orbital of a
fer configuration corresponding to a3 transfer cannot single site. The most general case for the repulsion integral
stabilize the low-spir5=3 state. So, Kahet al. neglected on the same site is realized when there are at least four or-
these 3-4f interactions and considered charge transfer tditals per site angv# p’ # v# v' andi=j. For thef orbitals
the higher 5l level, i.e., the 8 electron being transfered to on the same site, we have assumed thathe intraorbital
an empty % orbital of the Gdlll ) ion. This process results in  repulsion integra[fﬂfﬂlfﬂfﬂ] is the same for all the sevén
the S=4 high-spin state being stabilized due to a strongorbitals, independent gf, and given byU;, (ii) the inter{
Hund's coupling between thef4and 5 levels. This process orbital repulsion integralf ,f ,|f,f,] is also independent of
is illustrated in Fig. 1. The mechanism outlined by Kahnthe particular pair of orbitals x,v and given byUs;, and
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(iii) that there is also a single direct exchange intedeal  3d orbital for the Cu ion. Inclusion of 5d orbital introduces
between two f orbitals corresponding to the integral corresponding electron repulsion parametgeg, Uy, and
[fluf,,|f,uf,,]. We have further assumed that all other electrorufd_ Electron repulsion integrals of the fon[ri’uiM“ ]
repulsion integrals involving théorbitals are zero. The di- which in our case corresponds to repulsion inteyfg) be-
rect exchange integral although smaller than the electron reween an electron in thef4orbital of the rare-earth and an
pulsion integrals in(i) and (ii) by about an order of magni- gjectron in the @ orbital of the Cu ion is parametrized using

tude, is crucial to the study of magnetic gaps. Indeed, theypng interpolation schent@ Al other intersite electron re-
small value of the exchange integral is also reflected in they i integrals are neglected.

;mall value of the magnetic 9aps. For our rare-earth system, Using the above parameters, the model Hamiltonian is
in most cases, we have considered all the sevieonrbitals )

: ) ) written as
and one %l orbitals for the rare-earth metal ion and a single

7 7 !
. ) ) ) ) ) Ui & o Usge -
H :le AffnfﬁLAsdnscﬁ‘Asdnsd‘Had—MfZ1 (Bf gt H.c)+1t3q 54(EzgsgtH.C)+ > le ng(ng—1)+ Tn3d(n3d_ 1)
U 7 7 7
5dr A - - S A A
+ Tnsd(nsd_1)+uff > nfnf’+defEl nfn5d+V3d—4ffEl N¢N3g+ Vag-5dN3dNsg+ Jss
f>f'=1 = =
7 7
X X [(Ef,f’Ef,f’+Ef,f’Ef’,f+H-C-)_nf_nf']+\]fdle [(Ets4Ef 501 Esg,tEf sat H. €) =N —nNsq], 2
f>f'=1 =

Whereéij :E(réi-r(raj - defines the electron hop opera?ﬁrj with intersite distance of 3 A, values are 4.04 and 3.46 e\/,
which hops an electron of either spin from orbitab orbital ~ reéspectively. The last two lines in the Hamiltonian corre-

i A’ (& ) createsannihilates an electron with spinr in spond to the exchange term involving orbitals on the rare-
theith orbital. The first two lines in Eq2) corresponds to earth site. The exchange term has both diagonal and off-

the noninteracting part of the Hamiltonian. The first line Cor_dlagonal_ contributions, the latter coming from two
responds to the site energy contribution. Here, we assume’ CCessive electron hops. S
) ! We set up the matrix for the above Hamiltonian in the

that the degeneracy of th.é 4eye|s are !ifted uniformly by alence bondVB) basis. The VB basis being eigenstates of
the nonsymmetric crystalline field, leading to equally space he total spin operator is ideal for this study since the total

Irz\r/glz ;’:;Lh aann dip\g(r:{g%grlbei\t/aell jfp ti(;'%u ;Zﬁga?;%'t:tl ZI\;Treies spin of the targeted state is known exactly. The VB method is
91€S giscussed extensively in Ref. 23. The resulting Hamiltonian

tAo?’ldia?wngoérsgs’ cr)erijzetcc;[Izlhe(;yt.r;-nhs?‘e?ecac;? geltl\?veeé: ttr?g |r|1-|de|l\rlr|](ljlu atrix is nonsymmetric and is diagonalized using Rettrup’s
P P Igorithm?* The low-energy states are determined for a

:” orbltz(ajls atlnd t?e Eutd; Orb'tt";:" with a trans{)gtr ﬁ)ara:jrr:ﬁter range of values of the parameters in the Hamiltonian. These
éd"”g;n t?t rlanstﬁr etwee][] € rare—etimin(ﬁ ! I&}I andthe  oudies were carried out at variou$ drbital fillings, corre-
u orbital With a transter parametégqsq. Here, We — o,44ing to different lanthanide ions.

assume that the orbitals on the same site are eigenstates We have also carried out calculations that includes spin-

fche site Ham"to!’“a” and therefore do not mix. The third IIr]eorbit interactions between thef orbital angular momentum
n the Hamiltonian corresponds .to Hubbard electr.on reF)UI'and the electron spin. The spin-orbit contribution is given by
sion termsU;,Ugy, andUsy, which are the repulsion pa-
rameters for the orbitals we have considered. The fourth line

involves interorbital interactions on the rare-earth site with N ; ;

U for repulsion between electrons in different 4rbitals Hso Z Sl s(i), @
and U4 for repulsion between electrons in thé 4nd Y

orbitals at the rare-earth site. The fifth line in the Hamil-where&(r;) is given by

tonian corresponds to the intersite interaction between elec-

trons on the rare-earth site and those in the @uogbital.

The parameter¥;qy.4; and V454 are obtained using Ohno &)= Lﬂ
parametrization 2m2¢?r or

©)

with usual notations. Integrating over the radial part leads to

~1/2 N
rz} , 3) the spin-orbit interaction parameterandH g can be written
in the second quantized form as

28.794)\ 2
Ui +U;
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.\ 3 a
Hso=5 % [VIA+1)—m(m+ D)an14"am.,

+\I(I+1)-m(m-D)a! | .ans

+ m( al’],aam,a_ aTm,Bam,B)]a (6) 4
wherel takes the value 3, corresponding to frebitals and

m varies from—3 to 3. In the presence of spin-orbit inter-
actions, the total spin of the system is not conserved. Thus,
we cannot employ the VB method for their solution. Instead
we employ a constantl basis, typified by Slater determi-
nants, to set up the Hamiltonian matrix. The Hamiltonian
matrix in this case is symmetric and Davidson algorithm
gives the low-lying states. Since the states are now labeled
by the total angular momentud=L +S, we compute the
expectation value 08? and use the nearest integer or half-
integer valueS such that the expectation value is nearest to
S(S+1). This allows identifying the approximate total spin

5d
of the states.

Ill. RESULTS AND DISCUSSION

The Hamiltonian in Eq(2) has several parameters and
exploring the phase space for all possible filling of thie 4
rare-earth orbital is very compute intensive. In order to
meaningfully explore the parameter space, we have first
identified the most sensitive parameters and fixed the re-
maining parameters at generally accepted values. We have
considered three different models for the Ln-Cu system. 4f
These correspond t@) ignoring the %l levels on the rare-
earth ion,(b) including all the five %l orbitals on the rare-
earth ion, andc) including only one 8 orbital on the rare-
earth ion. In all these cases, we have found that the
interorbital electron repulsion strength; in the 4f orbital
and the crystal-field splitting of thef4orbitals A; are the
parameters to which the spin of the ground state is most
sensitive. The remaining parameters have been held fixed at
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the following values. The value of the exchange constants FIG. 2. A schematic diagram showing the various possible vir-

Jss andJ;q are fixed at 0. and 0.2J;, respectively?® The
Usq on copper is fixed at 5 eX? tz44¢ at 0.1 eV and in all

tual states obtained by electron transfer froch@bital of Cull) to
orbitals of Ln(lll), when 4f is half-filled—(a) without 5d levels,(b)

the models and in model®) and(c) t4.54 Was fixed at 0.5  Wwith all the &d levels taken into consideration.

eV?’ Ugq at 5 eV, andUq4 at 4 eV. In what follows, we
discuss our results, first for the half-filled 4hell and then

not produce a high-spin ground state for any valué\ pfor

for rare-earth ions with other f4occupancies, for various Usr, although experimentally mostf4-radical or Cul)
values of the parametets;; andA;. In the last subsection Systems are found in high-spin ground state.

we explore the effect of spin-orbit interactions on the “spin”
of the ground state for these parameter values.

In the presence of the emptyd5orbitals[Fig. 2(b)], the
Hunds rule stabilizes the state in which the @nd & elec-

trons have the same spin alignment. This in turn implies that

A. 4f7 system
For the half-filled Ln ion in modela) where the 8 or-

the high-spin state in which the unpaired electron in the Cu
3d orbital has the same orientation as the spins in the 4
orbital has lower energy than the low-spin state. Our studies

bitals on the rare-earth site is ignored, we always obtain @n model(b) is therefore expected to produce a high-spin

low-spin ground state, for all values &f; and A; that we
scanned. Changing the parametirgs,; andU 34 within rea-

ground state. However, what is quite unexpected is that we
find a very interesting variation in the ground-state spin; the

sonable limits still leaves the system in a low-spin groundground state is a high-spin state for smiy(<0.1 eV) and
state. This is because the path way for delocalization of th&.5 eV<U<4.5 eV atU;=10 eV?® For other values of

electrons in the high-spin state is blocKé&dg. 2(a)], depriv-

U¢s, the ground state is in a low-spin state. Thus, in the

ing the system of kinetic stabilization. Thus, this model doesguantum phase diagratfig. 3), there is a reentrant low-spin
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FIG. 3. Phase diagram in the space of paramdti¢s(in eV) FIG. 5. A schematic diagram showing the various possible vir-
andA; (in eV), for the case of rare-earttf devels being half filled. ~ tual states obtained by electron transfer frochdbital of Cull) to
Other parameter values are as fO"OWMfZ 10 evrtSd-4f orbitals of Lr(l” ), when 4 is more than half filled.
=0.1 eV,t3d_5d:0.5 eV,UstS eV,UgdZS eV,de:4 eV,\]ff
=0. ) fa= Y- : ower energy than thef4 virtual state and we should expec
0.1 eV, andli3=0.2 eV | gy than thef4 virtual state and hould expect

the ground state to be a high-spin state. For large values of
phase. For small values tf;; the virtual low-spin state in Uss, the ground-state configuration of the rare-earth ion is
which the intermediate rare-earth ion configuration & 4 ho longer 47 but 4f°5d". In this case, the hopping between
has lower energy than the COﬂfigUI’&tiOI’VBdl and this the 5d and 3 orbitals favors antiparallel alignment of spins.
would lead to a low-spin ground state of the complex. AtThe 3d to 4f hop prefers parallel alignment on energy con-
intermediate values ofl;;, the virtual state #/5d* has a  sideration but there is only one channel for this process as

against seven channels for antiparallel alignment. Therefore,

the ground state switches back to low-spin state for high

T l, values ofUy;.

We also find that the high-spin state is quite stable and
continues to be the ground state, even whentihg; trans-
5d fer integral is increased to unto twice its value of 0.1 eV we
have used in all our studies. Furthermore, we find that\the
parameter which corresponds to the crystal-field splitting of
the 4f levels also plays a significant part; whan is small,
the cross over from high-spin ground state to low-spin
ground state occurs at a higher valudJgt . Above a critical
value ofAs, the system is found only in the low-spin ground
state(Fig. 3.

This picture is not changed in any significant way, in go-
ing to model(c) where only one 8 orbital is used instead of
the five & orbitals on the rare earth considered in madhe!

4 . cu In view of this, in cases away from half-filledf 4evels, we
- have considered only a single ®rbital [model(c)] for rea-
—e— sons of computational feasibility.

3d

tag-a B. Systems with non-half-filled 4 shell

We have studied systems with variou$ drbital fillings
FIG. 4. A schematic diagram showing the various possible vir-using the Hamiltonian in Eq(2) and the general result we

tual states obtained by electron transfer froch@hbital of Cull) to  find is that wherlJ¢; is small, systems with fewer than seven

orbitals of Lr(lll), when 4 is less than half filled. 4f electrons have a high-spin ground state while those with
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FIG. 6. Phase diagram in the space of paraméfergin eV) andA; (in eV), for the case of rare-earthf 4evels being away from half
filling. Other parameter values are same as in Fig. 3

more than seven f4electrons have a low-spin ground state hop is only permitted when the hopping electron has an
(Fig. 6). This result follows even in modéh) where we have alignment opposite that of the rare-earth sfig. 5), be-
neglected the participation of thed%orbitals in delocaliza- cause of Pauli exclusion principle. Thus, in the more than
tion. This result is quite simply understood from the directhalf-filled case, we find a low-spin ground state. Indeed, this
exchange interaction term. In the less than half-filled casgicture is not significantly changed when we go to mddg!
(Fig. 4, an electron hop from the Cud3orbital to the rare- where we have the copped3lectron having an additional
earth 4 orbital can result in a high-spin or a low-spin rare- delocalization pathway via the rare-eartd Srbital. What
earth ion. If the unpaired electrons on the rare earth have thee also note is that theyg.sq does not have a significant
same alignment as the hopping electron, we obtain the higteffect, unlike in the half-filled case.

spin state, otherwise the resulting state of the rare-earth ion is We should expect the crystal-field splitting parameler

a low-spin state. The direct exchange interaction within 4 of the 4f orbitals to play an important role in determining the
orbitals ensures that the virtual high-spin state of the ion haground state of the Ln-Cu system, since in case of large
lower energy than the virtual low-spin state. Therefore, thehe rare-earth ion ground state would not be a high-spin
ferromagnetic alignment of the spins on the Ln-Cu system iground state. For a similar reason, we should also expect the
favored over antiferromagnetic alignment in the less tharinterorbital repulsiorlJ;; to determine the magnetic state of
half-filled case. In the more than half-filled case, electronthe dimer. In Fig. 6, we present some typical quantum phase
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FIG. 7. Phase diagram in the space of paramdtkgs(in eV)
and\4; (in eV), for the case of rare-earthf 4evels at less than half
filling, half-filling and more than half-filling. Other parameter val- 0.02
ues are same as in Fig. 3.

diagrams for the less than half-filled case as well as the more
than half-filled case. In the less than half-filled case, for large ol .
U¢;, we obtain a low-spin ground state since the energy 0 015 03 045 06 075 09
difference between high-spin and low-spin rare-earth virtual Mg (V)
states obtained on elect_ron _transfer, is not significant. How- ~ ¢ pyoco diagram in the space of paramergrsiin eV)
ever, ”F‘m'?er of low-spin virtual s_tates aré more than th ndA¢ (in eV) for the case of rare-earthf 4evels being away from
high-spin virtual states aﬂd we obtain a lOW'Sp'n ground Statﬁalf-filling. Other parameter values are same as in Fig. 3.
for largeUs;. The experimental system with less than half-
filled 4f shell are all known to be in the low-spiAFM) . ) o .
ground state. Thus, these systems all correspond to the Iar?geCtS- We have considered only the spin orbit interaction
Uy limit. The critical value ofU;; decreases with increase in for electrons in the # orbital of the rare earth and have
4f occupancy from 1 to 7. ignored it in the © orbital of the rare earth as well as in the
In Fig. 6, we show some typical quantum phase diagram3d orbital of the copper. Our method of calculation takes
for the more than half-filled case. Here again we note a quarinto account spin-orbit interactions at the same level as all
tum phase transition, from the low-spin ground state to theédther interactions in the Hamiltonian in E), since we
high_spin ground state, at |arge Va|ueg_bﬂ_ This transition  Setup and solve the total Hamiltoni@Hamiltonians in Eq.
is also qualitatively understood in the following way. At (2) plus Eq.(4)]. Thus, our studies go beyond the usliab
large U;;, the low-energy exchange path way is via theOr j-j coupling schemes in which either the spin-orbit inter-
empty 5 orbitals. The direct exchange interaction betweenaction is treated perturbatively within a given manifoldLof
the 5d and 4f orbitals on the rare-earth ensure that the vir-and S or the electron repulsions are treated perturbatively
tual states corresponding to high-spin state has a lower ef®Vver the individual spin-orbit coupled states. We have used
ergy than those corresponding to low-spin state. Thus, th¥alues ofX in the range 0 to 1.0 eV, for th&¢; and Ay
dimer switches to a high-spin ground state with increasing/ameS? In the presence of spin-orbit interactions, the total
Us; . All the experimental systems known in this case corre-SPin is no longer a good quantum number. Thus we cannot
spond to high-spin ground state. Thus, we are in the largétrictly classify the eigenstates by their spins as low-spin or
Uff limit in real Systems even in Systems in which the rare_hig’\h'spin states. HOWeVer, we find that the eXpeCtation value
earth ion has more than half-filledf &hell. This is also in- of S in the low-lying states, in all the cases we have studied,
tuitively expected since thefdshell is chemically well iso- is close enough to allowe8 values in the absence of spin-
lated in rare-earth compounds. The critical valuelqf in orbit interactions. This aids in labeling the states as “high-
this case increases with increase in thieoécupancy beyond Spin” or “low-spin” states.
half filling. What we find is that the role of the spin-orbit interaction
in determining the ground state magnetic moment of the
Ln-Cu dimers is negligible. In Fig. 7, we show the quantum
phase diagram for three representative cases corresponding
It is well known that the spin-orbit interactions in rare- to less than half-filled, half-filled, and more than half-filled
earth ions are important and often larger than the crystal-fieldf shells, forA;=0 as a function o\ and U, with all

C. Role of spin-orbit interactions
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p 5 \ is increased. Thus, we conclude from our studies that the
////// j magnetic state of the cluster is only weakly influenced by
Y spin-orbit interactions.

IV. SUMMARY AND CONCLUSIONS

o

4r In this paper, we have studied the magnetic ground state
% 9 of the heterobimetallic organic molecular magnets, with a
~ High spin rare-earth ion and a copper ion. These systems have been
o R o7 modeled with a many-body Hamiltonian, which includes the

direct exchange interaction and the repulsion between the
orbitals on the same site. The systems are shown to exhibit a

2T low-spin or high-spin ground state depending on the filling
e/ of electrons in the rare earthf 4evels, and also critically on
1k the inter-orbital 4 electron repulsion&)¢; and the splitting

of the degenerate f4orbitals in the presence of the crystal
field A;. We have obtained a “phase diagram” in the space
of these parameters. We find at half-filling a re-entrant low-
spin state abl¢; is increased for small values af; . There is
also a transition in the ground state spin at other fillings,
FIG. 9. A phase diagram for the Ui )-Cu(ll) system, between again for small values oAA;, when Uy is increased. The
parameterdJ¢; (in eV) and n¢,n; being the 4 level filling. A general phase diagram of the ground state spin is shown in
value was fixed at 0.1 eV. Other parameter values are same as frig. 9 as a function of filling andU¢;. This picture is valid
Fig. 3. for 0<A;<1 eV as for these values d&f; the low-spin and
high-spin regime are seperated by a nearly consthnt
other parameters being the same as in Figs. 3 and 6. We firfg/"thermore, this picture is also not altered by the inclusion
that theU ;; value for which the magnetic transition occurs in ©f SPIn-Orbit interactions. To obtain the experimentally ob-
the ground state is hardly affected by spin-orbit interactionsS€rved interaction, corresponding to low-spin ground state
Only the reentrant low-spin state occurs for a slightly smalleiP€low half-filling and high-spin ground state above half-
value of U;; when spin-orbit interaction is sufficiently [1ing of the 4f shell, we need to assume fairly large inter-
strong. We have also explored the role of spin-orbit interac®rPital repulsions in the #shell. Our studies show that in
tion when the crystal field splitting of thefdorbitals A, is ~ SYStéms where the parameters are near the phase boundaries,
varied near a critical value df;; . Here we assume that the SMall changes brought about by the modification of the
splitting of thef-orbital manifold by the crystal field does not /192nds can lead to drastic changes in the magnetic properties

quench the orbital angular momentum of the resulting state?’ the complex.
In Fig. 8 the phase diagram as a functiomafor the case of

the rare-earth electron configuratiofi'4is shown. We have

chosen this configuration as we found the strongest effect We thank Professor Diptiman Sen for many useful discus-
due to spin-orbit interactions in this case. We find in Fig. 7sions. We thank the Council of Scientific and Industrial Re-
that the high-spin state crosses over to the low-spin state atsearch, India and Board of Research in Nuclear Sciences
smaller value ofA; when the spin-orbit interaction strength (BRNS) for financial support.
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