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CuF; is known to be an antiferromagnetic compound with a weak ferromagnetism due to the anisotropy of
its monoclinic unit cell(Dzialoshinsky-Moriya mechanismWe investigate the magnetic ordering of this
compound by means @b initio periodic unrestricted Hartree-Fock calculations and by cluster calculations
which employ state-of-the-art configuration interaction expansions and modern density functional theory tech-
niques. The combined use of periodic and cluster models permits us to firmly establish that the antiferromag-
netic order arises from the coupling of one-dimensional subunits which themselves exhibit a very small
ferromagnetic coupling between Cu neighbor cations. This magnetic order could be anticipated from the close
correspondence between Guand rutile crystal structurefS0163-18209)15301-3

I. INTRODUCTION to explain the temperature dependence of magnetic suscepti-
bility or to interpret neutron diffraction experimerftsive
CuF, is an example of a wide variety of ionic magnetic must warn that theé experimental value includes direct ex-
materials with a basically antiferromagnetic behavior whichchange and superexchange but also other physical mecha-
is slightly perturbed by a weak net ferromagnetic momentnisms neglected in the Anderson mod€lThe Anderson
This resulting magnetic moment is due to a Jahn-Teller dismodel is fully taken into account by considering that the
tortion of the crystallographic unit cell and is commonly de- magnetic interaction arises from the spin coupling of a re-
scribed as the Dz|alosh|nsky-Morr’yaneqhanlsm based on  gyced number of electrons in an orbital subspace where these
spin-orbit coupling between neighboring magnetic ions.active electrons are distributed in all possible ways. There-
However, this net ferromagnetism is very weak compared tgqre, the Anderson model is effectively included in a com-
the magnitude of the magnetic coupling constants within th‘blete active space self-consistent fi¢l@ASSCH, or com-
routinely applied magnetic Anderson modélThis model plete active space configuration interactioCASCI),
applies to situations in which the interacting spins are highlyzgjculation on the appropriate spin eigenstates. However,
localized. Another type of magnetic interaction, not dis-while this approach can be used for molecular magnetic
cussed in the present paper, is provided by '_“”era”t_Sp'groblems it cannot be applied to fully periodic systems and
waves which apply to metallic systems such as iron or nickehne must rely on the use of a broken symme(BS)
and which manifest completely different mechanisms of spinypproaci:® The BS solution is not an eigenfunction of the
coupling. . . _square of the total-spin operat&¢ and the energy differ-
The Anderson model contains the minimum physicalgnces of interest are obtained in an indirect Wahe BS
mechanisms needed to explain antiferromagnetism. It dividego|ution can be applied either to molecules or solids. In solid
magnetic interactions into direct exchange, favoring ferrogiate physics this is achieved by considering ferromagnetic

magnetism, and superexchange type interactions, favoring af) and antiferromagnetiGAF) solutions with an unrestricted
antiferromagnetic order. The combination of these two typegy spin polarized formalism.

of magnetic interactions in the Anderson model can be con- Recent work has shown that the coupling consthoan
tracted to one effective exchange integral which correspondge qualitatively estimated for a large variety of cubic com-
to the magnetic coupling constadt of the well known  hounds, by employing periodic unrestricted Hartree-Fock

Heisenberg Hamiltonian (UHF) calculationst®~'3 However, these UHF calculations
R L were able to recover only a fraction, about 30%, of the ex-
H=-JSS;. (1)  perimental magnitude of magnetic coupling constant. The

difference to experiment arises from the electronic correla-
For isotropic materials the Heisenberg model can be usetion effects which are not included in the BS approach.
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TABLE I. Structural data for Cuj; taken from Ref. 27. For the
interatomic distances, figures in parenthesis give the number of
equivalent neighbors.

Space group P2,/c
Lattice constants a=3.296 A,b=4.568 A,c=5.360 A,
a=vy=90.00°, 3=121.15°
Positions Cu10,0,0, (0, 1/2, 1/2
F: (x,y,2, (1/2+x, 1-y, 1-2)
(A12+x, 1/2+y, 1/2—2)(x, 1/2—y, 1/2+2)
x=0.2558,y=0.2968,z=0.2951,
Cu-F bond lengths  1.916 &), 1.933 A(2), and 2.3016 A(2)
Cu-Cu distances 3.296 &) and 3.5212 A(4)

These electronic correlation effects can be introduced by sec-

ond order perturbation theory, by different configuration in- F/ " F

teraction technique¥; 2% or by hybrid density functional

theory(DFT).24'25|n the two first methods one needs to con-  FIG. 1. Structural coordination motives of the Cu and the F ion.

sider a local, cluster model, representation of the periodid'he coordination around symmetry equivalent Cu ions in different

system. The hybrid DFT methods could in principle be ap-1D chains, Cuor Cu; versus Cyin the projection of the structure

plied to either clusters or periodic calculations although therdo a plane, gives the complete octahedron. The 2D sheets, see text,

is not yet consistent experience for the periodic case. go along Cyto Cu, to Cuy and should be thought orthogonal to the
The purpose of the present paper is to extend the theorettructure diagram in the lower part of the figure.' Magnetic motives

ical study of magnetic coupling in systems with localized ©llow Cu-Cuy-Cus: or Cu-Cus or Cuy-Cup-Cus directions.

spins to the case of Jahn-Teller distorted materials. The oWt modification, and are reported in Table I. The crystal
unit cell point symmetry of Cupprecludes the consideration sirycture was determined at several temperatures and we
of all 'poss_,lblle magnetic order; from perlodlc_calcuIa'uon's.ha\,e chosen the parameters corresponding to 77.3 K, a tem-
Likewise, it is not possible to include the entire magneticperature close to the Metemperature of 69 K7
structl_,lrfa of thls_ compo_und into a single c_Iu_ster_modeI. How- The Cuk; structure is commonly described as a distorted
ever, it is possible to circumvent these difficulties through &yjle structure, a structure adopted by many transition-metal
combined use of periodic and cluster calculations. This igyxides and halides. It is formed by octahedra of fluorine
precisely the main contribution of the present work. We will 5yrrounding Cu cations, each fluorine anion being threefold
show that the use of cluster models allows us to verify som@qordinated to Cu, Fig. 1; we must point out again that all Cu
useful hypotheses concerning the magnetic order. These hyoms are equivalent and labels in this figure are introduced
potheses permit us to reduce the computational problem 0 @ facilitate the discussion. Jahn-Teller distortion of the SuF
magnetic unit cell which is identical to the crystallographic gctanhedra has already been mentioned to be energetically
one. , _ , favorable by breaking the ideal symmetric coordination of
This paper is organized as follows: In the next section Wene copper centers. In rutile type structures, two lower-
provide a short review of the crystallographic structure ofgimensional structural pictures arise, a one-dimensional and
CuF,; and present a possible modelization within a fully pe-5 two-dimensional periodic substructure. The first picture
riodic approach. This modelization rests on the hypothesis ofonsists in the decomposition of the Guructure into sto-
one-dimensional ferromagnetic subunits of the threejchiometric one-dimensional CyFchains formed by line-
dimensional _crystal. The verification of t_h|s hypothesis iSqnnected CuFunits, the basal planes of the coordination
presented within a cluster model for different levels of ianedr28-3! These one-dimensional chains follow the
thepry, Seq. . This allows us to approach _the_ antiferromagCul_CuS line in Fig. 1. This first picture might be less pro-
netic coupling constant within, again, a periodic UHF calcu-nqnced in Cufthan in rutile itself because of the different
lation. The last section will present our conclusions. To fa-c\,.F bond distances within the connected Cuffanes
cilitate the physical understanding all computational details; 935 549 2.302 A, the latter being significantly longer than

are collected in the Appendix. the Cu-F bond out of the plane, 1.916 A. The other lower
dimensional picture of the three-dimensioig@D) structure
Il. THE CuF , CRYSTAL emerges when linking all short distances in the crystal,

Cu-Cu,-Cugy in Fig. 1, to form two-dimensional sheets or

puckered layers as they are commonly denoted in the
The monoclinic crystal structure of Culs described by literature?® These layers, with Miller indice€L00) are inter-

the space grouf2,/c with four symmetry operators and connected via the long, 2.302 A, Cu-F bonds and, as each of

contains two Cuk units per unit cell. One of the copper the 1D chains, each individual layer forms a neutral and

atoms being on the cell corner, the positions of the six atomstoichiometric subunit of the entire CuErystal. In the rutile

of the unit cell are entirely determined by the lattice param-structure, space group4,/mnm these layers are also

eters and the position of one fluorine atom. The experimenpresent and can be found by looking at i®1) planes of

tally determined structure paramet@rsave been used with- the crystal. There, F-Cu-F bond angles of 135° and 90° ap-

A. Geometrical structure
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pear provided the idealized structure, with equal bond
lengths and with all angles within one Cyéctahedron hav- xz
ing 90°, is assumed. In real monoclinic Guike difference

of the two angles is still present, 132.26° and 89.69°, and, a2 1y alpha spins

in rutile, the copper atoms linked in this manner are not the>
closest neighbors, which are Cand Cuy in Fig. 1 at a dis-
tance of 3.29 A, but the next neighbors, Gand Cy sepa-
rated by 3.55 A. Thus, an effective superexchange interac;
tion via the short bridges, 1.91 and 1.93 A or,@w,, in the

2D layer might dominate here over the direct-exchange term.
A different balance between these two terms might be
present within the 1D subunits which involves effective su-
perexchange via the two longer, 1.93 and 2.30 A, Cu-F bond
distances whereas the direct exchange implicates the shorte ‘ ‘ . ‘
Cuy-Cuy,; distance. In conclusion, an analysis of the compli- -0.90 -0.80 -0.70 -0.60 -0.50 -0.40
cated geometrical crystal structure of GuSuggests that ENERGY (HARTREE)

magnetic order might be the result of two independent g > cumulative density of statéBOS) of the valence bands
mechanisms. for the ferromagnetic structure, projected onto the @uwrbitals
after rotation of the unit cell into th€é011) plane. The orbitals
contributing to the magnetic, onlyg bands, are shaded. The thick
solid line gives the totat orbital contribution to the DOS. The

CuF, is an insulator, experiments show a temperature desummation of DOS is in the ordew, 3z°—r?, x’—y?, yz andxz
pendence of the magnetic susceptibility which clearly reveals
the antiferromagnetic character of this compound. Thesey the twod orbitals 33,22 anddy, on Cu. Theser-spin
measurements attribute a &léemperature of 69 K to CyF  bands exhibit some character arising from the mixing to
Moreover, a small spin canting of 0.01° is reported, due tahe F anions. The total Cu participation 385% of thea
the geometrical anisotropy of the crystal unit cell. electrons forming the band. The othéprbital contributions

To gain further insight into the electronic structure of are energetically situated within theband system of the
CuF,, a periodic unrestricted Hartree-Fock calculation hasanions. The participation of thed3,2_,2 andd,, orbitals in
been performed witltRYSTALY5 (Ref. 32 on a completely the upper-lying bands reflects the distortion of the octahe-
ferromagnetic spin arrangement. The resulting wave functiomiron by mixing the 83,22 andd,, components. This is
shows a high ionicity with vanishing Mulliken overlap popu- due to the asymmetric polarization brought about by the an-
lations for Cu-F pairs and net Mulliken charges almost iden-ions. The structural diagram in Fig. 1 shows the coordination
tical to total Mulliken charges of-1.83 and—0.91 on the of the F anion within the Cu cations along both fundamental
ionic centers. Let us recall that in the Mulliken population octahedra of the unit cell. In fact, the sum of the projections
analysis the total population at a given center is obtained byf the density of states onto the copky, d,,, andd,z_2
summing two terms: the net and overlap populations. Therbital gives vanishing contribution to the two magnetic or-
first term involves only contributions from the specified cen-bitals. To close this section of results of our first set of cal-
ter whereas the second one includes two-center contributioculations on the periodic system, we note that the mixing
through the overlap integral. Certainly, the absolute values dbetween the 8;,2_,2 andd,, orbitals in thea-spin bands is
the Mulliken charges are affected by the choice of the basigonsistent with the two independent mechanisms above dis-
sets and the absolute figures have a limited physical mearussed. Without this orbital mixing only one of the magnetic
ing. In fact, we will not argue that CyFhas a partial ionic  coupling schemes will be possible. Finally, we report a large
character because the Mulliken charge on F centers is leseparation between occupied and virtual orbitals of about
than the formal charge. Instead, we insist in the fact that th@.65 a.u. for the ferromagnetic UHF solution.
shown charge partition points towards a purely ionic bonding
picture. Consequently, the magnetic orbitals of the UHF so-
lution, one band ofa-spin occupation without counterpart
within the B-spin orbitals, are essentially constituted by the The subtle equilibrium between the direct and the effec-
orbitals of the copper ions, with little contributions being tive superexchange term permits access to the basic, antifer-
attributed to the fluorine centers. romagnetic structure of Cymvithin a periodic ansatz. For an

In Fig. 2 we show the density of states of the valenceassumed ferromagnetic ordering within the one-dimensional
bands, projected onto the five basiorbitals after rotation chains the symmetry of the crystal is not completely de-
of the unit cell into theg(011) plane. This rotation brings the stroyed and the calculations can be performed with reason-
previously mentioned CyFplane of every second octahe- able basis sets within one crystallographic unit cell only.
dron to thexy plane of the coordinate system, and permits Let us recall that the CyFunit cell contains two copper
the decomposition of the complete setdbrbitals straight- cations belonging to two different 1D chains with the basal
forwardly. The other Cufoctahedron of the crystallographic planes of the corresponding octahedra being nearly orthogo-
unit cell is completely symmetry related to that being ana-nal to each other. Within this crystallographic unit cell any
lyzed. The lowest-lyinga-spin bands, which are well sepa- antiferromagnetic coupling consists in attributing different
rated from the rest of the band structure, are mainly formedpins to the two copper centers. Now, two different possibili-
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ties arise. The first possibility consists in attributing alternat- 1000
ing spins within the chains, thus doubling the unit cell and
completely destroying any symmetry operation for the cor-
responding magnetic unit cell. In the second possibility a 500 |
ferromagnetic order within the chain is maintained and the
system can be described by one crystallographic unit cell
only, and theC; symmetry of the system is preserved. How-
ever, this second possibility is, in principle, in contradiction
to the interpretation of neutron diffraction experiméhts
which suggests that the magnetic unit cell, corresponding to 500
the P,2,/c Shubnikov group, is the double of the crystallo-

graphic unit cell. Still, the magnitude of magnetic coupling

within the chains can be effectively so small that in practice 1000 L = = = o =0
there will be no physical difference between studying the cluster diameter (bohr)

basic antiferromagnetism within the single or double crystal- , W
lographic unit cell. Relying on our experience with the use of _F'C: 3. Evolution of the net charge of the “point-charge
cluster models to investigate magnetic coupling, we wil trysphere around the cluster center with increasing the sphere diam-

to analyze the possibility of the magnetic order within theet_er. Note that, accidentally, there exist complete spheres of ions
with zero overall charge.

0.0

cluster charge

chain.
object with respect to the cluster center than the alternative
IIl. THE CLUSTER CALCULATIONS of building a model based on the Evjen metfibeimploying
A. Cluster setup a unit cell with fractionary charges on the faces, vertices, and

. . ) i edges. The resulting electrostatic potential of our point-
The question of ferromagnetic or antiferromagnetic ordercnarge cluster, calculated at various sites within the cluster

ing within the 1D chains of the 3D crystal lead us to a clusterregion' is in good agreement to the infinite Ewald summa-
model containing two copper atoms and two linking fluorinejons. For this reason no further adaptation of the point-
atoms, being oriented along the one-dimensional substru%-harge values has been applied. Finally, we would like to
ture. These four principal atoms representing the cluster cenyention that, once the Madelung field is reasonably repro-
ter will be used as the basic unit to calculate the magnetigjced. the overall size of the point charge array does not
intrachain spin-coupling constant of the periodic system, inyffect the computed values of the magnetic coupling con-
cluding the long Cu-F bonds only. stant.

When abandoning the translational symmetry of the full 1pe triplet-coupled high-spin restricted open shell

crystal, all symmetry operations with a finite translation VeC-Hartree-Fock(ROHP) wave function of the CiF;, central

tor vanish, regardless of magnetic ordering of the crystal. Iy, ster, now in a basis set which is different from that used in
the present case this means a reduction from four to only tWene crysTAL calculation but with about the same flexibility,
remaining symmetry operations, leavi@g as the resulting shows a good agreement to the periodic calculation. This
point group. To provide proper chemical and electrostatiGygreement between periodic and cluster calculations is found
surroundings to the basic cluster model, the first coordinatiof, the Mulliken decomposition and, more important, in the
sphere of each of the two Cu ions of the Eucentral unit  composition and shape of the magnetic orbitals. Therefore,
has been surrounded by fluorine centers with a less flexiblgye gescribed cluster is considered as close as possible to the

basis set, leading in total to a ¢y, quantum-chemical clus-  fy|| periodic structure, and we now can undertake the calcu-
ter, followed by completing the coordination spheres of eachation of the intrachain coupling constant.

fluorine by in total 22 total ion potential§IP’s) with a +2
formal charge. Now this whole object is embedded in a _
spherical distribution of formal point charges; we assume B. Extraction of J

charges oft2 and—1 for Cu and F centers, respectively. To  For a cluster model with two magnetic €uions the
obtain a neutral setup, shells of atom positions representingeisenberg coupling constadtis simply given by the en-
stars of ions of equal distance from the cluster were addeargy difference between the triplet and singled coupled spin
resulting in large oscillations of the total charge of theeigenfunctions. Therefore at all levels of theory based on the
“point-charge sphere” with the diameter of the sphere; thesaise of ab initio wave functions which lead to pure spin

oscillations are depicted in Fig. 3. Along this sphere-growingeigenfunctions, the magnetic coupling is given by
process one accidentally finds complete spheres of ions lead-

ing to a zero overall charge. A reasonable number of point
charges for embedding the quantum-mechanical cluster
seemed to us a total number of atom positions of 2910. This
leaves us with 970 Cu sites and 1940 F sites, of which the On the other hand, one can also use an unrestricted for-
innermost are represented by the quantum_mechanica| oB’.]a.Iism based either on a Hartree-Fock or Kohn-Sham Slater
ject, the rest being the formal point charges. For a systerﬁeterminant. In those cases one does not have a spin eigen-
with such low symmetnC; and a cluster center which falls fAunction although both determinants are eigenfunctions of
not on a site centered in the crystal unit cell the describe®,, thez component of the total spin operator. This permits
procedure is certainly more efficient to give a well-balanceda connection to the Ising Hamiltonian

E|S>_E|T>:J. (2)
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£y lsing— _J“SZ “SZ ) aJof 1.9 K[Eq. (4) is used, close to the CAS value which
172 contains the corresponding physical mechanisms. The use of
instead to the Heisenberg Hamiltonigq. (1)]. In the case  hybrid exchange correlation functionals, the well known
of two CI?* cations, the mapping frors, eigenfunctions B3LYP (Ref. 37 and the BFLYP**2° which contains 50%

onto the unrestricted determinants permits to obférs of the Fock and Becke88 exchange functiofiapredict a
ferromagnetic) of 12.8 and 9.0 K, respectively.

J The conclusion of this subsection is quite straightforward,
Ejar — E‘F>=§, 4 namely there is a near zero magnetic coupling within the 1D
subunit with a slight tendency to positive values. Adding
where|F) is the high spin, ferromagnetic solution a@d) is ~ sophisticated correlation treatments does not significantly
the low spin, antiferromagnetic, broken symmetry wavechange this picture.
function. A similar relationship to Eq4) was earlier derived
by Noodlemah and Noodleman and Davidsoto deal with D. 1D periodic calculation on the bare CuF chain
magnetic coupling in transition metal binuclear complexes. corresponding to the cluster model
In the case of using a DFT approach one may wonder
whether one should use E@) or assume that the DFT en-
ergy associated to the broken symmetry solution correspon
to the singlet. While some authdf<laim that Eq.(4) does

In order to further prove that the basic physical mecha-
ism described above is inherent to the crystal partition, we
uld attempt a one-dimensional periodic UHF calculation
n one Cuk chain only. However, we must point out that
not apply to DFT, based solely on the argument that DFT’?his model does not include the full coordination spheres of

does not deal with spin eigenfunctions and does only requirg. : '
a density, other authot$*%>find more reasonable to stick to '_Pne lons on the chain and, secondly, & proper Madelung field

. ) g s lacking. Nevertheless, we obtain a weakly ferromagnetic
Eq. (4) because of the mapping to the Ising Hamiltonian andsubstructure, of the same order of magnitude as in the cluster

because, in the present clusters, the expectation valtieisf  calculation. These results favor once again the posed hypoth-
close to 1.0, midway between singl&(S+1)=0, and trip-  esijs of a spin coupling within the chains which is, if not
let, S(S+1)=2, and consistent with Ed4). For other cat-  feeble ferromagnetic, without major importance to the over-
ions with total spinS# 3, the equivalent to Eq4) is easily  all magnetic structure. Using Ed5) and z=2 this crude
deduced from the mapping arguments. periodic model predicts & value of 9.5 K.

To allow comparison with periodic calculation let us re- e have exactly the same orbitals for the ferromagnetic
turn to the Ising model but assuming that instead of twoand the antiferromagnetic UHF solution of the system, only
interacting cations one needs to deal with an infinite solid. Ifthe coupling F bridge shows different participation, due to
we assume additivity of the two-body interactions, and thathe two different spin signs on the Cu centers in the AFM
each cation is interacting withneighbors instead of one, Eq. solution. Compared to the ferromagnetic solution of the 3D

(4) becomes periodic calculation, or to the cluster models, theé;3_,2
orbital has here a minor importance to the magnetic structure
Eic—E _Z_J 5 because of the absence of a complete coordination.
am " Ep=7- (5

IV. THE AFM 3D-PERIODIC CALCULATION

C. Numerical results from the cluster calculations Having shown that the magnetic coupling between the

In order to apply the above discussed theoretical apelosest Cu neighbors is very feeble, we can assume that the
proaches to the computation dfve performed configuration ferromagnetic coupling is, grosso modo, as favorable as an
interaction(Cl) and broken symmetryBS) UHF and DFT  antiferromagnetic coupling. Therefore, we can now rely on
calculations. In all cases, a very small coupling constant hathe periodic calculations within a one-cell-only model. Cor-
been obtained, nearly at the limit of the numerical accuracyelation effects have been shown to be of importance even in
of the used procedure. Nevertheless, all results show a poghe Cuk 1D structure, thus we could only expect a qualita-
tive sign of the coupling constant thus leading to a ferromagtive value for the antiferromagnetic intrasheet or interchain
netic coupling within the chosen subunit of the three-coupling constant at the periodic UHF level. For the antifer-
dimensional crystal. This is found for the CASCI romagnetic case of the 3D system, we have to reduce the
calculations, containing the basic Anderson model and fosymmetry of the crystal t&C; in order to render the two
sophisticated difference dedicated configuration interactiomopper centers symmetry independent. To ensure that we do
calculations including excitations out of the CAS with two, not deal with different symmetry-broken solutions to the
DDCI2, or three, DDCI3, degrees of freeddnrt® At the  Hartree-Fock equations, the ferromagnetic case has been re-
CASCI level a very weak ferromagnetic coupling of 0.9 K is peated in this lower symmetry. The two copper centers in the
predicted(1 Hartree=315773.21 K. State-of-the-art inclu- ferromagnetic unit cell remain completely equivalent.
sion of electronic correlation by means of either DDCI2 or Likewise, for the AFM case two calculations have been
DDCI3 substantially modify the calculatedl but its value performed. One of them starts from the ferromagnetic UHF
remains very small, 1.3 and 2.8 K, respectively. Hence, thelensity matrix, reversing every second spin, and other one
inclusion of up to 16 Slater determinants does not signifi- takes the superposition of atomic density matrices, the de-
cantly enhance the magnetic coupling within this 1D subunitfault guess ircRYSTAL calculations. The two resulting AFM
On the other hand, we would like to draw the attention to theUHF wave functions are completely identical, however, con-
results from the unrestricted calculations. The UHF predictvergence is in both cases quite slow, taking about 70 cycles
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Cu s Vi art calculations for magnetic coupling in the monoclinic
M ________ Cu 1914 F" CuF, compound within the computational facilities available
7 Flah 193 /N 230 \ P and existing computer codes.
FF cu
Cu 25 z,m\ /1.931& % VI. GENERAL CONCLUSIONS
‘%4,’\ oA 'cuﬂF\ A cluster model provided a convenient tool to investigate
F—Cu / "-,‘ details of the electronic and magnetic structure of Cre-

vealing once again the validity of the very localized picture
of the magnetic interactions. This cluster study has delivered
a) b) the basis for the description of the magnetic coupling of such
a complicated periodic system where many coupling
FIG. 4. Two different types of basic clusters: to obtain the Sf:hemes.are, in principle, poss'ble',Pe”Od'C qalculatlons Ina
complementary, antiferromagnetic spin-coupling constant to differSingle unit cell for both ferromagnetic and antiferromagnetic
ent Cu-F-Cu clusters have to be considetelj and in order to  Orders completed thab initio description of the magnetic
include both spin-coupling aspects one single cluster with thregtructure of the monoclinic Cyferystal. The overall picture
magnetic centers should be usél points towards a noticeable antiferromagnetic order coupling
of Cu cations within two-dimensional sheets of the crystal
to arrive at a convergence with respect to the total energy petructure. Due to the subtle competition between direct ex-
cell (CwF,) below a threshold of 10 change and antiferromagnetic interactiofssiperexchange
The antiferromagnetic solution appears to be more stablffMS Plus those arising from electronic correlation effects
than the ferromagnetic one, by 1.4649%0* hartree. From between the sheets, these cations are weakly ferromagneti-
this energy difference per unit cell, two copper ions, ). cally ordered which is, in principle, in contradiction to

and z=4 we derive an effective antiferromagnetic dfof experiments® The presenab initio study suggests, how-
—23.2 K coupling the 1D chains. Inclusion of electron cor- Ve that strong antiferromagnetic order between the sheets

relation usually adds a factor of 3 to CAS or UHF can be excluded. This point has been verified by accurate
calculation®*~2¥ Hence, one would expect a final antiferro- cluster model calculations and is the reason why the study of

magnetic coupling of about 60 K, a value which is of the the antiferromagnetism within the periodic approach has

order of magnitude that one would expect from the experi-bee” possible within a single unit cell. Of course, the net

mentally observed N temperature of 69 K’ weak ferromagnetism due tfo a spin-canting or
Dzialoshinsky-Moriya mechanism is inaccessible with the

Hamiltonians employed, which are purely nonrelativistic and
V. FURTHER CONSIDERATIONS exclude spin-orbit coupling terms.

The cluster chosen represented a section of the 1D sub-
structure only. If one attempts to compute either the inter-

chain coupling or an effective isotropic coupling constant  The work was financed by Spanish “Ministerio de Edu-
other cluster models should be considered. In the first casgacim y Ciencia” under CICyT project No. PB95-0847-
this would lead to be the asymmetric £&-Cu, (see Fig. 1 C02-01. P.R. and M.P.H. are grateful to the European Com-
unit including the 132.26° bond angle, Figa# In the sec-  munity for financing their stay in Barcelona through “Centre
ond case the minimal cluster might be asEucentral unit  de Supercomputacide Catalunya”, CESCA, TMR activity
around which the proper coordination spheres have to beaccess to Large-Scale Facilities” Contract No. ERB
built, in Fig. 4b). The latter case demands the simultaneouFMGEGT950062. I. de P.R.M. is grateful to the University
coupling of three spins leading now to one quartet and twaf Barcelona for financial support and P. R. gratefully ac-
doublet states. Three different pair-coupling constants arisRnowledges additional computer time provided by the

because of the different Cu-F bond lengths involved in thgRSAMC in Toulouse, as well as critical discussions with
CuF, unit attached to the GH, cluster representing the 1D M.B. Lepetit and G. Pastor.

periodic chain. Both of the additional cluster models are non-
symmetric with respect to space, even for ferromagnetic spin APPENDIX: COMPUTATIONAL DETAILS
settings. With our present implementations and means of
computations, the first of these clusters is still accessible in All periodic calculations employ therRYSTAL95 program
the same way as shown for the intrachain magnetism, howpackagglinear combination of atom-centered Gaussian crys-
ever, the calculations on the cluster representing both aspedal orbital9, with basis sets designed and used for describing
of the magnetic coupling in CyF the intrachain and the the magnetic structure of perovskite$KNiF; and
intralayer interactions, is still beyond the scope of ourKCuF;).!#!30On Cu the basis is a 8/6411/41 contraction of
presentab initio modelization. Gaussian primitives fos/sp/d shells, and for fluorine the
On the other hand, additional periodic calculations mightcontraction reads 7/411 asand sp shells. Computational
be needed to complement the cluster study. However, thiparameters for therRYSTAL package are best described by
would require to consider periodic calculations with thethe cutoff threshold parameters ITOL 1-5 oRYSTAL,?
double cell and because of the complete loss of symmetrwhich have been chosen as 7,7,7,7, and 14, respectively. For
these calculations are out of the present computational capa@itegration in reciprocal space thkespace grid parameter has
bilities. Results in the present work summarize state-of-thebeen set to a value of 6 yielding in combination with the four
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symmetry operations of the ferromagnetic Gusfructure—  all electron basis with a 4/3/2 contraction scheme, and for the
space grougP2,/c—a total of 80 irreducible points in the F anions directly coordinated to the Cu ions a pseudopoten-
first Brillouin zone and 112 irreducible points for the anti- tial including the ¥ electrons and 1/15{p) basis sef! The
ferromagnetic structureR(;). Calculations demanded up to next shell of 22 Cu cations has been represented by total ion
100 MB of disk space when using the Direct-SCF version ofpotentials (TIP’s), generated from an one-electron Cu
CRYSTAL95, and up to 8 GB when storing all bielectronic pseudopotentiét bearing a formal charge of 2. The calcu-
integrals on disk. Calculations were performed on IBM|ation with the DDCI schen®3¢ have been performed with
workstations in Turin and on the IBM SP2 machine of the programs written by Caballet al*> and Maynatet al*3
CESCA in Barcelona. The number of determinants included in the largest DDCI3
To construct the central cluster and the geometrical setupy|cylations withC; point symmetry was 1 054 298.
of the cluster surroundings representing the active local sec- gqr the concurrently performed density-functiofBFT)

tion of the CuF; crystal the geometry manipulation options ~5iculations we used theAUSSIAN94 (Ref. 44 program

of CRYSTAL program were used. Having chosen the proper,cyage with a 6 3111+g all electron basis for Cu and 6

Cu,Fg cluster and its surroundings, SCF molecular calcula-_ 54« f Il E ani The TIP’ h f Doi
tions were carried out employing the PSHF-CIPSI chain of 319" for a anions. he s and the set of point

5 : : : . charges were the same used in the CI calculations. The func-
program&® to obtain a multireference wave function which ; ,
tionals considered were the Becke's exchange functibnal

uses a complete active space configuration interaction . o .
(CASCI) as reference space. The CASCI wave function was" ith Lee-Yang-Parr parametrizatithof the Colle-Salvet

. . 6 .
constructed by using the molecular orbitals obtained from £°'relation functionaf” These functionals have been em-
ROHF on the triplet state. The CAS is defined by the comPloYed z\ivétg,hm hybrid methods, B3LYP(Ref. 37 and
binations of open-shetl orbitals which lead to the singlet or BFLYP,”**” where the true Hartree-Fock exchange term is

triplet coupling of the two magnetic &ti centers. For the mixed in different percentages vyith Becke's exchange func-
cluster calculations three different types of basis sets havional. The DFT and Cl calculations were all performed on
been considered: for Cu cations a large core pseudopotential HP J282 workstation and on the previously mentioned
with a 2/2/2 6/p/d) contracted basis set of Hay and W4%t; SP2 machine of the Catalan Supercomputer CEGESCA

for F anions forming the bridge of the central £uunit, an i Barcelona.
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