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Exchange integrals of SyCuO,Cl, and Ba,Cu;0,Cl, from LDA +U calculations
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The LDA+U method is used to calculate exchange integrals in strongly correlated cuprate compounds. We
distinguish two approaches. The first one compares directly the total energies of different collinear spin
arrangements with the corresponding ones of Heisenberg-like models. The second approach maps the energy of
noncollinear spin-spiral states to the mean-field solutions of the effective spin Hamiltonian. Both approaches
are applied to SICuO,Cl, which can be described with good accuracy by a two-dimensional Heisenberg
model with only nearest-neighbor exchange. It is shown that the consideration of quantum fluctuations im-
proves the resulting exchange integrals. The variation of the resultdJatid the difference between the two
approaches are small. Both methods have also been applied@uf&sCl, which has two coupled antifer-
romagnetic spin systems. The coupling between the two subsystems has been shown to be larger than previ-
ously estimated.
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[. INTRODUCTION sources. Alternative possibilities to determine exchange inte-
grals in a “first-principle” way are quantum chemical meth-
Soon after the discovery of high: superconductors ods on small clustefsyielding antiferromagnetid) values
(HTSC'g it became clear that the understanding of the phebetween 100 and 140 meV for typical 2D cuprates.
nomena is tightly related to peculiarities of the electronic Another possibility to calculate more directly the spin ex-
structure of the parent compounds: undoped cuprates. It isitation spectrum from band structure methods is based on
well established that the magnetic excitations in these comthe concept of adiabatic magnetic momefits: The ap-
pounds are well described by the two-dimensiof2D) proach consists in the mapping of constrained DFT total en-
Heisenberg model. For the most studied materigldLe0,,  ergy calculations of noncollinear magnetic structures on the
the exchange integral entering the model was determinethean-field solutions of the effective spin Hamiltonian. Origi-
experimentally by fitting data on the spin wave velocity nally, the approach was constructed for itinerant systéms
found by inelastic neutron scatteringv =850 meVA to  for which DFT calculations can be carried out with good
that one of quantum Monte Carlo calculatibris) =1.68]a  accuracy within the local density approximation. Later on, it
(a=3.79A) to beJ=133 meV. Alternatively,J was also was extended to rare earth metdi$n the case of such ma-
obtained from the spin correlation lengitd=125 meV) or terials the hybridization of the localizedf 4lectrons is neg-
by analyzing Raman scattering datd=(128 meV)? The ligible and their behavior can be described in the atomic
calculation of exchange integrals in a “first-principle” way, limit, e.g., in the Russel-Saunders scheme. But for an appli-
however, is a general and long standing problem. It appearsation to undoped cuprates the correlated electrons are also
not only for undoped cuprates but also for other transitionquite strongly hybridized and cannot be ignored in the cacu-
metal compounds. The reason for the problem consists in thation. One of the most developed ways to cure the situation
insufficiency of the local density approximatioLDA) is the so-called “LDA+U” approach which allows one to
within density functional theoryDFT). The LDA is not able include the most important on-site correlations in a Hartree-
to describe the magnetic state of such highly correlated sydg-ock-like schemé?*® This approach was successfully ap-
tems properly. plied to describe various electronic properties of cuprates
One possible way to calculate exchange integrals in cu¢see, e.g., Ref. 14
prates uses the Emery model whose parameters can be deter-Here, we propose several ways to use the LDA ap-
mined by a constrained density functional calculafidn.a  proach for the calculation of exchange constants and apply it
second step the Emery model is mapped onto the Heisenbetg some undoped cuprate compounds. We are going to
or the extended-t’-t"-J model® which givesJ values in  present a critical check of the method and to outline its de-
good agreement with the experimental ones. But such a prdails whereas some results for the case of vanadates are al-
cedure involves many steps with many possible erroready known(see, e.g., Refs. 15,160ur first application
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concerns SICuUO,Cl, which is a good model substance for strongly correlated subshell, afiPC is the so-called double
the 2D CuQ planel”*®We will distinguish two variants of counting term which subtracts the averaged Coulomb and
the method. The first one compares directly the energies afxchange interactions already included if#b°°A. In the
different (collinea magnetic states with the corresponding spirit of the density functional approach the functioB! is
magnetic states of an appropriate Heisenberg-type Hamikexpressed in terms of the correlated part of the density ma-
tonian. The other variant is an extension of the method outtrix, and in the basis which diagonalizes this matrix it reads
lined in Refs. 10,11 to strongly correlated systems. It is based .

on total energy calculations of noncollinear spiral magnetic v 1 to—g L J C oo

structures. We will show that both variants lead to consistent E 2 t% Ungn,, +§ t% (U=J)ngng - )
results.

In addition to the parent compounds of HTSC's, thereHere,U' andJ', are appropriately averaged valuesujf and
exist many other low-dimensional cuprateshich are inter- J}j , the screened Coulomb and exchange integrals between
esting by themselves due to their unconventional magnetiprojectors onto local basis statés ) and|t,j) of the atont,
properties. As an example we will investigate hereandn is the corresponding spin-projected density matrix
BaZCu3Q4CI2 which has a CyO, plane with two antiferro- n;’j':(]_/ﬂ-)fEFd EIm(t,j|G’(E)|t,j), with G’(E) and Ef
magnetic subsystems and twodlleemperature€330 and 31 peing one-particle Green function and Fermi level, respec-
K, respectively.”""“" The coupling between the two sub- tjely. For the sake of simplicity we consider further on only
systems is crucial to understand the magnetism in that COMpis, so called spherically averaged LBAJ method. It is
pound. So, our method can be used to check the parametgfg)th to note that this form can be adopted only if the spin-
derived previously from Rayleigh-Schtimger perturbation  orpit coupling is neglected. If the local symmetry of sitis
th.eory?5 or the cell-perturbation m'eth&‘ﬂ.Espemally, We sufficiently high (i.e., all the localized functions transform
will show that the exchange within the B-subsystem had,ccording to inequivalent representations of the local sub-
been overestimated and the coupling between both sulyoup of the sitpthe basidt,i) can be constructed from the
systems was underestimated in the previous estimates.  pasis functions of the irreducible representation of the corre-

sponding point group.
Il. METHOD The following expression for the double counting term

The most direct way to determine exchange constanty’®® used in our calculatiortS:

compares directly the energies of different spin arrangements 1 1
in the DFT calculation with the corresponding energies in a ED°=§ > {UtN‘(Nt—l)— EJt[N”(N”—l)
Heisenberg-type model t

1 RN tleNt —
H=5 2 %8S, (1) +NEN 1)]]’ @

whereN'" and N''=3n/; are the number of majority and

The number of necessary magnetic states Is det.ermlned t?Ninority spin electrons in the correlated subshell of atom
the number of exchange constants in Eqg. In the simplest respectively, and'=N'!+N!!. Differentiating Eq.(2) over

csase (I)Ifl oAnIy nea;]rest-nelghbor exchlanﬁe, fas fg@mﬁc.b rbital occupancies gives the expression for the orbital de-
(Sec. ), one has to compare only the ferromagnetic an§endent one-electron potential

the antiferromagnetic solution. For a rough estimate, it i
sufficient to use the classical solution of E@). However, 1
we will show that the inclusion of quantum spin fluctuations ~ V-PATU=\LSDAL S (U‘—Jt)(z—ng
leads to improved values of exchange constants. it

The second route is based on the concept of adiabatic Spip js more convenient to rewrite this standard expression,
moments" *~One has to calculate spin-spiral configurationsintroducing the valudJLe=U'-J', and charge and spin of
corresponding to small deviations around the antiferromagg ., orbitaln,;
netic state. We concentrate here on compound !
(SL,CuO,Cl,, BaCusO,Cl,) for which no magnetic solu-
tion can be obtained by a simple LDA-DFT calculation.
Therefore, for both approaches mentioned above, it is crucial
to outline first the LDA+U schemé?? V=2

The main point of the LDA-U method is the construc- ‘
tion of a new energy functional which is defined by adding a
Hubbard-like term to the total energy functional in local spin B=> (BILSDA+2 UL syl i)t i
density approximatiofLSDA): t i

[tiX(ti]. (5)

=n},+n} ands;=(n};—n})/2 and also to
Separate spin independei¥) and spin dependertB) parts
of the effective one electron potential:

1 ng\, . ..
V{'SDA"‘Z Ugﬁ(§—§)|t,l><t,l|}=§t: Vs

)=Z B. (6)

ELDA+U_ ELSDA pU_ gDC 2) Here we expressed the potential as a sum over atomic con-
' tributions.
where ELSPA s the LSDA energy functionaE" takes into Since the spin-dependent part of the effective potential

account on-site Coulomb and exchange interactions in thenters the generalized Kohn-Sham equations similar to a
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magnetic field, the noncollinear magnetic structure can be Another important point is the choice of the correlated
described as a corresponding rotation of this magnetic fieldubsystem, which is defined through the set of projectors
on each site, which leads to the following expression for thet,i). In the case of cuprates we assume that only tte 3
effective potential: copper electrons are strongly correlated. The results are not
sensible to the exact choice of the radial part of the projector,
LDA +U - - thus we took as a projector the radial solution of the Schro
Voo =Et Vt|<r<r’+2 5i& sy - (7) " dinger equation in the copper sphere, corresponding to the
Wigner-Seitz boundary conditions. All the calculations done
Herel ., and 5—00, are the unity and Pauli matrices respec_in this work have been perfomed using the LMTO method in
the atomic sphere approximatidASA) and with the com-
bined correction teri? taken into account.
In order to decrease the overlap between atomic spheres
additional empty spherd&S) were used in the calculations.

tively, and e, denotes the local spin direction defined via
angles#, and ¢, of atomt. Explicitly, the spin-dependent
part of the Hamiltonian is expressed as

cosé, sin 6, exp(i ¢;) For S,CuO,Cl, one set of ES at th€0,0.5,0.2% position
Bif;,=z B . . . (8) was added. The resulting atomic sphere radii were 3.614,
T \sinfexp—ig)  —cosf, 2.377, 2.027, 3.142, and 1.833 a.u. for Sr, Cu, O, Cl, and the

To derive the exchange constants directly from the energ$mPty sphere, respectively. In the case of@a0,Cl, three
differences between different spin-arrangements it is usualljets of ES with the coordinategl (0,0,0.146, E2
sufficient to calculate only a very restricted number of col-(0.297,0,0.10% and E3 (0.198,0.198,0.195were inserted
linear spin arrangements. In the case of spin spirals, they aMith the sphere radii 2.131, 1.709, and 1.609 a.u., respec-

parametrized by the following arrangements of local spins: tively. For the atomic spheres the following radin a.u)
were usedSg,= 3.878, Scu, = Scy, = 2-333, So=1.986, and

=@, +OR =0, (9)  Sg=3.108.
o _ In order to estimate possible errors in the exchange cou-
wheret, denotes the sites in the crystal unit cell. pling constants calculated with the LDAU method arising

It can be easily seen, that in this case the matrix elementgs a result of the use of the Hartree-Fock approximation for
of the Hamiltonian in the basis of Bloch functionkﬁxo the EY term of Eq.(2) we considered ferromagneti&M)

have the form and antiferromagnetiAFM) solutions of a one-band Hub-
bard model for a square lattice with nearest-neighbor hop-
H _ hictnn S Bier nn S +q (10) ping in the Hartree-FockHF) approximation at half filling.
kno,k'n"a’ — '

For any nonzero value df the self-consistent AFM solution
is insulating whereas the FM solution is metallic for
That means that only statés and k+q,| are coupled, smaller than the bandwidth oft8As a result, the difference
which allows to carry out the calculations with only doubling of the total energies of the self-consistent FM and AFM so-
of the matrix, i.e., the generalized Bloch theorem introduceq, tions EFF increases as a function &f for U<8t. For U
in Ref. 27 for the plain LSDA calculations is still applicable. equal to the bandwidtE"F reaches its maximum and, then,
I—javing calculated a set of spin spirals for different valuesyecreases approaching the well known second order expres-
of Q, ¢, and 6, the energy of different noncollinear spin sion 42/U for U>8t, i.e., in the strongly correlated limit.
arragements can be mapped on the corresponding mean-fiefthe comparison o£"" to the differenceEEP between the
solutions of Eq(1). Then the energy can be parametrized asenergies of the highest spin state and of the ground state of
a function ofe, in the form the Hubbard Hamiltonian for aX84 cluster calculated using
the exact diagonalization technigtishows that already for
.1 - U=8t the difference betweerE"F/t=0.466 and EEY/t
E(e)=5 2, Jwsisveey (1D —0.486 is less than 5%. The difference should decrease with
" the further increase df since both energies tend to the same
wheres; stands for the expectation value of the local spin4t?/U value in the largeJ limit.
moment. More details about the determination of exchange Using the same model one can check the validity of the
integrals from spin-spiral states will be discussed using th&o-called force theorerfFT) by calculating the difference of
example of SYCuO,Cls. the band energies of the FM and AFM configurations using
As follows from the description above, a crucial param-as an input value in both cases the self-consistent AFM mag-
eter appearing in the formalism is the value Wf{s. This  netization. ForU =8t this approach gives the difference of
value can in principle be obtained from constrained LDAthe band energieE""/t=0.489 which is within 5% of"F,
calculations. There were several attempts to estimlihg  thus showing that the force theorem can be safely used in
(see Refs. 6,28,29vith some uncertainty in the results since this case.
it is not a priori clear which constrains have to be imple- These model considerations show that LA calcula-
mented. Due to the difficulties mentioned above we will con-tions, in which the interaction of correlated electrons is de-
sider a large region of possibld.; values and we find it scribed by the Hubbard-like terr8Y in the Hartree-Fock
very satisfactory that the resulting exchange integrals depenabproximation, should reproduce rather accurately the varia-
only moderately orlJ 4. tion of the energy upon the change of a magnetic structure, at

bkk’,nn’ak,k’fq hkinn’akk’
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TABLE |. Exchange constants, magnetic momepts-, ©em . 9=2Qa
(w=nl,—n¢,) and spin wave velocityiv for Sr,CuO,Cl,. Ex- i
change constant$ and J°F calculated from the energy difference <I> @

between the ferromagnetiFM) and antiferromagnetidAFM) : |
states are compared 8q obtained from the spin-spiral approach.

Ueir (€V) FM-AFM Spin-spiral approach
J JOF Ji Jz MAF  MEM fiv
(meV) (meV) (meV) (meV) (ug) (ug) (meV A

129 110 : !
164 140 § 3 Q
165 141 185 25 0.64 0.74 735 :

157 134 148 16 068 080 588 N 23} """""""" qD

129 110 122 12 0.72 0.82 485

OOk wWwN

FIG. 1. Spin-spiral state in SEuO,Cl,.

least in the cases whéhis sufficiently large as compared to

characteristic hopping integrals. The latter condition is usu- AE=
ally fulfilled for cuprates and, consequently, the effective ex-

change coupling constants obtained by mapping the calCyyhich s also listed in Table I. We see that the quantum
lated energy variation onto an effective Heisenberg modefj,ctyations give rise to a considerable improvement of the
should provide a quite reasonable description of magnetigerived exchange constants which are now between 110 and

1 2 7
>+t3 JQFngQF, (12)

interactions in the compounds under study. 140 meV.
In our second approach, we calculate the total energy for
IIl. RESULTS AND DISCUSSION the spin-spiral shown in Fig. 1 for arbitrary values@in a
self-consistent way. This energghown in Fig. 2 has to be
A. Exchange constants of SiCuO,Cl, fitted by an expression of the forfa1) with the correspond-

At first we use the difference in total energy between theing expectation valus=s,=(s) of the local spin operator.
ferromagneticEr and antiferromagnetic spin arrangementThe naive expressios= ue/2 using only the copper mag-
E, to calculate the exchange integrals ofGQuO,Cl,. That netic momenwAF:nTCu—néu in the antiferromagnetic state
energy has to be compared with the corresponding one in thgnderestimates the spin moment since part of the fluctuating
spin-1/2 2D Heisenberg modél) with only nearest neigh- moment sits on oxygen. That becomes evident fgs,
bor exchangel);;=J. Neglecting quantum fluctuations, the which should be equal to unity for an insulating solutiéin.
energy differenceAE=(Er—EA)/N per copper ion N:  the spin-spiral approach we restricted ourselvel to4,5,6
number of copper sit¢sgives the exchange constadE  for which both magnetic solutions are insulatingince the
=J. The corresponding numbers are summarized in Table I,
and they indicate a rather small variation bby changing
U In the large region between 2 and 6 eV. That only makes
the present approach reliable. The maximum number
=165 meV occurs all =4 eV and the values decrease 0.05 1
for small and largdJ .. The decrease for smdll .z can be
explained, since fold =2 or 3 eV only the antiferromag-

. . . T . s
netic solution, but not the ferromagnetic one, is insulating. C
For very largeU .4 we would expect a decrease baccord- & 0.00
ing to t?/U.s, but such largeU.; values seem to be Ij':j

unrealistic®?

We may note that the exchange constants obtained with
the classical solution of Eq1) are systematically larger than -0.05 A
expected. The discrepancy may be reduced by considering
guantum fluctuations. The classical ferromagnetic state is
also an eigenstate of the full Hamiltoni@h) such that the : : } }
ferromagnetic energy is not changed by quantum fluctua- 0.0 0.1 02 0.3 0.4 0.5
tions. But the classical, antiferromagneticeéMstate with an Q (2n/a)
energy of—J/2 is not the lowest eigenstate of Ed.). The FIG. 2. EnergyE(Q) as function of the wave vect@=|3)| for
ground state energy of the 2D Heiserlbierg model is given by, spin-spiral state in SEUO,Cl, for Ug=5 eV. The energy
—2J/3 within a good accuracyusing(S;S;)=—1/3 for the  calculated using the force theorefiT) and the total energy ob-
nearest-neighbor spin correlatiorid That defines a ne@?"  tained from the self-consistent calculaticiiE) are shown together
by with the corresponding fit to the TE curve.
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TABLE II. Exchange constants of B&u;O,Cl, derived using

q> """""""" i """""""" q) the energy difference of different spin arrangements according to
: ! Eq. (14). The values from Rayleigh-Schdimger (RS (Ref. 25 and
cell-perturbation theoryCPT) (Ref. 26 are also given.

Uerr (V) Jan (MeV) Jag (MeV) Jgg (MeV)
4 186 —-25 8
5 152 -18 8
6 120 —-18 4
RS 100 -6 12
CPT 170 —(4..5 5

with a fit to Eq.(11) for U,=5 eV are also shown in Fig. 2
Cu Cu leading only to small changesl{=132meVJ,=16 meV)
B A in comparison to a full calculation.

FIG. 3. Spin arrangement in B@u;O,Cl, to determine ex-
change parameters. B. Exchange constants of BgCu3;0,Cl,

That compound has a @0, plane which can be under-
oxygen part of the fluctuating moment is hard to determinestood as the standard Cu@lane (Cy) where each second
we decided to use simply the classical vaksel1/2 in Eq.  square is occupied by an additionalgdo a chess-board-like
(11) which then reads for the spin spiral of Fig. 1 pattern. We determined the exchange constants within the

“standard” Cu, subsystemJ,,), within the Ci subsystem

1 (Jgg) and the coupling between botllg). For that one
E(e)=3[Jicosp+J;c082¢)]. (13 needs at least four different energies
Usings=1/2 corresponds to the neglect of quantum fluctua- Eane= —JaatJse/2,
tions in the previous approach. From H@3) we find the
exchange terms to firstl{) and second neighborg) listed Erar=Jdaa—JdastIBs/2,
in Table I. We see that the exchange to second neighbors
J,=25 meV(or 12 meVj for U=4 eV (or 6 eV) is rather Errr=Jaat Jast Jes/2,
small and can be neglected. It was also checked that spin
spirals corresponding to small deviations from the antiferro- Erna=Jdaa—Jee/2, (14

magnetic stat¢varying both angle® and ¢ in Eq. (8) as it
was also proposed originally in Ref. [Lizad to nearly the
same exchange terms as Et@) which interpolates between
the antiferromagnetic and the ferromagnetic spin arrang

ment. The reason is that 2u0,Cl, behaves similar to a _ .
local moment system in contrast to the ferromagnetic metal§ts - Using Eq. (14) one obtains the exchange constants

considered in Ref. 10 summarized in Table Il. The corresponding magnetic mo-
e - : : m_nl—n! for t= i

Next, we can calculate the adiabatic magnon dispersiof"€NtSxt =g —ng for t=Cu, or Cus and for the different
curve according to Ref. 11. The form of the spin wave dis-SPin Statesm are given in Table Ill for completeness. One
persion has only very few deviations from that one knownMay note that we find, in reasonable agreement with the
for the spin-1/2 2D Heisenberg modieknd for smallq is above derived values'for the stan_dard Q_qﬂ)ane.. Th.eB
linear with the velocity, given byiv=2as)=aJ; and subsystem has an antiferromagnetic coupling which is, how-
listed in Table I. First of all, we note a reasonable agreemerfgVer, surprisingly small if we compare with previously de-
with the experimentally found spin wave velocigy  'lved parameters using the Rayleigh-Salinger (RS per-
—=850meV A for LaCuQ,. It can be expected that the in- turbation theon?’> The agreement with the cell-perturbation
clusion of quantum fluctuations leads to reduced exchange _ Mot
terms also in the spin-spiral approach. The neglect of quan- ~BLE I”" hMagngt'C mor;]‘ems By =N =Ny ({fndCB) for
tum fluctuations is also visible in the expression for the spifb2CtOsClz, wherem denotes the magnetic states ardCu, or
wave velocityiv=2asJ, that is different from the Monte
Carlo result for the 2D Heisenberg modélu=1.68J).

whereEgy, means ferromagnetic spin arrangement inAhe
subsystem, no coupling betwednand B and antiferromag-
er_1eticB system. The notation for all the other combinations is
obvious. All energies are given for a cell of 2 Cand 1

ANA ANA FAF FAF FFF FFF
An alternative, cheaper way with less numerical efforts e (@) Koy Moy Moy Koy Moy Koy
based on the force theoreffrT). It means that the self- 4 075 071 076 082 073 081
consistent potential is calculated only once for the antiferro- 5 076 073 077 083 074 0.82
magnetic case =) and for differente only the band 6 0.77 0.75 0.78 0.85 0.76 0.83

energies are changélThe corresponding energies together
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Energy (eV)

0 20 40 60 80 100 120 140 160 180
P (deg)
FIG. 4. EnergyE(B) as function of the spin-distortion angk

for Ug,=6 eV together with the corresponding fit
Ba,Cu;0,Cl,. The notation is such as in Fig. 2.

in

method(CPT) (Ref. 26 is better. The coupling between the
A and B subsystem is ferromagnetic according to the
Goodenough-Kanamori-Anderson rutesss it occurs via a
90° Cu-O-Cu bond. But the amount dfyg Of roughly
—20 meV is again quite different from previous estimates.
In the present situation of two coupled antiferromagneti
subsystems it is more difficult to calculate the effect of quan
tum fluctuations than for the simple 2D Heisenberg mode
and we did not try a quantitative estimate. By analogy w

overestimated by 15 to 20 %.

To check the results we investigated also a noncollineal

c

pnly applied to spin-1/2 compounds but its extension to sys-

et

can expect that the numbers given in Table Il may be slightl . . :
b g y ¢ X‘ormed estimates with respect to the signs and the orders of

PHYSICAL REVIEW B5 115111

TABLE IV. Exchange constants of B&u;0,Cl, from a fit to
the spin arrangement of Fig. 3. The values calculated using the
force theorem are given in brackets.

Ut (8V) Jaa (MeV) Jag (MeV) IR (meV)
4 169(141) ~19(-17) 21(20)
6 116(99) -17 (—15 11 (8)

change. We see, however, that this parameter is small and
decreases for largd ;. Furthermore, the fit15) has been
performed for a classical valug=1/2 neglecting quantum
fluctuations to be consistent with the alternative estimate
above[see Eq(14)].

IV. SUMMARY

The two methods proposed in the present work to extract
exchange constants from a LBAU calculation give results
in reasonable agreement with each other and with other ap-
proaches. The methods were tested for strongly correlated
cuprates which are a good testing ground due to the great
knowledge on those materials. The usage of the HDA
method to extract exchange constants seems to be especially
promising to obtain the order of magnitude, the sign and the
ratio among different exchange terms for new materials. Pos-
sible candidates for further studies are especially cuprates
with a spin-Peierls transitiot?, cuprate chain compounds or
some low-dimensional vanadates. At present the method was

ems with higher spin seems to be straightforward.
In the case of BaCu;O,Cl, we confirmed previously per-

magnitude. The absolute numbers were corrected which is
ot so surprising taking into account the limited accuracy of
anleigh—Sch'fdinger perturbation theory. That compound
as two antiferromagnetic subsystems which are decoupled
in a classical description. It makes a calculation of the spin

spin arrangement depicted in Fig. 3. As this compound pos”

sesses a more complicated crystal structure we did not pe
form (3 dependent calculations and limit ourself only to cal-
culations withQ=0 and varying angle3 (Fig. 4). In the

wave spectrum more involved which may be a task for fur-

chosen spin arrangement it is not possible to determingher studies.

longer-ranged exchange terms. We may obfajp andJ,g
by fitting the curve

E(B)=Jaac0828) +JapcosB+IZcog4B), (15
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