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The spin lattice model for the spin-gapped layered magnetic solids NazCu,ShOg and Na,Cu,TeOs was examined
by evaluating the three spin exchange interactions of their Cu,MOg (M = Sh, Te) layers in terms of spin dimer
analysis based on extended Hiickel tight binding calculations and mapping analysis based on first principles density
functional theory electronic band structure calculations. For both compounds, our calculations show that the two
strongest spin exchange interactions, that is, the Cu—0---O—Cu super-superexchange (J,) and the Cu—O—Cu
superexchange (J;) interactions, form alternating chains that interact weakly through the Cu—O—Cu superexchange
(Js) interactions. The dominant one of the three spin exchange interactions is J,, and it is antiferromagnetic in
agreement with the fact that both of the compounds are spin gapped. For NasCu,ShOs and Na,Cu,TeOg, the
superexchange J; is calculated to be ferromagnetic, hence, leading to the alternating chain model in which
antiferromagnetic and ferromagnetic spin exchange interactions alternate. This picture does not agree with the
recent experimental analysis, which showed that the temperature-dependent magnetic susceptibilities of both
compounds should be described by the alternating chain model in which two antiferromagnetic spin exchange
interactions of different strengths alternate.
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The layered magnetic solids pa,LSbQ! and NaCup- i !
TeQs? have a spin gap, namely, they have a spin-singlet and NaC,Te(; are made up of edge-sharing Mand CuQ@

) 8 . .
magnetic ground state separated from magnetic excited state§ ctahedra (Figure ¥)° Each Cu@ octahedron is axially

with an energy gap, thereby leading to zero magnetic elongated due to its Ctiion, and the Cu@octahedra are

susceptibilities below a certain temperature. A spin gap present in the form of edge-sharing Lo dimers. In the
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Spin-Gapped Layered Compounds dau,SbhQ; and Na,Cu,TeOs

Figure 1. Projection view of the CiMOg layer (M = Sb, Te) found in
NasCuw,SbQ; and NaCu,TeGs. The blue, yellow, and white circles represent

the Cu, M, and O atoms, respectively. The numbers 1, 2, and 3 indicate

the spin exchange path, J;, and Js, respectively. The cyan cylinders
represent the four shortest €@ bonds of each axially elongated C410
octahedron.

CwpMOg (M = Sh, Te) layers, each MQOoctahedron is
surrounded with four GiD;o dimers, and each GOy, dimer
with four MOs octahedra, such that the €uions form a
honeycomb pattern with the ™ (i.e., SB", Tef") ions
occupying the centers of the &uion hexagons. Because
the CyuMOg (M = Sh, Te) layers are well separated by
sodium atoms, the magnetic properties o§@Gl&SbQ; and
NaCw,TeOs; are described in terms of the spin lattice
associated with their GMOg (M = Sh, Te) layers. As

Table 1. Geometrical Parameters Associated with the Spin Exchange
PathsJi, J;, andJ; of NazgCu,SbhQy and NaCuw,TeOs?

path NaCwShQy NaxCuw,TeOs
NI Cu--Cu 2.955 2.858
0 Cu—0O—Cu 95.3 91.3
Jz Cu--Cu 3.199 3.214
0 Cu—O—Cu 89.6 89.9
J Cu--Cu 5.911 5.817
0-+-0 2.944 2.832
0 Cu—0O---Cu 137.2,137.2 138.9, 138.9

a2 The bond lengths are in units of angstroms, and the bond angles are in
units of degrees.

TeQs is also well described by isolated dimer and -A-
alternating chain models, obtainidfks = —272 K andJ'/

ks = 215 K for the AF-F alternating chain model. By
analogy with NgCw,SbQ;, Miura et al* suggested that the
AF—F alternating chain model should also be correct for
Na.Cu, TeG;. However, the opposite conclusion was reached
in the recent study of Derakhshan et%They analyzed the
spin exchange interactions using the EHTB method as well
as thenth-order muffin-tin-orbital (NMTO) downfolding
method! based on first principles density functional theory
(DFT) tight-binding linear muffin-tin-orbital (TB-LMTO)
calculations'? and showed that the CuriéVeiss tempera-
tures 6 of the two compounds—{55 and—87 K for Nas:-
CwShQ; and NaCu,TeOs, respectivel§t9 are much more
consistent with the spin exchange parameters deduced from
the AF—AF alternating chain model than with those derived
from the AF—F alternating chain model.

In the present work, we examine the aforementioned

indicated in Figure 1, there are three spin exchange pathscontroversy concerning the spin lattice of88a,SbQ; and

(J1, J2, andJs) to consider between the adjacent?Cibns

of a given CuMOg (M = Sh, Te) layer.J; and J; are
superexchange (SE) interactions involving-@—Cu link-
ages, whereay is a super-superexchange (SSE) interaction
involving Cu—0---O—Cu linkages.

Miura et al! reported that the magnetic susceptibility of
NasCw,ShbQs is almost equally well described by three
different spin lattice models, that is, an isolated spin dimer
model (withJks = —139 K), an alternating chain model
with antiferromagnetie antiferromagnetic (AFAF) spin
exchanges (witll/kg = —143 K andJ'/ks = —38.9 K), and
an alternating chain model with antiferromagnetierro-
magnetic (AF-F) spin exchanges (witl/lks = —165 and
J/ks = 209 K). In describing the spin contribution to the
specific heat of N&CwSbQ; below 20 K, however, they
reported that the AFF alternating chain model is better than
the isolated dimer and the AFAF alternating chain models.
Xu et al? described the magnetic susceptibility of Ja,-
TeOs in terms of an AF-AF alternating chain model (with
Jkg = —272 K andJ'/kg = —27 K), and assigned = J,
andJ = J; with the help of spin dimer analysis based on
extended Hakel tight binding (EHTB) calculation$Miura
et al! reported that the magnetic susceptibility of Ra,-

(9) For reviews see: (a) Whangbo, M.-H.; Koo, H.-J.; Dai,D Solid
State Chem2003 176, 417. (b) Whangbo, M.-H.; Dai, D.; Koo, H.-
J. Solid State Sci2005 7, 827.

NaCwTeOs by analyzing the spin exchange interactidns

J,, and J; of their CuMOg (M = Sh, Te) layers. For this
purpose, we carry out spin dimer analysis based on EHTB
calculations as well as mapping analysis based on first
principles DFT electronic band structure calculations for a
number of ordered spin states of &a,SbQ; and NaCu,-
TeGs.

2. Qualitative Spin Dimer Analysis

To quantitatively evaluate spin-exchange interactions of
a crystalline solid, it is necessary to carry out either first
principles electronic structure calculations for the high- and
low-spin states of the molecular clusters representing its spin
dimers (i.e., structural units containing two adjacent spin
sites) or first principles electronic band structure calculations
for its ordered spin arrangemefitd3 1% A spin exchange

(10) Derakhshan, S.; Cuthbert, H. L.; Greedan, J. E.; Rahman, B.; Saha-
Dasgupta, TPhys. Re. B 2007, 76, 104403.

(11) Anderson, O. K.; Saha-Dasgupta,Phys. Re. B 200Q 62, R16219,
and the references cited therein.

(12) Anderson, O. K.; Jepsen, ®hys. Re. B 1984 53, 2571.

(13) Noodleman, LJ. Chem. Physl981, 74, 5737.

(14) lllas, F.; Moreira, |.; de, P. R.; de Graaf, C.; BaroneT¥eor. Chem.
Acc.2000 104 265.

(15) (a) Chartier, A.; D’'Arco, P.; Dovesi, R.; Saunders, V.FRys. Re.
B 1999 60, 14042, and the references cited therein. (b) Dai, D.;
Whangbo, M.-H.; Koo, H.-J.; Rocquefelte, X.; Jobic, S.; Villesuzanne,
A. Inorg. Chem.2005 44, 2407.
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Table 2. (Ae)? Values Calculated for the Spin Exchange Palhsl,
andJ; of NazgCuw,SbhQ; and NaCuw,TeOs?

path NaCuwShGs NaCw,TeOs
N 260 (0.03) 3300 (0.32)
N 90 (0.01) 20 (0.00%)

J 5230 (0.51) 10200 (1.00)

aThe (Ae)? values are in units of (me¥) The numbers in parentheses
are the relative values with respect to the largest){ value found for
SSE pathl; of NaCw,TeQs. ® Taken from ref 2.

parameted can be written ad = Jr + Jar,*® whereJg (>0)
is the ferromagnetic component, antde (<0) is the
antiferromagnetic component. In many caskss a small
positive number and is antiferromagnetic (i.eJ < 0), so
that the trend in the spin exchange paramelesta given

Koo and Whangbo

Table 3. Relative Energies (in meV) Per Chemical Unit Cell of the
Ordered Spin States AF1, AF2, AF3, and AF4 of;NeSbQ; and
NaCw,TeQ; Obtained from Spin-Polarized GGAJ Calculationd

(a) NaCuw,ShGs

U=4eV U=5eV U=6eV U=7eVv
AF1 17 16 15 13
AF2 0 0 0 0
AF3 14 13 12 10
AF4 34 28 23 19

(b) NaCw,TeGs

U=4eV U=5eV U=6eV U=7eVv
AF1 19 18 16 14
AF2 0 0 0 0
AF3 14 13 12 11
AF4 61 51 43 35

aThe relative energies are given in units of meV with respect to the
most stable state AF2.

compound can be approximated by that in the corresponding

antiferromagnetic component¥r. Of course, there are
systems for whicll is ferromagnetic so that the correspond-
ing Jr term is not negligiblé? In the spin dimer analysis
based on EHTB calculationgar is expressed 84°

(Ae)®
= 1
he =g (1)
whereAerefers to the energy split that results when the two
magnetic orbitals of a spin dimer interact, abd; is the
effective on-site repulsion, which is essentially constant for
a given compound. Consequently, the trend Ja is
approximated by that in the correspondimgef? values in

TeOs than in NaCwSbQ; by a factor of 2. The latter
prediction is consistent with the antiferromagnekicalues
deduced from the fitting analyses of the magnetic suscep-
tibility data for the two compounds (i.e5272 vs—165 K
from the AF—F alternating chain model and272 vs—143
from the AF-AF alternating chain model)? Consequently,
the antiferromagnetic spin exchanpdeduced from the AF

AF and AFF alternating chain models should be identified
as the SSE interactiody, as reported by Xu et dland by
Derakhshan et &P A shortcoming of the qualitative spin
dimer analysis based on EHTB calculations is that it cannot
predict whether spin exchange interactions will be ferro-
magnetic or antiferromagnetic when theixd)? values are

the spin dimer analysis based on EHTB calculations. It has small in magnitude (e.g., the SE interactiaghsand J;). To

been found that the magnetic properties of a variety of
magnetic solids are well described by tiAee)? values, when
both of the d orbitals of the transition metal and s/p orbitals
of its surrounding ligands are represented by dodtfitater-
type orbitals!®

provide a quantitative prediction for such cases, first
principles electronic structure calculations are necessary. This
approach is discussed in the next section.

3. Quantitative Mapping Analysis of Spin Exchange

The geometrical parameters associated with the three spirinteractions

exchange pathd;, J,, andJs; of NasCw,SbQ; and NaCu,-
TeG; are compared in Table 1. The-®0 distance of the
SSE pathl; is shorter than the van der Waals distance of
3.08 A for both compounds and is considerably shorter for
NaCu,TeQs than for NaCw,ShQs (2.944 vs 2.832 A). In
addition, thellCu—0---Cu angles are slightly larger for Ma
Cw,TeOs than for NaCwSbQ;. Therefore, it is expectéd
that the SSE interaction is substantially antiferromagnetic
for both compounds and is more strongly antiferromagnetic
for NaoCuw,TeQ; than for NaCw,SbQ.

The (Ae)? values summarized in Table 2 were calculated
using the atomic parameters listed in Table S1 in the
Supporting Informatio? Table 2 shows that, in both Ma
Cw,TeGs and NaCw,ShQ;, the SSE interactiod, is more
strongly antiferromagnetic than the SE interactidngnd
Js. In addition, the spin exchangdk is stronger in NgCu,-

(16) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
97, 4884.

(17) Hodgson, D. KProg. Inorg. Chem1975 19, 173.

(18) Clementi, E.; Roetti, CAtomic Data Nuclear Data Tablek974 14,
177.

(19) Our calculations were carried out by employing tBAESAR 2.0
(Crystal and Electronic Structure Analyzer) program package (http:/
chvamw.chem.ncsu.edu/).
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In this section, we evaluate thl, J,, andJ; parameters
of NaCwSbhQy and NaCuw,TeGs on the basis of first
principles DFT electronic band structure calculations. Our
approach is very different from that of Derakhshan et@l.,
although both rely on first principles DFT electronic structure
calculations. In the NMTO downfolding methBdased on
TB-LMTO calculations, the electronic structure of a magnetic
insulator is described by the electronic energy bands
calculated for its normal metallic state, and the dispersion
relations of the resulting partially filled bands are used to
extract the hopping integrals needed for discussing the
antiferromagnetic contributioriae to spin exchange interac-
tions. Therefore, this approach leads to results quite similar
to those of the spin dimer analysis based on EHTB
calculations’® Both approaches are limited in that the
ferromagnetic contributiond: to spin exchange interactions
cannot be evaluated. In the mapping analysis described
below, we employ first principles DFT calculations to extract
spin exchange parameters that contain both ferromagnetic
and antiferromagnetic contributions.

To determine the spin exchange parameigrs,, andJs,
we calculate the total energies of several ordered spin states
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Figure 2. Ordered spin arrangements (a) AF1, (b) AF2, (c) AF3, and (d) AF4 in thiOg (M = Sb, Te) layers of N&CwSbQs and NaCuw,TeGs. The
up-spin and down-spins at the copper sites (the largest circles) are represented by the presence and absence of shading, respectively.

of NasCw,ShQy and NaCw,TeGs;, and relate the energy The relative total energies per chemical unit cell (i.e., per
differences between these states to the corresponding energtwo formula units) calculated for the AF1, AF2, AF3, and
differences expected from the spin Hamiltonian expressed AF4 states of NgCu,ShQ; and NaCuw,TeG; are summarized
in terms of the spin exchange parametédssJ;, and Js. in Table 3. Our calculations show that the most stable state
Because there are three parameters to determine, we neetbr both NaCwSbQ; and NaCw,TeG; is the AF2 state in
to consider at least four different ordered spin states in this which the spins are ferromagnetically coupled in the paths
mapping analysis. The four ordered spin arrangementsJ: and are antiferromagnetically coupled in pafhsind Js.
employed for our calculations, that is, the AF1, AF2, AF3, The total energies of the four ordered spin states increase in
and AF4 states are shown in Figure 2. The total energies ofthe order AF2< AF3 < AF1 < AF4. These two observations
these states were calculated by performing spin-polarizedremain unchanged as the valuelbivaries from 4.0 to 7.0
DFT electronic band structure calculations with the projected €V.
augmented-wave method encoded in the Vienna ab initio  To extract the values of the spin exchange paraméiers
simulation packag®.Our calculations employed the general- J2, andJ; from the above electronic structure calculations,
ized gradient approximation (GG&)for the exchange and ~ We express the total spin exchange interaction energies of
correlation correction, the plane wave cut off energy of 500 the four ordered spin states in terms of the Ising spin
eV, the on-site repulsiob on copper to ensure that the AF1, Hamiltonian
AF2, AF3, and AF4 states of N@u,SbQ; and NaCu,TeOs
are magnetic insulating states, and the sampling of the
irreducible Brillouin zone with 96 k points. Our GGAU =
calculations were carried out for several values of the onsite . :

whereJ; (= Ji, Jo, or Jg) is the spin exchange parameter for

repulsionU (i.e., 4, 5, 6 and 7 eV) to see how the value of ; . . RN

U affects our results. It is noted that hybrid functiodals the spin exchange interaction between the spln_smmij,

are also used in describing the spin exchange interactionsWher('}a!SZ ands; are thez components of_the spin e_mgular

of a magnetic solid. momentum op(_arators at the spin sﬁea_ndj, respgctlvely. .
Then, by applying the energy expressions obtained for spin

dimers withN unpaired spins per spin site (in the present

)

I
Il
|
=
n
N
o
N

(20) (a) Kresse, G.; Hafner, Phys. Re. B 1993 62, 558. (b) Kresse, G.;

Furthmiller, J. Comput. Mater. Sci1996 6, 15. (c) Kresse, G..  caseN = 1),?the total spin exchange energies per chemical

Furthmidler, J. Phys. Re. B 1996 54, 11169. unit cell of the AF1, AF2, AF3, and AF4 states are written
(21) Perdew, J. P.; Burke, S.; Ernzerhof, Fhys. Re. Lett. 1996 77, as

3865.

(22) (a) Nov, P.; Kun€sJ.; Chaput, L.; Pickett, W. B2hys. Status Solidi
B 2006 243 563. (b) Ruiz, E.; Llunell, M.; Cano, J.; Rabu, P.; Drillon,  (23) (a) Dai, D.; Whangbo, M.-HJ. Chem. Phys2001, 114, 2887. (b)
M.; Massobrio, CJ. Phys. Chem. B006 110 115. Dai, D.; Whangbo, M.-HJ. Chem. Phys2003 118, 29.
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Epey = (23, + 23, — 43,)N?/4 (3a)
Exr= (—2J, + 23,)N%4 (3b)
Epes = (23, + 23, + 4J,)N%/4 (3c)
Epra= (—2J, — 23, + 43,)N%/4 (3d)
The above equations lead to
3= () Ears — Eap)/2 4
3T N2 (Ears — Eard) (4a)
_ 1
J=J+ (N_z)(EAFl — Ear) (4b)
_ 1
=33+ (m)(EAFZ — Eard) (4c)

Therefore, we obtain the values &f J,, andJs by replacing
the energy differences on the right-hand side of eq 4 with

the corresponding energy differences obtained from the DFT Jzks

electronic structure calculations. The results of this mapping
analysis are summarized in Table 4 fors8&SbQ; and in
Table 5 for NaCuw,TeGs.

Tables 4 and 5 show that, for all of the values bf
employed, the SE interactiaR is antiferromagnetic and is
much weaker in strength than are interactidnandJ,. The
SSE interactiord, is most strongly antiferromagnetic and is
approximately two times stronger for pew,TeOs than for
NasCw,SbGs. This finding is in good agreement with the
result of the qualitative spin dimer analysis. For,Na-
TeOs and NaCw,ShQ;, the two strongest spin exchange
interactionsl), andJ; form alternating chains, in agreement
with the fact that their temperature-dependent magnetic
susceptibilities are well described by the alternating chain
modelst'® However, SE interactiod; is calculated to be
ferromagnetic for N&Cu,TeOs and NaCw,SbQ. This latter
finding is not consistent with the recent conclusion of
Derakhshan et &P that, in reproducing their temperature-
dependent magnetic susceptibilities, the-A&F alternating
chain model is correct but the AR alternating chain model
is not (below). Finally, it is noted that thd, values
determined from the DFT electronic band structure calcula-

Koo and Whangbo

Table 4. Spin Exchange Parameters (in K) and CuiV@eiss
Temperature® (in K) of NagCu,;SbQs Calculated from Spin Polarized
GGA+U Calculations and Deduced from Magnetic Susceptibility
Measurements

Calculations withJ Fitting Analysis with
4.0 5.0 6.0 7.0 AFFP AF—AF¢
Jilks 179 166 150 132 209 —-62
Jolkg —372 —345 285 —232 —165 —-160
Jokse 21 -19 —-16 -14
03p —59 —54 —42 -32
O2p —48 —45 —34 -25 11 —56

303y = (J1 + Jo + 2%)/4kg, and b = (J1 + Jo)/4kg. ® Taken from ref
1. ¢ Taken from ref 10. In describing a spin exchange interaction, we used
the convention ofl instead of 2.

Table 5. Spin Exchange Parameters (in K) and CuiV@eiss
Temperature® (in K) of Na,Cw,TeOs Calculated from Spin Polarized
GGA+U Calculations and Deduced from Magnetic Susceptibility
Measurements

Calculations withJ Fitting Analysis with
4.0 5.0 6.0 7.0 AFFP AF—AF¢
Ji/ks 190 175 158 139 215 -28
—733 —617 —516 —425 —272 —-270
Jolkg  —32 —28 —24 -21
0O3p -152 —-125 102 -—82
O2p —-136 —-111 —-90 -72 -15 -75

3035 = (J1 + Jo + 2J5)/4ke, and Oz = (J1 + Jo)/4ke. ® Taken from ref
1. ¢ Taken from ref 10. In describing a spin exchange interaction, we used
the convention of] instead of 2.

broken-symmetry spin state of a general spin dimer. There-
fore, as long as broken-symmetry states are employed in the
mapping analysis, it is justified to employ an Ising Hamil-
tonian in extracting spin exchange parameters.

4. Discussion

As already pointed out by Derakhshan et'&khe signs
and magnitudes al; and J; should be consistent with the
Curie—Weiss temperatur@ derived from high-temperature
susceptibility data. The application of mean field the®ry,
which is valid in the paramagnetic limit, shows that

SS+1)
0=——3 23 5)

kg 4

where the summation runs over all of the nearest neighbors

tions are greater than the corresponding values obtained fronof a given spin sitez is the number of nearest neighbors

the experimental fitting analyses by a factor of approximately
two. It is known that DFT electronic structure calculations

connected by the spin exchange paraméteandS is the
spin quantum number of each spin site (i®5 %» in the

generally overestimate the magnitude of spin exchangepresent case). Therefore,

interactions by a factor of up to#422425
The ordered spin states AF1, AF2, AF3, and AF4 are
broken-symmetry statéd For a simple spin system such as

a spin dimer, the mapping analysis can be carried out by

employing either a Heisenberg Hamiltonian (i.eJ5 )
or an Ising Hamiltonian£JS,; $,). It was show?™® that both

Hamiltonians lead to the same energy expressions for the

(24) (a) Dai, D.; Koo, H.-J.; Whangbo, M.-H. Solid State Chen2003
175, 341. (b) Dai, D.; Whangbo, M.-H.; Koo, H.-J.; Rocquefelte, X.;
Jobic, S.; Villesuzanne, Anorg. Chem.2005 44, 2407.

(25) Grau-Crespo, R.; de Leeuw, N. H.; Catlow, C. RMater. Chem.
2003 13, 2848.
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3, +3,+2
0= 1 2 3593
Ak P

If we neglect the contribution of the weakest interactign
the Curie-Weiss temperature can be approximated by

(62)

I+
(26) Smart, J. SEffectve Field Theory of MagnetisnBaunders: Phila-

delphia, 1966.
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(In eq 6, the subscripts 3p and 2p refer to the use of threelocal magnetic moments, NawTeO; and NaCuwSbQ

and two spin exchange parameters, respectively). lipe  would be in the spin-gapped state in which there is no local

and 6,, values calculated by using the spin exchange magnetic moment to detect. Thus, one may wonder if neutron
parameters obtained from the present DFT calculations andscattering experiments, which provide information about

from the fitting analysis of the magnetic susceptibility data spin-gap and spin-wave dispersion relations, can be of use

are summarized in Tables 4 and 5.

As reported by Derakhshan et &l.the experimentab
values of NagCw,SbQ; and NaCu,TeGQs (—55 and—87 K,
respectively) are well reproduced by teand J, values
deduced from the AFAF alternating chain model but are
poorly described by those deduced from the/AFalternat-
ing chain model; even the sign 6fis incorrectly predicted
in the case of N&CwSbG; (i.e., 62, = 11 K). In contrast to
the fitted values of Miura et al. using the AfF alternating
chain model, however, the calculated spin exchange pa-
rameters of the present study correctly predict that the Eurie
Weiss temperaturé should be negative for NEwSbQ; and
NaCw,TeGs. They also predict tha# should be greater in
magnitude for NgCu,TeQ; than for NaCw,SbQ; by a factor
of approximately 2.5. The latter prediction is in reasonable
agreement with the trend in the experimertalalues (i.e.,
—87/-55~ 1.6). It should be noticed that the fitteg and
J, values using the AFF alternating chain model are

in distinguishing between the AR and AF-AF alternating
chain models.

5. Concluding remarks

As for the strongest antiferromagnetic spin exchadge
leading to the spin-gapped behavior ofs8&SbQ; and Na-
CwTeG;, the spin dimer analysis based on EHTB calcula-
tions provides the same prediction as does the quantitative
mapping analysis based on DFT electronic band structure
calculations. In agreement with experiment, our study shows
that the spin lattice of for N€wLSbQ; and NaCw,TeGs is
given by the alternating chain model, in which the spin
exchange interactiorls andJ; alternate. However, our study
predicts that spin exchandeis ferromagnetic. The latter is
inconsistent with the recent experimental analysis of Dera-
khshan et al., who showed that the temperature-dependent
magnetic susceptibilities of NEw,SbQy and NaCu,TeOs
should be described by the AfAF alternating chain model.

comparable in magnitude, whereas our calculations show thatlt is of interest to examine if the spin exchange interaction

J; is much weaker in strength thakh.
In our calculations, the spin exchangeis ferromagnetic

J. becomes antiferromagnetic with more sophisticated elec-
tronic structure calculations. It is desirable to find a definitive

because the spin state AF2 is more stable than the spin statesxperimental test with which to determine whether the-&F

AF1 and AF3 (Figure 2). It is desirable to find an unambigu-

or the AF-AF alternating chain model is correct for Na

ous experimental test with which to determine whether the Cy,TeQ; and NaCwSbQ..

magnetic properties of NEwTeOs and NaCu,SbQ; should

be described by the AFF or the AF-AF alternating chain
model. For the AFF alternating chain model, the repeat
vector of the magnetic unit cell along the b direction (i.e.,
the direction of the alternating chain) is twice that of the
chemical unit cell. For the AFAF alternating chain model,
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