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We discuss magnetic excitations of a spin-cluster model which has been suggested to describe the low-
temperature phase ef' -NaV,0s. This model fulfills all symmetry criteria proposed by recent x-ray investi-
gations. We find that this model is not able to describe the occurrence of two well separated magnon lines
perpendicular to the ladder direction as observed in inelastic neutron scattering experiments. We suggest
further experimental analysis to generally distinguish between models with double reflection or inversion
symmetry.

The modeling of the low-temperature phase of Nay In this paper, we present a study of the proposed spin-
has initiated a discussion of effective spin models for thecluster model by means of a strong-coupling expansion. We
low-lying magnetic excitations. Na}Ds undergoes a phase calculate high order results for the magnon dispersions along
transition at T=34 K! associated with a lattice distortion, theb axis as well as the leading contribution along &exis.
charge ordering, and the opening of a spin gap. In p@&av We discus_s several mechanisms to expla_in t_he occurrence of
the V ions are arranged in staggered ladders along the cry§v0 low lying magnon branches without finding a profound

tallographic b axis. While in the high-temperature phase SUPPOrting argument. We point out that symmetries of the
there is only one ¥5* site, recent x-ray diffraction magnon dispersions can be used to distinguish between

studie~*suggest that in the low-temperature phase there ar lasses of models with reflection anq inversion §ymmetry.
three distinct valence states: on every other ladder one fin urther, we study the occurrence of singlet states in the spin-

a zig-zag charge ordering of% and VB* valence states, Cluster model in terms of the reported Raman observations.

We find that there is no evidence for a low lying singlet

while on the intermediate ladders one finds rungs with WO, citation of comparable energy to the lowest triplet excita-

V45" sites. The structural investigation further indicates thattion

the space group of the low-temperature phasensm2. In The Hamiltonian of the spin-cluster model reads
the a-b plane one finds a doubling of the unit cell aloag

andb as well as mirror planes a and L b. The latter crite-

rion generally excludes models with dimerization along H =‘J1§n: Sia’ SZ’nJ“]?En: Sin S2n+1

in-line® or zig-zag chain&.’

Recent inelastic neutron scattering experimesiow that
there are two close-by magnon excitations with a gap of 8.75
meV and 10.65 meV. Both excitations have a large disper-
sion along thé axis. The magnetic exchange coupling along o o o
b has been estimated to range between 37.9 meV and 60 +J3§n: (S Son* SanStat San'Sona
meV&° The dispersion along shows only a weak modula- ,
tion of about 0.5 meV which is out of phase for the two well +S10°S3n+0), @)
separated branches. Raman scattering experifiatiserve  \where theS ,, and S',, denote the four spins on theth
three excitations below the two magnon continuum whichg|yster of two neighbbrintjp axis chains.J;=(1+ 8)J and
have been interpreted as singlet excitations. Remarkably, thg,— (1 - 5)J are alternating interactions along thexis and

lowest excitation has a gap that seems to coincide with thg, s the interaction along tha-axis. All interactionsJ, J’,
gap of the lower branch of the two magnon excitations.  anqJ, are assumed to be antiferromagnetic.

Based on recent x-ray diffraction experiments in the low-  £or an isolated cluster],=J;=0, we have two singlet,
temperature phase, de Bagiral* proposed the formation of three triplet, and one quintuplet eigenstates. We denote the
weakly coupled, frustrated spin-clusters along the crystalloigy.|ying eigenstates as follows:
graphicb axis!! Each clustefsee Fig. 1 contains six vana-
dium atoms distributed over three ladders and an overall
number of four unpaired electrons which form a singlet Y1 =——=[t{ gt titas— tot3,],
ground state. The spin-cluster model is one of the proposed 3
models that obey double reflection symmetry. N .

A previous theoretical stud§ addressed the applicability $2=S1253,  P3=S12lss, @
of the one-dimensional arrangement to model the strong
magnon dispersion along the crystallograpghixis. Using a 0_ St e
novel cluster-operator theory as well as exact diagonalization '/’4_ﬁ[t12t34 trtaal,
and density-matrix renormalization group calculations, the
authors concluded that there is no parameter regime whicwheres;; andtjj are singlet and triplet states of the spins at
would reproduce the observédaxis dispersion. sitesi andj, and 43 is the S*=0 component of the triplet

+J'§n) (SintS20) - (SzntSup)
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FIG. 2. The magnon dispersion fot=J2 J, §=0.2. The solid
lines are the result of the seventh order strong coupling expansion,
FIG. 1. The spin-cluster model. The filled circles denots™ v the open circles are exact diagonalization results, and the squares
ions, the crosses denoté Vions and the open circles denote pairs denote the results from the cluster operator theory from Ref. 12.
of V45" jons.
tonian treating the excitations on the same footing. We
#§ . The corresponding energies @g=—2J"+3J,, E,  thereby consider the repulsive interaction between the two
=E;=—3J, andE,=—J' +1J,. energy bands. While the first approach suffers a breakdown
The ground state of the spin cluster is the singlet sfgte of the perturbation expansion due to small energy denomina-
for antiferromagnetic couplingd andJ’ with J’>%J,. For  tors in momentum regions where the two mixing magnon
smaller values of)’, the ground state lies in the fourfold excitations are nearly degenerate, it allows the assignation of
degenerate manifold of the statgs and <. In first order, ~ the nature of the excitation &f= /(2b). For example, we
the intercluster coupling), lowers the energy of they,  find thatforJ’=1.1,J; and 6=0.5, the lower energy &,
states while leaving they, states unchanged. One thereby =0 corresponds to &; excitation, whereas dt,= m/(2b)
obtains an effectivéé=1 Heisenberg chain with a Haldane the lower excitation corresponds ta/g excitation. In Fig. 3
gap atw/(2b). we have used Dlog Padmprommant? which extrapolate
In the following we will focus on the first parameter re- the calculated finite series to flatten out the occurring singu-
gime wherey, is the only ground state. For an isolated clus-larities (dashed lines - _
ter there are two low energy triplet excitatiogts and . To ‘The second approach allows the explicit calculation of the
calculate their dispersion along we perform a strong- MiXing between the two excitation branches. We find that
coupling expansioi* around the isolated cluster limit there is strong band repulsion for the whole parameter range.
treating

b) J=0.75J,
L e A e R

H1=Jz§n: Sin Sons1 3

as a perturbation. For the moment we neglect the interchain
couplingJ; which we assume to be significantly smaller than
J due to the longer exchange path alamg/Ne have calcu-
lated series up to order 7 i,/J; where the largest system
taken into account contairis= 32 spins. I
The two triplet dispersions are well separated for large & 1.4/—
values of]’ as shown in Fig. 2. Here the obtained series are .4
very well converged already in second order. Our results are 22}
consistent with those of the reported exact diagonalization  2f 3
and DMRG calculations, whereas the results of the linearized '¥f  ~~_ - 3 ¢
Holstein-Primakov approximatiofLHP) used in the cluster- Y07 04 06 08 | 0 0Z 04 06 08 I

0.
I

1.6

ergy bands [J]
energy bands [J}

H
operator theor} disagree slightly for momenta in the region K (/o] K [nb]
aroundk=0.

. . . . . FIG. 3. They4 and ¢, magnon dispersions. In the left column
The perturbative HamiltoniaH, strongly intermixes the the cluster interactiod’ is varied for a constant dimerizatioh In

two magnon excitationg; and ¢;,. For small values of the  the right columns is varied keeping’ constant. A strong mixing

cluster exchangd’ and the dimerizatiod we find that the ¢ the two branches is observed. Dlog Pagproximantsdashed

two energy bands are very close by for intermediate Motines) have been used to extrapolate the series obtained treating the

menta G6<k,<#/(2b) as shown in Fig. 3. excitations separately. The solid lines are results of a combined
We have calculated effective Hamiltonians for the two calculation considering the band repulsion. Ber0.2 we find only

excitations separately as well as a combined effective Hamila very limited convergence.
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T, T T cell of area 2ab as reported by structural x-ray

] investigationd taking into account ther/b periodicity along

b. The 3 magnon on an isolated cluster consists of a singlet
states;, along theb-axis bond. We therefore expect a strong
coupling to scattering neutrons at the antiferromagnetic point
kCFz /b and only a strongly suppressed signal in the vicin-
ity of the zone center a;“=0. According to Eq.4) the
modulation of the magnon dispersion alcags out of phase

for these choices ok, .

Recent neutron scattering experiméntsport the obser-
vation of two close by, but well separated, out of phase mag-
non branches. The spin-cluster model at hand gives only one
low lying magnon branch with the observed periodicity. This
excludes a simple spin-Peierls scenario to explain the occur-

FIG. 4. The maximumAp,, of the ys-excitation atk,  rence oftwo out of phase magnon branches, e.g., folding
= m/(2b) and the gap ,;, atk, =0 forJ'=0.75 J, versus dimer-  pack a single magnon branch with double periodicity as it
|zat|f)n 6. The inset shows the rativ,,,,/A i, for varying values was suggested for a zig-zag model in Ref. 16.
of J* and . A way of explaining the occurrence of two close by mag-

) ) non branches in this model is to consider an anisotropic ex-
For those parameter sets where in the first approach the eXpange interaction. Anxxz anisotropy could lift the triplet

trapolated dispersions cross we how f!nd two well Separat(,egegeneracy in a single branch and a doublet branch. Experi-
branches, but the nature of the excitation changes depend"ﬁqentally, this splitting of a single triplet branch should result
on the momentum. . . in a 1:2 ratio of neutron scattering intensities which has not
Neut.ron scatterln_g expengn_ents observe the spin gap Heen reported. Further, a magnetic field would cause the

thzec antiferromagnetic poirk,”=m/b and the zone center y,piet jine to split which has not been confirmed by optical
ki =0, which would correspond to &3 excitation in the spectroscopy®

spin-cl_uster model. This assignment enables us to deFermine The investigation of the spin-cluster model reveals some
the ratio of A, at k=/(2b) to the gapAmi, atk=0,in  zspects that should be covered by future neutron scattering

order to clarify whether an observed gap value of around 1@xperiments, namely the experimental evidence of asymmet-

spin exchangd. In Fig. 4 we show the calculated values at foynd in x-ray scattering.

the respective momenta fa'=0.75 J; as a function of Besides a careful investigation of the scattering intensities
dimerizations. For small values ob the results of the strong of the two magnon branches, polarized neutron scattering
coupling expansion are less reliable, but it seems that a ratigxperiments could give evidence for the splitting of a single
of 4 does not disagree with our results. A tentatively esti-magnon line, thereby proving the existence of anisotropic
mated parameter set af =0.66 J; and §=0.05, would couplings.
give a ratio of around 3 and a spin gap of around 015 The verification of the basic symmetries by means of neu-
which was doubted in a previous theoretical analjis. tron scattering experiments is experimentally far less sophis-
Nevertheless, we point out that the shape of ¢hedis-  ticated. The spin-cluster model is symmetric under reflec-
persion is rather flat in the vicinity df,=0 andk,=w/b,  tions along the mirror planesa and_Lb. Accordingly, the
which is due to the strong band repUlSion. This seems t@bta|ned dispersioﬂab(kx,ky) is Symmetric under transfor-
contradict the experimental observations of a steep ag@em-mations ofk,— —k, andk,— —k,. The experimental data
Further, we note that for these parameters the minimum ot the dispersion along f0¥ kyzoy andk,= m/b seem to be
the y, excitation atk,= 7r/(2b) is of comparable size to the symmetric under the reflectiok,— —k,. Nevertheless, we
actual spin gap, but has not been reported by neutron scgpint out that scanning along an arbitrary valuekgfwil
tering experiments. _ _ allow us to distinguish between models obeying double re-
_The leading contribution to the dispersion of the low- flection symmetry and inversion symmetry. For the latter we
lying #3-magnon excitation alon@ is given by the spin  generally expect an unsymmetric dispersion for intermediate
exchange mediated by an interactibybetween neighboring  whereas for models with double reflection symmetry we

0.81-

0.7
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spin clustergsee Fig. expect a cosine modulation of the amplitude of a symmetric
dispersion alon@ as given in Eq(4).
132 For a single spin cluster, there is one low-lying singlet
€an(Ky Ky) = ep(Ky) + ——————cog Ky a)cog Ky b). excitation, which is degenerate with the triplet excitation
3J1(3:—23") 3. For vanishing interchain couplinty the Hamiltonian(1)

(40 is symmetric under cal interchange 08;,, andS,,,. The
perturbation operatdt; also conserves this local symmetry.
The spin-cluster model inherently produces a leading periodA direct product state ofs, states which are even under this
icity of 2r/a for the dispersion along. This corresponds to symmetry and a/, excitation at some arbitrary cluster which
the periodicity observed in inelastic neutron scattefing) is odd under this symmetry couples to a variety of states with
experiment$® and is consistent with a primitive unit the same local symmetries, but does not allow the singlet
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excitation, to move. Though the energy of this excitation explain the observation of a Raman excitation degenerate to
will be changed, it will not gain any dispersion. As a conse-the spin gap.
guence the original degeneracy with the triplet excitaiign ~_ In conclusion, we have calculated the magnetic excita-
is lifted. Neglecting the interaction along theaxis we have tions of a spm-_cluster model. We find only partial agreement
calculated the energy of the singlet, up to order 10 in f[’v'ltlh the ﬁ.)(pbe”me'?[;]a”y obsetrved tspectlrum.tAIo_ng the crys-
J,/J1. It turns out that the _ratio of the (_)bta_ined energy to thenaz)r?%gnp dSICin t?]ﬂsparg:ﬁ e?éf ; g\g/;?mser(r)er}g\Yam ]?OT] E'g;/gDLneag
gap of the elementary triplet excnat_lon is very con_S|stentto strong band repulsion we find that the lower magnon
with the expected value of 1.6 for tiiégher singlet excita-  pranch exhibits a weaker dispersion than experimentally ob-
tion at 107 cm* as measured in Raman spectroscopy.  served. Further, the purely magnetic model leads to only one
To explain the occurrence of a low lying Raman excita-magnon branch with the observed periodicity along he
tion at 66 cm* (8.3 meV},'° we have estimated the binding axis. We find one low lying singlet state which matches the
energies of two-magnon singlet bound states built of the elenergy of one of the observed Raman excitations. While the
ementary triplet excitationg; and ,. We find that in lead-  prevailing models for the low temperature phase of hay
ing order there is no substantial renormalization of these er’€ inversion symmetric, the spin-cluster model obeys
ergies and we conclude that these bound states are close4guPle reflection symmetry. To generally distinguish be-
the two-magnon continuum at132 cm ! and are not suf- tween these m_odels.we propose further experiments scanning
ficient to explain the occurrence of the low lying Ramanthe magnon dispersions aloagior arbitrary values ok, .
excitation. Recent electron spin resonan&SR studies We thank Girsh Blumberg for many valuable discus-

show evidence for a Dzyaloshinskii-Moriya interaction be-sions. S.T. was supported in part by the German National
low 20 K.1"8 The inclusion of spin-orbit coupling might Merit Foundation.
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