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Raman scattering from magnetic excitations in the spin-ladder compounds Ca)05 and MgV ,0s
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We present the Raman-scattering spectra of a\and Mg\, Os. The magnetic contribution in the Raman
spectra of CayOs is found in the form of a strong asymmetric line, centered At 2with a tail on the
high-energy side. Our analysis of its spectral shape shows that the magnetic ordering,i@; Cavi be
described using &=1/2 two-leg ladder Heisenberg antiferromagnetic model Wijth), ~0.1, and a small
interladder exchange. The spin-gap and exchange constant are estimated e 4@0 cm ! (570 K) and
J, ~640 K. No magnon bound states are found. In contrast to,0gVhe existence of the spin gap is not
confirmed in Mg\ Os, since we found no feature in the spectra which could be associated with the onset of the
two-magnon continuum. Instead, we observe two-magnon excitation at 329 pmesumably related to the
top of the two-magnon branch.

[. INTRODUCTION magnon bound state which are both singletg allowed and
take place via exchange scattering mecharls®n the con-
?rary, the Raman scattering process on spin-gap excitations

s[tuat|op betwgen one-d|men5|ona(1D) and tWO,' (one-magnon  scattering takes place via spin-orbit
dimensional Heisenberg antiferromagriefA), show fasci-  jyieractiont! and it is usually negligible due to quenched

nating quantum effects such as dramatic dependence of thghita| momentum in the transition metal ions. It is therefore,
ground state on the width of the laddéhe width of the  gesjraple to study Raman scattering in magnetic ladder ma-
ladder is defined as a number of coupled chelirisamely, terials such as Ca}0s and Mg\,Os, since these experi-
ladders made of even number of legs have spin-liquid grounghents provide information about the spin dynamics and the
state with an exponential decay of the spin-spin correlationgype of magnetic order. In this paper, we present a study of
produced by the finite spin gap. Among them, the two-legthe spin dynamics in CaDs and Mg\,Os using Raman
ladder is the first member of the family, with a largest spinscattering technique. We analyze the origin of the magnetic
gap of about 0.5 Jassuming the same coupling constantmodes in the spectra and discuss the difference between
along the legs and the rungs magnetic ordering in these two compounds.

Realizations of the ladders are recognized in Sr-Cu-O
structure, and recently inAV,0s, A=Ca, Mg (two-leg
laddey.® According to their crystal structures, vanadium ox-
ides are quasi-2D layered materials, with spin-1/2 vanadium The measurements were performed on polycrystalline
ions which form two-leg ladders coupled in the trellis lattice. samples, prepared as described in Ref. 3. As an excitation
The spin gap is observed in Ca®s to be around 600 K>  source we used the 514.5 nm line of an"Abn laser. An
and the magnetic susceptibility measuremedesnonstrated average power of 5 mW was focused with microscope optics
almost perfect agreement with spin-1/2 two-leg ladder HAon the surfaces of the pellets. The temperature was controlled
model. On the other hand, there is only contradicting eviwith a liquid helium micro-Raman cryostatCryoVac,
dence for the existence of the spin-gap in M@¢.%’ Vacuubrand GMBHL The spectra were measured in back-

The excitation spectrum of the ladder has been analyzescattering geometry using a DILOR triple monochromator
by a variety of the mathematical techniques. However, it wagquipped with a CCD camera.
recently shown that the two-magnon bound state will use
word magnon although classical magnons do not exist in
guantum systemsbesides usual triplégap modg and two-
magnon continuum, may appear in the excitation spéctra. CaV,Os has an orthorhombic unit cell, space group
Such a bound state is also predicted for the dimerized quaPmmn® with a crystalline structure formed by layers of YO
tum spin chaifl and indeed observed in CuGg®) using a  square pyramids. The Ca ions are situated between these
Raman-scattering technique. These singlet-singlet transitionayers, see Fig. 1. The pyramids are mutually connected via
(the 30 cm'! mode in the Raman spectra of CuGei® be- common edges and corners making characteristic V zigzag
lieved to be the transition between ground state and the twazhains along thd axis. All vanadium atoms are in#4 va-

The spin-1/2 ladder systems, which are the intermediat

II. EXPERIMENT

Ill. RAMAN SPECTRA OF CaV ,0s
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FIG. 2. Raman spectra of CalJs at room temperature in three
different polarized configurations.

FIG. 1. Schematic representation of tt® CaV,Os; and (b)
MgV, Os crystal structures. The thick and dashed lines represent the The magnetic susceptibility measuremérsisow a broad
superexchange pathways. maximum around 400 K, with a decrease towards zero at low
temperatures, thus reflecting the low dimensionality of the
lence state thus carrying the spift/2. Effectively, this magnetic interaction, the singlet ground state and the finite
structure can be regarded as composed from spin-1/2 two-legpin gap. The spin gap is found to be around 660 K using
ladders connected with each other in the trellis lattice. electron spin resonantand at around 500 K using nuclear
CaV,Os is isostructural with NayOs. Therefore, the magnetic resonant@xperiments. Since the magnon disper-

same irreducible representations correspond to the vibréion is not reported in the literature, the exchange couplings
tional modes of Ca¥Os and Na\,Os:? are estimated by comparison of the calculated and measured

temperature dependencies of the susceptibility. The Monte
T op=8Aq(aa,bb,cc) + 3B14(ab) +8B,4(ac) +5B34(bc) Carlo simulation**#showed that the magnetic properties of
CaV,0O5 can be indeed described using a coupled ladder
+7Blu(E||C)+4BZu(E||b)+7BSU(E||a)-

22000

The room-temperature Raman spectra of gay/are pre-
sented in Fig. 2. Comparing the phonon averaged intensities 2]
of HH, HV andVYV scattering configurations, with the po- 80z o) 7
larized Raman scattering spectra of N&¢ single crystals - § §
we assign the phonon modes of G&¢4. The phonon fre- *§ § §
quencies of CayOs are found to be close to those in g 5] E =
NaV,0s, as expected from similarity between lattice con- £ s I e e s g st ongr
stants and interatomic distances in these two oxides. Thé& 1 Ramen stif (cm) Ramenshift (cm")
low-temperature spectra of CaWs are shown in Fig. 3. In & cav,0,
addition to phonons we found a strong asymmetric line at= '*] oK

795 cnit (1137 K) with a tail towards higher energies. This

line decreases in intensity and broadens by increasing thi
temperature, together with the intensity decrease of the assc 0
ciated continuum, see the left inset in Fig. 3. Moreover, its
energy is in the range of 2, estimated from the spin-gap
measurements, thus suggesting its magnetic origin. Below, fig. 3. Raman spectra of Cali; at room temperaturéthick

we will show by detailed discussion of the experimental re-jine) and atT= 10 K (thin line). Left inset: The temperature depen-
sults that this is indeed the case, i.e., that 795 feature  dence of the onset of the magnetic continuum at 795 crRight
corresponds to the onset of the two-magnon continuum dhset: TheT=10 K Raman spectra compared with DOS calculation
2A;. and exact diagonalization result for the spin-ladder model, see text.
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spin-1/2 HA model (trellis lattice with in-rung exchange 6000
(J, ~600 K) five times or even an order of magnitude larger
then the exchange along the legs. The interladder exchang
is found to be negligible.

Thus we start analyzing our Raman spectra using Heisen.

5600 MgV, O,

5200

Intensity (arb.units)

. . (]
berg Hamiltonian for the ladder model: T 48004 k_
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where theS represents a spin-1/2 operator at sitef the 1
ladder. The properties of the magnetic excitations in the 4, |
Heisenberg ladder have been obtained using perturbatiol
method in the strong coupling limit.In this limit J, >J; the

-

lowest spin-triplet dispersion s (Nl A R A A&
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3 Jﬁ Raman shift (cm™)
w(k):JL'f'J” cogk)+ Z_+ cee
Ju FIG. 4. Raman spectra of Mg\®s at room temperaturéhick

L . . . line) and atT=10 K (thin line). Inset: Raman spectra at various
The minimum and the maximum energies of the tripletigmperatures in the 50 to 450 chfrequency range.

are atkk=m (0~J, —J)) and ak=0 (w~J, +J)). Thus the
gap isAg~J, —J;, and the total width of the branch2J;.
Therefore, from the measurements of the energy onset al

the width of the two-magnon continuum we could uniqueIyperiment is still found around 1000 ¢th. The possible ex-

obtain the values of the exchange integialsandJ . planation may lie in the fact that the exact diagonalization

As we have already mentioned, the two-magnon eXCIta'result,ls has been obtained strictly for the two-magnon scat-

tions in the Raman Spectra can be observed th_rough ﬂ} ring process, thus neglecting higher-order magnon contri-
exchange—spattenng Process. Then, the well defined pe tions. Also, we have to note that the inclusion of the
around 2 IS expec.tt_ad in the Raman .SpeC‘Ta of the Igdder igher-order magnon processes would produce the scattering
due to the singularities ofl6the one-dimensional density o ntensity above the two-magnon high-energy cutoff but it
(two-magnon states(DOS), or due to the appearance Qf will still fail to explain the weak broad peak observed in the
the magnon bound stafdn the first case the peak position is pectra around 980 cm. We suggest that such a shape of
exactly 24 while in the second case the peak can be foun he two-magnon continuum may come from the next-nearest-

at 2As— 4, & being the magnon binding energy. We be"eveneighbor interactions, which were not taken into consider-

that the 795 cm*® line in Ca\V,0O5; Raman spectra does Ot 4tion in the numerical simulations.

correspond to a magnon bound state due to the following

in the right inset of Fig. Bobtained withJ;/J, ~0.1 in Ref.
. However, a discrepancy between the theory and the ex-

reasons.
(1) The frustration in this material is expected to be IV. RAMAN SPECTRA OF MgV ,0g

small}* and the binding energy is then estimated to be . .

small® g 9y MgV,0Os has an orthorhombic unit cell, space group

Cmcm™® with a similar V-O layered structure as in CaV.
ghe structure can be described as a linkage of YW@amids,
with apical oxygens along thle axis. The V zigzag chains
run along thea axis. The factor group analysisGA)? gives

(2) The intensity of the 795 cm' line saturates at tem-
peratures below 80 K. In the case of the bound state th
linear dependence of its intensity as a function of the tem
perature is believed to be the fingerprint of it, without satu-
ration up to very low temperaturés.

Thus, we alssign the onset of the magnon continuum tol’ o= 8A4(aa,bb,cc) +5B4(ab) +5By4(ac) +6Bgg4(bc)
2A,=795 cm - and obtain the spin-gap in Cal; to be
A=398 cmi! (570 K). Moreover, the width of the con- +7B1,(E[[c) + 7By (E||b) + 4B3,(E|@).
tinuum is estimated to be around 200 chsee left inset of
Fig. 3. The shape of the magnon continuum in the spectra is The room temperature and tfie=10 K Raman spectra of
compared with classical noninteracting two-magnon spinMgV,0Og are shown in Fig. 4. In addition to phonon excita-
wave calculationDOS), | ~2 [ E—2w(k)], and with nu-  tions, which we will not discuss here, we observe the con-
merical simulations of the spin-ladder motfelising exact tinuumlike asymmetric mode around 340 ¢t This struc-
diagonalization technique. These spectra are presented in there shows large intensity and frequency dependence as a
right inset of Fig. 3. As expected, the DQfsill curve), ob-  function of the temperature. The temperature dependence of
tained usingl, ~640 K andJ;~70 K, failed to explain the the spectra in the frequency range from 50 to 450 tiis
nonobservation of the van Hove singularity, associated witlshown in the inset of Fig. 4. The continuum clearly extends
the top of the two-magnon branch. It is well known, that in from 150 to 350 cm® with a spectral weight cutoff around
the ideal one-dimensional systems magnons do not beha@50 cnmi t. This mode shifts to lower energies, as well, and
classically but form a continuum of excitatioHfsThis effect  decreases in intensity by increasing temperature. Such a form
is clearly seen in exact diagonalization regdiashed curve, of the spectra and its temperature dependence suggests the
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two-magnon origin of the continuum, with a peak atfound to be all of the same ord¥&t.Because of that, we
340 cm ! corresponding presumably to zone boundary magbelieve that neither one of the above mentioned models are
nons. applicable to Mg\{Os, since this compound belongs to the

On the other hand, no feature is found in the vicinity of class of strongly frustrated trellis lattices. Unfortunately, the
2A~21 cm * (30 K) — 32 cm * (45 K),®7 so the existence existence of the spin-gap and the type of magnetic ordering
of the spin gap is not confirmed by our results. However, wen this type of lattice are not yet knowf.
have to note that this energy range is close to the frequency
limit (10 cm™1) of our experiment.

The existence of the large zone boundary magnon spectral
weight in the Raman spectra, reflects strong deviation of the In conclusion, we present the Raman-scattering spectra of
magnetic ordering in MgyOs from the 1D two-leg-ladder CaV,05 and MgV,0s. In CaV,05 we found the onset of the
type observed in Ca)0Ox. In principle, such a deviation may two-magnon continuum at the energg2-795 cmi  in the
be a consequence of the two effects. form of the strong asymmetric line with a tail on the high-

(1) There is a spin gap in Mg\Os (according to our energy side. From the analysis of its spectral shape, we argue
measurements it must be less than 10 &mand the values that the magnetic ordering in Cals can be described using
of the exchange constants along legs and rungs are eitheiS=1/2 two-leg ladder Heisenberg antiferromagnetic model
very close to each other, or the rung exchange is muchith J;/J, ~ 0.1, and a small interladder exchange. The spin
smaller than the leg exchangthe latter case corresponds to gap and exchange constant are estimated to Ae
homogenous Heisenberg antiferromagnetic chain with a-400 cm'! (570 K) and J, ~640 K. No magnon bound

V. CONCLUSION

large frustration states are found. In contrast to G&Y% the existence of the
(2) There is no spin-gap and magnetic ordering is quasispin gap is not confirmed in Mg)Ds. Instead, we observe a
2D. strong two-magnon excitation at about 340 C¢mcorre-

For the first case, since the existerfemd the valugof  sponding presumably to zone boundary magnons. These re-
the gap is still an open question and since all measuremenssilts reflect strong deviation of the magnetic ordering in
are performed on polycrystalline samples, it is hard to makélgV,05; from the 1D two-leg-ladder type observed in
any estimation of the exchange integrals. On the other sideZaV,Os.
if we assume 2D magnetic ordering, the effective exchange
constant can be estimated from the position of the two-
magnon peak using relatioByyo-magnor= 2.7 J- In this case
we obtainJ=125 cm ! (180 K), which is close to the en- Z.V.P. acknowledges support from the Research Council
ergy Jj=144 K obtained in Ref. 14. However, this formula of the K. U. Leuven and DWTC. The work at the K. U.
is strictly valid only for 2D square lattice with the isotropic Leuven is supported by Belgian IUAP and Flemish FWO
exchange, which is clearly not the case in M@¢ even and GOA Programs. M.J.K. thanks Roman Herzog—AvH for
though the exchange couplingalong legs and rungsare  financial support.
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