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Magnetic excitations in SrCu,05: A Raman scattering study
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We investigated temperature-dependent Raman spectra of the one-dimensional spin-ladder compound
SrCuy0j5. At low temperatures a two-magnon peak is identified at 3180 cm ! and its temperature depen-
dence analyzed in terms of a thermal-expansion model. We find that the two-magnon peak position must
include a cyclic ring exchange aof¢,/J, =0.09-0.25 with a coupling constant along the rungsJof
~1215 cm! (1750 K) in order to be consistent with other experiments and theoretical results.
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_ Ant_iferrom_agneti_c copper oxide spi_n ladders hav_e beeith Kagep = (SaSs)(ScSp) + (SaSp)(SeSe) — (SaSc)
investigated intensively from a theoretical and experimentalk (S;S;) has to be added to the conventional Heisenberg
point of view! Superconducting under high presuteey  HamiltonianH.'® In order to achieve the isotropic limit of
form a bridge between one-dimension@dD) Heisenberg J;/J,~1 a ring exchange ofl./J, ~0.18-0.30 was
chains and a 2D Heisenberg square lattice, which is also @troduced®!’
model for highT, superconductors. The magnetic ground In this paper we studied the Raman spectra of the two-leg
state of a spin ladder is surprisingly not a long-rangééINe S=3 spin-ladder compound Sr@D;. In addition to
state but a short-ranged resonating valence bond $ftie.  phonons we investigated the two-magnon peak in this com-
first excited state is separated from the ground state by Bound at temperatures between 25 and 300 K. We find that
finite energyA. The spin gap was predicted theoretichfly the inclusion of a ring exchange is necessary for the under-
and later confirmed experimentafly. standing of th(_a magnetic properties of SpOy. .

Typical realizations of a two-leg spin ladder are the com- Polycrystalline SrCyO; was grown under high pressure
pounds SrCy0; (Ref. 7) and (Sr,Ca,LaClpOu .8 The 35 descr_lt_)ed by iftert et al. The crystallographlc structure
first compound is a prototype of weakly coupled,Og spin was verified by x-ray diffraction. In addition to SrgDs

ladders while the latter consists of a ladder and a(Cadge small amounts of 3C1;05, CuO, an_d G40 were detected.
sharing chain part. In contrast to S Measurements were performed using a LabRam spectrom-

S ) eter (Dilor) including a grating with 600 and 1800
(SECa,L§14(;u24O4]c1 r|18 mtnnsmal(ljy Sdopepl V\;]'th hqlels:: A grooves/mm in backscattering geometry and a multichannel
schematic view of the compoun 0y is shown In FIg. charge-coupled devicéCCD) detector. An At laser spot
1. Cu atoms, representgd U)orblt_als, are antlferro_magneu— (488 nm was focused by a 80 microscope objective on
cally coupled via an intermediate oxygem orbital by

superexchang&.The Sr atoms are located in between the | | .
planes containing the G@; atoms. The coupling constants oo ale £ 0 2 <o oee

' |
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along the legs and the rungs are denoted WjtandJ, . The 1 il ! 4
interladder coupling is negligible to first approximation be- o » YO NT o ® » =
cause the superexchange via a Cu-O-Cu path with a 90° . o . 4 4

bond angle has a smaller orbital overlap than with a bond : ’ ’

angle of 180°!° Thus a ladder can be considered an isolated o -ér—- o s O & == 00

quasi-one-dimensional object with a Heisenberg Hamiltonian ! ! !

H=J,ZungS - §1+J1Z1egS* S - In the literature coupling ra- ’ y '

tios Jj/J,~1.7-2.0 have been reportéd® taking the o ¢ B- - 3 o § wjmoe
’ ’ .
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Hamiltonian mentioned above into account for analyzing the [ PR .
data. On the other hand, with almost identical Cu-Cu dis- a| '_°7° ‘ ® | ’f" “'f ‘ o
tances in leg and rung directibh’® one would expect an

isotropic r_anoJH /J _L~1. This p_|c_ture was also conflrmed by b » 0(p) -:- Cu (dyye) ® Sr

an analysis of optical conductivity datARecently the inclu-

sion of a CyC"‘_: ring exchangg | was Suggested_in order t_o FIG. 1. Schematic view of the two-leg ladder SgCy projected
resolve the discrepancy ?59'(1"7’99'7' the geometrical considegy theab plane. The Sr atoms are located in between the planes
ations andJ;/J, ~1.7-2.0.>""" This ring exchange can be containing the Cy0, atoms. The magnetic coupling constants
understood as a superposition of clockwise and counteiong the rungs and the legs are indicatedJpyand J; and the
clockwise permutations of four spins around a plaquetteyclic ring exchange byleyer. The coupling between two Cd
(positions ABCD in Fig. L A term Heyo=JeyciZiKapep  orbitals is caused by superexchange interaction via gno@bital.
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FIG. 3. Raman spectra measured with the same polarization as

FIG. 2. Raman spectra in parallel and crossed polarization medn Fig. 2 with A¢,=488 nm at 25 K(solid), 150 K (dashegl and
sured atT=295 K. The insets show the low-energy parts of the 250 K (dotted. Insets: peak positiongop) and edge positiofbot-
spectra measured in parallel polarization. tom) of the two-magnon peak as a function of temperature.

small individual crystallites on the §ample surface with ane twoA, modes in the spectra measured in parallel polar-
diameter of 1-2um. The spectra in Fig. 2 were measured alization while the four everB modes should be observed in
room temperature. The crystallite was chosen by using a pQs;ossed polarization.
larization microscopé’® the sample surface was illuminated Figure 2 shows four spectra measured at295 K, two
normally with linear polarized white light. The reflected Iigh_t in parallel and two in crossed polarization. The a;<es were
was detected through an analyzer crossed to the polarizgfentified using the described analysis with polarized light;
with a CCD camera. Being an anisotropic material the réxomparing Fig. 2 to the spectra of the very similar ladder
flected light is in general elliptically polarized. As for the compound S1,ClyO41, 122 25we identify thea (leg) andb
ladder compound LaCug,?° we assume the direction along (rung) axes aé inéiczllt,ed in the figuf®.
the ladder & axis) to be the one with the largest anisotropy |, (bb) polarization only a single phonon at 550 cris
in SrC0O;, whereas theb and ¢ axes are approximately gpserved, while in4a) two phonons at 310 and 550 ch
optically isotropic. Thus there should be a difference ingnq in addition several broad peaks around 1150 %gnare
brightness along and perpendicular to thaxis when rotat- \iciple. We assign these two phonons as the two alloigd
ing the sample. If the incident wave vectioris parallel to .\ J4es. |n SICU0,; modes at 316 and 549 crh were
thea axis the image stays dark while rotating the sample. FOpsaryed® The latter is believed to be the breathing mode of
kiLa the crystallite appears alternatingly dark and brighti,o o_jadder atoms located on the ladder Egshich is in
four times when turning the sample 360°. The spectra in Figaccordance with our assignment. The structure at about
2 were measured on a crystallite far. a. For our measure- 1150 cnit was also observed in SO0, its origin at-
ments down to 25 K(spectra in Fig. Bthe sample was (riphyted to two-phonon process&<’ Knowing only few
mounted on the cold finger of an Oxford microcryostat.  phonons at thd” point the details of the broad structure
The Raman spectra of Sr&; can be divided into alow- - 316ynd 1150 cm? in SrCyO, remain unclear. In summary,
(100-1700 cm?) and a high-energy (2000-4600 ¢ e identified the two allowed, ladder phonons at 310 and
region as shown in Figs. 2 and 3. We verified the chemicakgg 2 in SrCy0; at room temperature, tH8;, modes

composition c_)f our polycystalline sample by an analysis of \are too weak to be observed, and B, not allowed for
the phonons in the low-energy part of the spectra. We starf ,, geometry.

with afactor group analysig=GA) of_the vibrational modes In Fig. 2 in addition to the phonons a peak around
according to Roussezt gl.ﬂ The unit cell of SICHO; con- 3000 ¢y was observed inga) and (b) polarizations
sists of two formula units. Structur%analys%é attributes while it was absent in the crossed polarizatiomd) and
SrCy0; to the space groupmmm(D3,). The FGATesults  (hay |t can be shown from the two-magnon Raman
In Hamiltoniarf® that for a two-leg Heisenberg ladder the two-

r —2A 4 4B+ 2Bs-+ 4B+ ABa 4 2Ba. | magnon peak is forbidden in all c_rossed polarizations. The
SICLO;™ Mg T TRIu T ER1g T ER2u TR TSR3 observed spectra follow the selection rules of a two-magnon

(@) peak.

Having a center of inversion only even modes show Raman In Fig. 3 the Raman spectra of the high-energy region are

activity, resulting in six Raman active phonons. We expectpresented for different temperatures. The spectra were mea-
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sured on another crystallite between 25 and 300 K. Compaiinsets of Fig. 3 were fitted simultaneously using E).with

ing them to the aligned spectra in Fig. 2 we assign the uppethe parameteré=0.94+ 0.05, w=160+10 cm !, Ey(aa)
spectrum asda) and the lower one asbp) polarized. In =3160+10 cm !, and Eo(bb)=3130+10 cm . The fit

(aa) polarization a sharp peak is visible which broadens anghows excellent agreement with the experimental data. The
shifts to lower energies with increasing temperaturebb)(  averaged phonon frequenay is comparable to those of
polarization a much broader peak is measured; it remaingjgh-T, cuprate material® The different values foE, in
broad also down to the lowest temperatures. .We identifype (@a) and (bb) spectra in Fig. 3 are caused by the differ-
these features to be the two-magnon peaks which were al§g,ce petween peak edge and peak maximum. For the further
observed in SCu,,0O,; at a lower energymaximum forT analysis we take only the enerds(aa)=23160 cm t into

— A 12,23-25
=8-20 K.at 2900_3000. cr). The energy of the account. The observed temperature dependence is in accor-
peak maxima as a function of temperature is shown in th%ance with the assumed magnetic origin of the peak. The

upper _mset of Fig. 3. Ink(b)_ polarization the Ieﬁ edge po- common picture of superexchange is confirmed by our mea-
sition is plotted as a function of temperature in the lowersurements
insets of Fig. 3 due to difficulties in determining the precise ' . .

g g P We now show that in order to compare the endegywith

peak maxima. The two-magnon peak shifts Tor 75 K al- _ . d th ical Its | .
most linearly with temperature and saturates at low tempera£XISting experiments and theoretical results in a consistent
way the cyclic ring exchange must be included. Note that it

tures at 3160 cm® (peak position and 3130 cm! (edge . . \
position. is not possible to determine the magnetic constants and the

Using a simple model of thermal expansion we are able t$Pin gap directly from the two-magnon peak position. In or-
understand the temperature dependence of these peaks. T to obtain these values from our spectra we have to make
starting point is a system containing two coppkorbitals ~ Several assumptions based on calculatiofis:Ab initio
and one intermediate oxygem orbital with a 180° bond calculations’ yielded Jy/J, =1.1 for the coupling constant
angle as found in flat ladder compounds, hence the model katio. This ratio is also close to the isotropic limit, which can
not only applicable to SrC®; but also, e.g., to be deduced from geometrical consideratidiig.We include
Sr.Cw,,0,4; . The two copper atoms are coupled by superexa ring exchange ofl¢./J, =0.09-0.25. Cyclic ring ex-
change with the coupling constadt We assume that the change values on the same ordek,(,/J, =0.18-0.30)
two-magnon energy scales linearly wilnThe average dis- have also been introduced for the comparable two-leg spin
tanced between two copper atoms is a function of temperaladder compoundLa,Ca;,Cuy,04;. 1% (iii) Schmidtet al.
ture. Due to an anharmonic interatomic potential the averagbave shown recently in a theoretical Raman study for a
distance increases in first order ds-d,+Aw/[expw/T)  Heisenberg two-leg ladder witd;/J, =1.2 and J¢y¢/J,

—1], whered, is the distance aT=0K, A is a constant, =0.2 that the two-magnon peak maximum should be located
representing the strength of the expansion, arid an aver- at Eq~2.6J, .'® Because the ratidd /J, =1.2 is slightly
aged phonon enerdg§instein model Within the three-band larger than the one stated above for S5Oy we take
Hubbard model equals 4gd/s’2)d(ug1+ggd1) with t,q be-  Eo/J; =2.6+0.1 for a further analysigiv) Calculating the

ing the overlap integral between Cu-O sitdls, the Coulomb ~ Spin gap we use the expressidr-0.48), —1.08). which
repulsion, and: 4 the charge transfer energyThe overlap  has been derived by Nunnet al.%7 for a two-leg Heisenberg
integralt,qcd~* is a function ofd as shown by Harrisoit  ladder with ring exchange having adjusted for the different

Using the parametek, J can be written as definitions ofJ.,¢;. The expression foA is valid approxi-
mately in the range)|/J, =1.0-1.3. As a result we obtain

from our experimend, =1170-1260 cm*® (1680-1810 K
J=A.d 16 (2) for the coupling constant. Taking, =1215 cm ! results in
A=260-470 cm? (380680 K for the spin gap. The latter
value is in good agreement with spin-gap values measured
The temperature dependence of the two-magnon energwith susceptibility(420 K),> NMR (680 K),®33**and neu-
which is proportional taJ, arises from a Taylor expansion tron scattering(380 K) on Sr,Cu,,O4;.1t In contrast, ex-
arounddy, cluding the ring-exchange coupling would yield a spin-gap
value of approximately 840 K, which is out of scale by a
factor of 1.2—2.2 when comparing to the experiments men-
Bw tioned. Our experiment thus supports the presence of a four
E2-mag=Eo~ W- 3 spin ring exchange on the orderdy,.;/J, =0.09-0.25. The
lower limit of J.,¢/J, so obtained corresponds 1o from
NMR, the upper one ta from neutron scattering.
E, is the two-magnon energy dt=0 K, B is a dimension- In conclusion, we found the two allowedl; phonons at
less constant proportional & andw is the averaged phonon 310 and 550 cm! in SrCy,0; and studied the magnetic
frequency. Other power-law exponents in E2). have been excitations in this compound. A peak with an energy of
used in similar systems in the literatufe.g., Kawada 3160+10 cm ! at low temperatures starts to shift to lower
et al®9); the further analysis does not depend much on thienergies with increasing temperature. We identified this peak
choice as longB is simply a parameter. The temperature as the two-magnon peak and confirmed this by its tempera-
dependence of the peak/edge maxima of both spectra in thare dependence. We derived a simple expression which de-
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scribes excellently the peak energy as a function of temperal,,;/J, =0.09-0.25, J, ~1215 cm! (1750 K), and A
ture. For low temperatures we are able to explain the two=260-470 cm? (380—680 K.

magnon peak energ§,=3160 cm * in accordance with We thank K. P. Schmidt and G. S. Uhrig for helpful and
existing theoretical and experimental results by including g,5juable discussions. This work was supported by the
cyclic ring exchange using the valuesyj/J,=1.1, peutsche Forschungsgemeinschaft, SPP 1073.
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