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Magnetic excitations in SrCu2O3: A Raman scattering study

A. Gößling, U. Kuhlmann, and C. Thomsen
Institut für Festkörperphysik, Technische Universita¨t Berlin, Hardenbergstr. 36, D-10623 Berlin, Germany
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We investigated temperature-dependent Raman spectra of the one-dimensional spin-ladder compound
SrCu2O3 . At low temperatures a two-magnon peak is identified at 3160610 cm21 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 ofJcycl /J'50.09–0.25 with a coupling constant along the rungs ofJ'

'1215 cm21 ~1750 K! in order to be consistent with other experiments and theoretical results.
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Antiferromagnetic copper oxide spin ladders have be
investigated intensively from a theoretical and experimen
point of view.1 Superconducting under high pressure2 they
form a bridge between one-dimensional~1D! Heisenberg
chains and a 2D Heisenberg square lattice, which is als
model for high-Tc superconductors. The magnetic grou
state of a spin ladder is surprisingly not a long-ranged N´el
state but a short-ranged resonating valence bond state.3 The
first excited state is separated from the ground state b
finite energyD. The spin gap was predicted theoretically4,5

and later confirmed experimentally.6

Typical realizations of a two-leg spin ladder are the co
pounds SrCu2O3 ~Ref. 7! and ~Sr,Ca,La!14Cu24O41.8 The
first compound is a prototype of weakly coupled Cu2O3 spin
ladders while the latter consists of a ladder and a Cu2O edge
sharing chain part. In contrast to SrCu2O3,
~Sr,Ca,La!14Cu24O41 is intrinsically doped with holes. A
schematic view of the compound SrCu2O3 is shown in Fig.
1. Cu atoms, represented byd orbitals, are antiferromagneti
cally coupled via an intermediate oxygenp orbital by
superexchange.9 The Sr atoms are located in between t
planes containing the Cu2O3 atoms. The coupling constan
along the legs and the rungs are denoted withJi andJ' . The
interladder coupling is negligible to first approximation b
cause the superexchange via a Cu-O-Cu path with a
bond angle has a smaller orbital overlap than with a bo
angle of 180°.10 Thus a ladder can be considered an isola
quasi-one-dimensional object with a Heisenberg Hamilton
H5J'( rungSi•Sj1Ji( legSi•Sj . In the literature coupling ra-
tios Ji /J';1.7–2.0 have been reported11,12 taking the
Hamiltonian mentioned above into account for analyzing
data. On the other hand, with almost identical Cu-Cu d
tances in leg and rung direction7,8,13 one would expect an
isotropic ratioJi /J';1. This picture was also confirmed b
an analysis of optical conductivity data.14 Recently the inclu-
sion of a cyclic ring exchangeJcycl was suggested in order t
resolve the discrepancy between the geometrical cons
ations andJi /J';1.7–2.0.15–17 This ring exchange can b
understood as a superposition of clockwise and cou
clockwise permutations of four spins around a plaque
~positions ABCD in Fig. 1!. A term Hcycl5Jcycl( iKABCD
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with KABCD 5 (SASB)(SCSD) 1 (SASD)(SBSC) 2(SASC)
3(SBSD) has to be added to the conventional Heisenb
HamiltonianH.18 In order to achieve the isotropic limit o
Ji /J';1 a ring exchange ofJcycl /J';0.18–0.30 was
introduced.16,17

In this paper we studied the Raman spectra of the two
S5 1

2 spin-ladder compound SrCu2O3. In addition to
phonons we investigated the two-magnon peak in this co
pound at temperatures between 25 and 300 K. We find
the inclusion of a ring exchange is necessary for the und
standing of the magnetic properties of SrCu2O3.

Polycrystalline SrCu2O3 was grown under high pressur
as described by Lo¨ffert et al.19 The crystallographic structure
was verified by x-ray diffraction. In addition to SrCu2O3
small amounts of Sr2Cu3O5, CuO, and Cu2O were detected.
Measurements were performed using a LabRam spectr
eter ~Dilor! including a grating with 600 and 180
grooves/mm in backscattering geometry and a multichan
charge-coupled device~CCD! detector. An Ar1 laser spot
~488 nm! was focused by a 803 microscope objective on

FIG. 1. Schematic view of the two-leg ladder SrCu2O3 projected
on theab plane. The Sr atoms are located in between the pla
containing the Cu2O3 atoms. The magnetic coupling constan
along the rungs and the legs are indicated byJ' and Ji and the
cyclic ring exchange byJcycl . The coupling between two Cud
orbitals is caused by superexchange interaction via an Op orbital.
©2003 The American Physical Society03-1
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small individual crystallites on the sample surface with
diameter of 1 –2mm. The spectra in Fig. 2 were measured
room temperature. The crystallite was chosen by using a
larization microscope:20 the sample surface was illuminate
normally with linear polarized white light. The reflected lig
was detected through an analyzer crossed to the pola
with a CCD camera. Being an anisotropic material the
flected light is in general elliptically polarized. As for th
ladder compound LaCuO2.5,20 we assume the direction alon
the ladder (a axis! to be the one with the largest anisotrop
in SrCu2O3, whereas theb and c axes are approximatel
optically isotropic. Thus there should be a difference
brightness along and perpendicular to thea axis when rotat-
ing the sample. If the incident wave vectork i is parallel to
thea axis the image stays dark while rotating the sample.
k i'a the crystallite appears alternatingly dark and brig
four times when turning the sample 360°. The spectra in F
2 were measured on a crystallite fork i'a. For our measure-
ments down to 25 K~spectra in Fig. 3! the sample was
mounted on the cold finger of an Oxford microcryostat.

The Raman spectra of SrCu2O3 can be divided into a low-
(100–1700 cm21) and a high-energy (2000–4600 cm21)
region as shown in Figs. 2 and 3. We verified the chem
composition of our polycystalline sample by an analysis
the phonons in the low-energy part of the spectra. We s
with a factor group analysis~FGA! of the vibrational modes
according to Rousseauet al.21 The unit cell of SrCu2O3 con-
sists of two formula units. Structure analysis7,22 attributes
SrCu2O3 to the space groupCmmm(D2h

19). The FGA results
in

GSrCu2O3
52Ag14B1u12B1g14B2u14B3u12B3g .

~1!

Having a center of inversion only even modes show Ram
activity, resulting in six Raman active phonons. We exp

FIG. 2. Raman spectra in parallel and crossed polarization m
sured atT5295 K. The insets show the low-energy parts of t
spectra measured in parallel polarization.
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the twoAg modes in the spectra measured in parallel po
ization while the four evenB modes should be observed
crossed polarization.

Figure 2 shows four spectra measured atT5295 K, two
in parallel and two in crossed polarization. The axes w
identified using the described analysis with polarized lig
comparing Fig. 2 to the spectra of the very similar ladd
compound Sr14Cu24O41,12,23–25we identify thea ~leg! andb
~rung! axes as indicated in the figure.26

In (bb) polarization only a single phonon at 550 cm21 is
observed, while in (aa) two phonons at 310 and 550 cm21,
and in addition several broad peaks around 1150 cm21, are
visible. We assign these two phonons as the two allowedAg
modes. In Sr14Cu24O41 modes at 316 and 549 cm21 were
observed.23 The latter is believed to be the breathing mode
the O-ladder atoms located on the ladder legs,23 which is in
accordance with our assignment. The structure at ab
1150 cm21 was also observed in Sr14Cu24O41, its origin at-
tributed to two-phonon processes.23,27 Knowing only few
phonons at theG point the details of the broad structur
around 1150 cm21 in SrCu2O3 remain unclear. In summary
we identified the two allowedAg ladder phonons at 310 an
550 cm21 in SrCu2O3 at room temperature, theB1g modes
were too weak to be observed, and theB3g not allowed for
our geometry.

In Fig. 2 in addition to the phonons a peak arou
3000 cm21 was observed in (aa) and (bb) polarizations
while it was absent in the crossed polarizations (ab) and
(ba). It can be shown from the two-magnon Ram
Hamiltonian28 that for a two-leg Heisenberg ladder the tw
magnon peak is forbidden in all crossed polarizations. T
observed spectra follow the selection rules of a two-mag
peak.

In Fig. 3 the Raman spectra of the high-energy region
presented for different temperatures. The spectra were m

a-
FIG. 3. Raman spectra measured with the same polarizatio

in Fig. 2 with lex5488 nm at 25 K~solid!, 150 K ~dashed!, and
250 K ~dotted!. Insets: peak positions~top! and edge position~bot-
tom! of the two-magnon peak as a function of temperature.
3-2
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sured on another crystallite between 25 and 300 K. Com
ing them to the aligned spectra in Fig. 2 we assign the up
spectrum as (aa) and the lower one as (bb) polarized. In
(aa) polarization a sharp peak is visible which broadens a
shifts to lower energies with increasing temperature. In (bb)
polarization a much broader peak is measured; it rem
broad also down to the lowest temperatures. We iden
these features to be the two-magnon peaks which were
observed in Sr14Cu24O41 at a lower energy~maximum forT
58 –20 K at 2900–3000 cm21).12,23–25 The energy of the
peak maxima as a function of temperature is shown in
upper inset of Fig. 3. In (bb) polarization the left edge po
sition is plotted as a function of temperature in the low
insets of Fig. 3 due to difficulties in determining the prec
peak maxima. The two-magnon peak shifts forT.75 K al-
most linearly with temperature and saturates at low temp
tures at 3160 cm21 ~peak position! and 3130 cm21 ~edge
position!.

Using a simple model of thermal expansion we are able
understand the temperature dependence of these peaks
starting point is a system containing two copperd orbitals
and one intermediate oxygenp orbital with a 180° bond
angle as found in flat ladder compounds, hence the mod
not only applicable to SrCu2O3 but also, e.g., to
Sr14Cu24O41. The two copper atoms are coupled by super
change with the coupling constantJ. We assume that the
two-magnon energy scales linearly withJ. The average dis-
tanced between two copper atoms is a function of tempe
ture. Due to an anharmonic interatomic potential the aver
distance increases in first order asd5d01Av/@exp(v/T)
21#, whered0 is the distance atT50 K, A is a constant,
representing the strength of the expansion, andv is an aver-
aged phonon energy~Einstein model!. Within the three-band
Hubbard modelJ equals 4tpd

4 /«pd
2 (Ud

211«pd
21) with tpd be-

ing the overlap integral between Cu-O sites,Ud the Coulomb
repulsion, and«pd the charge transfer energy.29 The overlap
integral tpd}d24 is a function ofd as shown by Harrison.31

Using the parameterA, J can be written as

J5A•d216. ~2!

The temperature dependence of the two-magnon ene
which is proportional toJ, arises from a Taylor expansio
aroundd0 ,

E22mag5E02
Bv

exp~v/T!21
. ~3!

E0 is the two-magnon energy atT50 K, B is a dimension-
less constant proportional toA, andv is the averaged phono
frequency. Other power-law exponents in Eq.~2! have been
used in similar systems in the literature~e.g., Kawada
et al.30!; the further analysis does not depend much on
choice as longB is simply a parameter. The temperatu
dependence of the peak/edge maxima of both spectra in
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insets of Fig. 3 were fitted simultaneously using Eq.~3! with
the parametersA50.9460.05, v5160610 cm21, E0(aa)
53160610 cm21, and E0(bb)53130610 cm21. The fit
shows excellent agreement with the experimental data.
averaged phonon frequencyv is comparable to those o
high-Tc cuprate materials.32 The different values forE0 in
the (aa) and (bb) spectra in Fig. 3 are caused by the diffe
ence between peak edge and peak maximum. For the fu
analysis we take only the energyE0(aa)53160 cm21 into
account. The observed temperature dependence is in a
dance with the assumed magnetic origin of the peak. T
common picture of superexchange is confirmed by our m
surements.

We now show that in order to compare the energyE0 with
existing experiments and theoretical results in a consis
way the cyclic ring exchange must be included. Note tha
is not possible to determine the magnetic constants and
spin gap directly from the two-magnon peak position. In
der to obtain these values from our spectra we have to m
several assumptions based on calculations:~i! Ab initio
calculations10 yielded Ji /J'51.1 for the coupling constan
ratio. This ratio is also close to the isotropic limit, which ca
be deduced from geometrical considerations.~ii ! We include
a ring exchange ofJcycl /J'50.09–0.25. Cyclic ring ex-
change values on the same order (Jcycl /J'50.18–0.30)
have also been introduced for the comparable two-leg s
ladder compound~La,Ca!14Cu24O41.16,17 ~iii ! Schmidtet al.
have shown recently in a theoretical Raman study fo
Heisenberg two-leg ladder withJi /J'51.2 and Jcycl /J'

50.2 that the two-magnon peak maximum should be loca
at E0'2.6J' .18 Because the ratioJi /J'51.2 is slightly
larger than the one stated above for SrCu2O3 we take
E0 /J'52.660.1 for a further analysis.~iv! Calculating the
spin gap we use the expressionD'0.48J'21.08Jcycl which
has been derived by Nunneret al.17 for a two-leg Heisenberg
ladder with ring exchange having adjusted for the differe
definitions ofJcycl . The expression forD is valid approxi-
mately in the rangeJi /J'51.0–1.3. As a result we obtain
from our experimentJ'51170–1260 cm21 ~1680–1810 K!
for the coupling constant. TakingJ'51215 cm21 results in
D5260–470 cm21 ~380–680 K! for the spin gap. The latte
value is in good agreement with spin-gap values measu
with susceptibility~420 K!,6 NMR ~680 K!,6,33,34 and neu-
tron scattering~380 K! on Sr14Cu24O41.11 In contrast, ex-
cluding the ring-exchange coupling would yield a spin-g
value of approximately 840 K, which is out of scale by
factor of 1.2–2.2 when comparing to the experiments m
tioned. Our experiment thus supports the presence of a
spin ring exchange on the order ofJcycl /J'50.09–0.25. The
lower limit of Jcycl /J' so obtained corresponds toD from
NMR, the upper one toD from neutron scattering.

In conclusion, we found the two allowedAg phonons at
310 and 550 cm21 in SrCu2O3 and studied the magneti
excitations in this compound. A peak with an energy
3160610 cm21 at low temperatures starts to shift to low
energies with increasing temperature. We identified this p
as the two-magnon peak and confirmed this by its temp
ture dependence. We derived a simple expression which
3-3
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scribes excellently the peak energy as a function of temp
ture. For low temperatures we are able to explain the tw
magnon peak energyE053160 cm21 in accordance with
existing theoretical and experimental results by includin
cyclic ring exchange using the values:Ji /J'51.1,
s.
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Jcycl /J'50.09–0.25, J''1215 cm21 ~1750 K!, and D
5260–470 cm21 ~380–680 K!.
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