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Coupled magnon-phonon excitations in SyCuCl,O, at high pressure
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High-pressure optical experiments have been performed on midinfrared excitations unique to the layered
cuprates, yet whose physical origin has been unresolved. Measurements of high-pressure midinfrared spectra of
Sr,CuCho, unambiguously identify the-2800-cnT ! absorption as an unusual quasibound two-magon
phonon excitation. We further show that the broad peak centered-n4@00 cm ! is a four-magnon+
phonon excitation, with spectral weight10? times larger than predicted by theory. These excitations reveal
unusual latent interactions coupling charge, spin, and lattice degrees of freedom in th@l&ues.

Optical studies of the lamellar cuprat@sg.,R,CuQ, and  served in one-dimensiondllD) Sr,CuO;.” However, the
RB&,CuQ;, whereR is a rare-earth elemenbave provided sidebands are absent in both NiO andGGrO;.
important insights into the unusual properties of cuprate su- LS further speculated that the two higher-energy side-
perconductors. However, fundamental questions persist résands were four-magnof phonon(4MP) excitations(with
garding the optical excitations of lamellar cuprates even irmagnons arranged either in a plaquette or a)y@m excita-
their insulatingphases. Recently, three different midinfraredtion which appears to have not been observed in any noncu-
(MIR) optical absorption bands were discovered in the insuprate material. LS note that these sidebands are a conse-
lating single-layer spin-1/2 cuprates R{CuO, and quence of quantum fluctuations in the spin-1/2 cuprates,
Sr,CuO,Cly) by Perkinset al! These MIR bands consist of although ordinarily their optical absorption strength would
one sharp peak near2800 cm' (~0.35 eV) with two be so weak as to be barely observable. Indeed, numerical
broad higher-energy sidebands. The first sideband, centerediculation8 predict 4MP sidebands to be very weak for the
near ~4000 cm® (0.5 eV), dominates their spectral cuprates, with spectral weight just3% of the bimagnon
weight. These bands were shown to be intrinsic excitationgi.e., an absorption length ef 1 cm). However, the experi-
of the CuQ layers, and have since been observed in bilayemental data are in stark contrast with this expectation, with
cuprate€. To our knowledge, only cuprates are known tothe sidebands being 107 times larger than calculated. The
display this full set of excitations. Hence these unusual MIRfirst sideband has- three times the spectral weight of the
excitations are unique to the layered cuprates, yet theiputative bimagnon, and-~75-80% of the total spectral
physical origin remains controversial and unresolved. Furweight in the MIR.
ther insight into their origin is important for understanding  Measurements on the isostructural spin-LNi®, have
the unusual properties of the cuprates, as these fundamentglded to the controversyA MIR absorption was observed
MIR excitations reflect the latent interactions couplingwhose line shape was consistent with the predicted
charge, spin, and lattice degrees of freedom. bimagnon'® strikingly, however, no sidebands were ob-

The MIR excitations were originally attributed to a served. Within the 4MP model, scaling arguments based on
ds,2_ 2 exciton with one- and two-magnon sidebafddsow-  staggered magnetization suggest thagNi®, should have
ever, cluster calculations do not predict an exciton in thissignificant sidebands witk 1/2 the spectral weight found in
energy rangé.An alternate explanation for their origin was La,CuQ,.!
later provided by Lorenzana and Sawatzk{).* They pro- At present, there are two competing possibilities for the
posed that the sharp 0.4-eV peak corresponds to the ab- higher-energy sideband§) They have an entirely different
sorption of one optic phonon plus a different quasiparticleorigin than the putative-2800-cni ! bimagnon(e.g., exci-
excitation of the Heisenberg Hamiltonian consisting of aton phonon or exciton magn&h. This would readily explain
long-lived quasibound state of two magndfisimagnon”).  the difference between the MIR absorptions in,CaO, vs
Their calculated line shape closely fits the measured peak.a,NiO,, as the Cu and Ni excitons need not be degenerate.
While composite two-magnort phonon excitation has pre- However, the presence of such a low-energy exciton in the
viously been observed in NiO, it is not a virtual bound statecuprates would be surprisingi) The sidebands are an ob-
and hence is much broader in enefdyApparently, an servation of the putative 4MP excitation. This requires that
analogous two-spinor phonon excitation was recently ob- some unanticipated mechanisemique to the cuprates
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strongly enhances their spectral weight bytwo orders of (a)

magnitude. Based upon the origin of 4AMP excitation as well e P, GPa

as their absence in LAIO,, this suggests quantum fluctua- B 9.1

tions are important. i
Here we show that measurements of optical absorption g’ | 71

and Raman spectra as a function of hydrostatic pressure can 4 %.W

be used to unambiguously identify the MIR excitations in j 4 —_

insulating SyCuCLO,. Two-magnon Raman scattering in 8 ¢ } 54 ;

the insulating antiferromagnetic CyOlayers has been § o b s o =

proven to be an important probe of the spin excitations, al- s |/ ‘§

lowing direct measurement of the superexchange constant £ |# | 39| 2

J.1213 Application of pressure is known to appreciably k =

modify J (by ~1%/GPa)'*'° Our measurements show that ¥ 020D

the pressure dependencies of the two-magnon Raman and the W { 20 ;

MIR absorption features are identical within experimental e et [

error, consistent with the behavior expected for the two- and , 1.94

four-magnon (“multimagnon”) excitations of Lorenzana . . «v”l ‘ ,

and Sawatzky. 4000 6000 2000 3000 4000
Sr,CuCLO, (SCOQ has the LaCuQ, (LCO) structure Wavenumber {cm™) Raman shift (cm™)

with La replaced by Sr and one apical O replaced by CI. _

Unlike LCO, it retains a tetragonal structure to low tempera-  FIG. 1. Room-temperature MIR absorptit and two-magnon
tures and has important advantages for optical studies of thfgaman scatteringb) spectra in SCOC at several pressufaCl
insulating cuprates. Micaceous single cry§f5almere care- medlum. The spectra are vertlcg]ly qffset for clarity. Optical den-
fully selected and loaded into the diamond cells with variousSity (OD) values at 4M peak position i) are about 0.33) for all
pressure medié.e., NaCl and Ng MIR absorption spectra Pressures shown which corresponds to the absorption coefficient
were measured at room temperature in the range from 220@P0ut 115-160 cm' (sample thickness was about 50—7an).
to 9000 cnil (~0.27-1.1 eV) with a conventional light Arrows denote peaks discussed in the text. Incomplete cancellation
source using a Nicolet 750 Fourier transform infragg@lir) ~ ©', e strong Raman signal from the diamond yields the

. . . ~ 2500-crm * structure in(b), which is therefore not associated with
spectrometer equped with Cabeamsplitter and MCT de- the sample. Raman spectra were not corrected for the spectrometer
tector. Sample thickness was about 50—Zfh, and the

; . . (HR460 and CCD response, which is featureless and almost flat in
high-pressure chamber was about 120—%5@ in thickness o spectral range of Raman measurements.

and 180-200xm in diameter at the start of the pressure run.
We used typela diamonds with 40Qwm flat culets, and
rhenium gaskets. Reference transmission spectra were takehly difference being a slight 3-5% softening of the two-
near the sample through the pressure medium. Roonmagnon energy at room temperat{isémilar to observations
temperature two-magnon Raman spectra were excited by thie LCO (Ref. 13].
514.5-nm line of an Ar-ion laser and recorded by a single Attempts to fit the two-magnon Raman and narrow
ISA HR-460 spectrometgwith notch filterg and Dilor-XY ~2800-cm' ! absorption peaks were difficult due to their
spectrometer, both equipped with charge-coupled devicasymmetric, non-Lorentzian line shapes. It was found that
(CCD) detectors. Additional low-temperature Raman mea-he error involved in such fitting procedures was comparable
surements were performed in a continuous flow cryostat witho that of simply assigning the peak position based on the
quartz infrasil windows. We measured the pressure UBNG maximum in the spectrum. In either case, the estimated error
fluorescer71ce from small ruby chips inside the sampleyas 50-100 cm?, depending on the data quality. Some-
char_nberl. _ what larger errors£ 200 cm ') were encountered in deter-
Figure 1 shows MIR absorption and two-magnon Ramanyining the position of the 4000-cnt sideband absorption

spectra at several pressures. We clearly resolve two featurggyeq a5 a voigt profile, which is a convolution of Gaussian
in the MIR absorption spectredenoted by arrows a rela- and Lorentzian profiles

tively sharp peaKthe putative bimagngrand the first side- Figure 2 displays the measured two-magnon Raman peak

band. At low pressure, their energies are2800 and .
~4000 cm?, respectively. Both peaks increase in energy(80 and 295 K, and the two absorption peaks (295 K) as a

with increasing pressure. The second broad higher—energ&nCt'Or][_fft_pressure' The tfwt(r)]-magnon Ra(;nan p((jeaktprowdes
sideband centered near6000 cmi® appears as a weak ¢ duantitative measure of theé pressure-dependent superex-

“shoulder” on the broad~4000-cni ! absorption. Due to CcNange couspling, .eJ(P)=Exw(P)/2.76, ignoring Oguchi
its weakness and overlap with the first sideband, its positioﬁorreCF'o,nsl' If the MIR absorption peaks have multimag-
could not be determined with sufficient precision to accu-1On origin, the ratio of their energies divided &) should
rately obtain its pressure coefficient, although its energygive a constant reflecting the number of magnons involved.
clearly increases with pressure. The two-magnon Ramamhis is shown in the inset. For the 2800-cm * absorption,
spectra were corrected by subtracting the background signale find E(P)/J(P)~2.7, close to the Ising bond-counting
from the diamond anvils. The spectra clearly display thevalue of 3, which corresponds to a pair of interacting mag-
two-magnon Raman peadklenoted by arro)v Raman spec- nons. For the~4000-cm ! absorption, we findE(P)/J(P)

tra taken at 295 and 80 ot shown were very similar, the ~3.7, close to the Ising bond-counting result of 4 for two
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% 2 2MRaman, 205 K FIG. 4. Energy-level diagram of transitions in SyCuCLO,
Z 3000 2 2-M Raman, 80 K (Lay,CuQy,). The lowest transitiofd(x?—y?)-d(3z°—y?)] is di-
_:__2800 o R, 205 K rectly related to Jahn-Teller distortion in the isostructurgl@z0;.
2500 S 000 o IR, 285 K It is shown in the text.that Jahn-TeIIer distortion is most I!kely to be
, ‘ ) , . , . suppressed by the increasing pressure, thus produnauative
0 5 10 15 20 25 30 35 pressure shift of this lowest-energyE4;) exciton.

Pressure (GPa)
magnon Raman scattering at 80 K is slightly reduced relative
FIG. 2. Pressure dependence of the two-magnon Raman, and the 295 K result, being about 1.010)% GPa . This is
~2800- and~4000-cm * absorption peaks at 295 K. Raman data easily understood by the reduced temperature softéhifg
at 80 K are also shown. Inset shows the ratio of th2800- and  the two-magnon feature at higher pressures due to the in-

~4000-cm ! MIR absorption peak energies to the measured supergreased exchange interactiokT(J decreases with increas-
exchange coupling versus pressure. Their constant ratios indicateing pressurg

a multimagnon origin. Regarding the possible origin ef4000-cm ! absorption

. . . we m k the followin ion: is i ibl _
pairs of interacting magnons arrayed on a plaquette. Notﬁe ay ask the following question: is it possible tigf. 2

that with il both raf " e xciton!! has the pressure dependence similar to two-
pris\;vl;rem experimental error, both ratios are independent 0 agnon feature? We show below by simple arguments that

W th lati q denci fth this is unlikely, and, in fact, we expect that tdg,>_,2 ex-
ve compare the refalive pressure dependencies of theag, , energy hasegativepressure coefficient. The exciton

excitations in Fig. 3. The measured pielssure coefflcu_ants for'ias never been measured in cuprate bearing materials, how-
two-kmagnon Ramgn z;ndlthe218;)g-§5m(y Mélzibsorptlog ever, it was observed in several Cucompound® and its
Eeéio 20 O/areGP_ll en |cat_ [I 't2(95)K0Th a an pressure dependence was estimated recently from measure-

o .( )% a’, respec ivelya 1. 1he pressurgfo- ments of pressure dependence of the charge-transfer band in
efficient of the first sideband absorption nead000 cm CuCl, system@! In Fig. 4 we show splitting ofl levels in
is 1.16(25)% GPat (295kK), ﬁgainhvery close tg that gf the tetfragonal symmetry of L&uO, isostructural to
two-magnon Raman peak. Thus the pressure dependencesQf ~'~| 5. Cubic field (O) prod ces, crvstal-field splittin
both the~2800- and~4000-cm * absorptions are closely UChO,. Cubic field (O) produ ysta-ield Spiting

. . : X : . , and tetragonal field further splitsT,, andE, levels.
proportional toJ, consistent with their being predominantly It can be sh%w?? that t[rglleh)splitting o?the IzgwesEggIevel is

composed of magnons. This is fully consistent with the LSd : ;
X A 1 : iy escribed by Jahn-Teller theorem, and the lowest exciton
model, with the~2800-cn1 * peak thus identified as the energy is equal to

“bimagnon” and the ~2800-cm ! peak identified as the

4MP excitation. The pressure dependence of the two- 2\/2
A=4Ej1=—, 1

0.4 e JT sz ( )
. 7

A 2-M Raman, 80 K v ) . .

® 41 Faman 205 K /,/‘// where V is electron-phonon coupling parametd, is the
031 ® _sagocn ;R 05K Vi % mass of one of the six ligands in cubic symmetry, ands

& uooan ,H' o5k _ ,/// % the vibrational frequency for radial vibrations of ligands.

Very simple consideration gives coupling of electrofig
states to vibrationdE, modes. It is well established fact that
vibrational modes of oxygen atoms in cuprates have positive
pressure shift$ We also measured positive pressure shifts
for all phonon modes in this experimeritAssuming that
electron-phonon  coupling V is not  strongly
pressure-dependefitwe conclude thaE;; decreases with
, increasing pressuifdq. (1)]. This conclusion about suppres-
0 5 10 15 20 25 30 35 sion of Jahn-Teller distortion by pressure is also supported
by recent pressure work on CyQlystems?!
A further argument against tha,> 2 exciton explana-
FIG. 3. Relative pressure dependence of two-magnon Ramaion of ~4000-cm ! absorption is the fact that this feature
and ~2800- and ~4000-cmi! absorption peaks. Room- Correlates with two-magnor 2800-cm ! absorption in dif-
temperature data for the Raman and both MIR absorption peaks aferent cuprates! The ratio of the~4000-cn1 * feature to the
in very good agreement. The different slope for the 80-K Ramariwo-magnon ~2800-cm ! feature is equal to 1.38) in
data is discussed in the text. La,CuQ,, 1.372) in SrCuO,Cl,, and to 1.372) in

0.0

Pressure (GPa)
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Nd,CuQ,, while two-magnon IR feature is found at prates tha_n previously thought. For gxample, a local “spin
3330 cmtin La,CuQ,, at 2880 cm!in SL,CuO,Cl,, and  liquid” region of RVB-like correlated singlet states may sur-
at 2730 cmt in Nd,CuO, (all frequencies given at 10)¢!  round the plaquette of flipped spiffs. _

It is highly unlikely thatds,2_, exciton correlates with two- _ Finally, there are reasons to believe that the coupling of
magnon feature in L&uO, having Cu atoms surronded by € Cu-O strétch phonofP) to the four-magnori4M) may

octahedrally coordinated oxygen atoms, iBGIO,Cl, hav- be anomalous in the cuprates. In this regard the spin-1/2

. . . . . cuprates are special, as quantum fluctuations are maximal
ing apical Cl ons, and in I\L(Ilug Wh'Ch. has square planar and the exchange coupling is unusually strong. Hence four-
oxygen atoms with no apical ions. This would actually be

) . . . . magnon creation is quantum enhanced and the magnon-
possible if the strong Cu-O in-plane bonding dominates th%hognon coupling ene?gy is unusually large. For thesegrea-

exciton energies. However, it is then very difficult to recon-sons, composite 4MP excitation may have an effective

i”io(gge Ig\/lv V.?rllufh. of 'E]ahn—TeIIer ?%'ltﬂn%ei4%th charge much larger than perturbation theory would predict. It
cm -, Wi IS extreme case ol Jann- [ elier distor ;¢ insightful to examine the 4MP bond texturéis real

tion when z;plcal lons are completel_y re”?°"§921ff°m the space that result from different 4M and® wave vectors.
octahedral ligand complex surroundingCuon.?®

In the LS model, the symmetry-breaking phonon is Cru_From this simple approach, it is cle@ia examination of the

. ) L affected bondsthat the 4MP interaction is attractive. To
cial to the appearance of multimagnon excitations, as th

crystal structure has inversion symmetry. Without the phogogp(le_g)aqwig nﬁgg}?nllt r(]j?er?sl\i/tkyp L}fnslsg:ezav\cﬁ ev;]ailg/e;r\]/etﬁéor

non, magnon pairs are electric dipole forbidden. The :specifi%One boundary. FoiQ=(/a,w/a), the plaquette of 4

phonon involved is the Cu-O stretctbreathing modg : : . “ )
which modulates the Cu-O bond length and hence the supe];l—'plomj spins favors the same bond variations as the “breath

exchange coupling. Consequently, this phonon strongly in- gi (rgofi /agh%rlo?+w7:[?a_o?' Va']n;:fr tﬁgra:&%n ?:s?:r;sblzts
teracts with magnons. Surprisingly, the energy of th " — '

ex ‘- ! 4 . ; o
~2800-cm~! bimagnon absorption is almost degenerated'menzed rows, possibly signaling latent tendencies within

with the two-magnon Raman peak, while the phonon energthe undoped insulator that contribute to stripe formation once

is ~580 cm !. This results from a near cancellation of the ¥ioped holes are introduced.

. . . In conclusion, high-pressure midinfraréIR) absorp-
magnon-magnon interaction with the phonon enefgyhe ion and two-magnon Raman spectra of the insulating anti-

. i
%Vgr;qn;ﬁ?&?]rllﬁgm@?]gzzi iﬁgesmgdﬁgg irgac?gr?]ri]ngzrds \év'%rromagnet SCOC clearly identifies the narrow
P 9 Y ~2800-cm t absorption as a quasibound bimagn@wo-

pairs atk=(,0) where the magnon-magnon interaction ISmagnonnL optic phonon, as its pressure coefficient is iden-
larger. The presence of the phonon should, at some Ieve{.

alter the precise proportionality of the peak energyts) ical to the two-magnon Raman excitation. The measured

However, there are two factors that apparently suppreés th ressure coeff|C|$nt of the broad absorption peak centered
A 2 . ear~4000 cm - is closely similar. Both its energy and

g?i;rgcftr'grr; ;ILStr,n;Z?no%uslksoefchr? d M;Er ?;&?ﬂ;ge;%ﬁ pressure dependence are consistent with an unusual four-

value for the relative pressure dependence of the Cu-O ph(l)%agnon+ phonon(4MP) excitation. This excitation is ge-

B o 1 heric to all layered cuprates, yet its spectral weight is unex-
gon modes of-0.9-1.25% GPa, i.e., very close to that of pectedly ~10? times larger than predicted by theory. The

We believe that the remarkable enhancement of the 4M|§bsence of 4MP excitations in isostructural spin-3Ni,

: ) . : . strongly argues that more extended spin couplings, quantum
specfcral vv_elght points to different phy_3|cs. More detailed cal-f uctu%t)i/ong and/or magnon-phonon c%uplingparg pla?ying an
culations including effects such as ring exchange have no{ '

explained the discrepan@yWe suggest that interactions be- Unanticipated yet crucial role in the cuprates. The interac-

g : 4 -~ tions responsible for these unusual absorption features give
yond nearest neighbor are likely important. Exchange inter- S . . .

. . important insight into the latent interactions coupling charge,
actions beyond nearest neighbors are known to be non-

o i 6 . o spin, and lattice degrees of freedom in the cuprates. As such,
ne_gllg|ble In 59002' and_hkely affec_t the high frequgncy they may also be relevant to the behavior of the doped com-
spin dynamicg’ Hence this 4MP excitation may provide a

S ; . .pounds.
sensitive test for calculations using a more extended sp|R
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also point towards an important role for quantum fluctua-DMR-952703. V.S., A.G., H.M., and R.H. thank S. Gramsh
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