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Coexistence of dimerization and long-range magnetic order in the frustrated
spin-chain system LiCu0,: Inelastic light scattering study
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Raman scattering studies of the frustrated spin chain system,QiCare reported. Two transitions into a
magnetically ordered phadéaken place at temperatures9 and ~24 K) have been confirmed from the
analysis of optical properties of the samples. Interestingly, two different magnetic excitations, seen at 100 and
110 cm'! in the magnetically ordered phase superimpose each other independently, indicating a coherent
coexistence of long-range magnetic order and dimerization. The observed phenomenon is attributed to mag-
netostructural peculiarities of LiGD, leading to the intrinsic presence of magnetic/nonmagnetic impurities on
a nanometer scale. In particular, magnetic impurities play a significant role in driving the transition from an
incommensurate state to & &lerdered one at 9 K.
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Theoretical and experimental investigations of low-clear. In addition, with decreasing temperature a reduction of
dimensional spin systems with frustration and dimerizatiororthorhombic strain has been obserfe@ihese magneto-
have been boosted by the discovery of the inorganic spinstructural peculiarities of LiC4D, provide a good opportu-
Peierls system CuGed Such a frustrated spin-chain sys- nity to investigate the influence of a variety of magnetic and
tem shows a rich phase diagram, including both gapped andonmagnetic impurities on magnetic property of a frustrated
gapless phasésas well as disorder-induced long-range or-spin chain system.
dering, coexisting with a dimerized stat®ariational calcu- Raman spectroscopy has proven to be an extremely pow-
lations suggest that the resonating-valence-bond character efful technique to probe magnetic excitations and spin-lattice
spin correlations at short distances can be responsible for theteractions in a low-dimensional spin system with unprec-
enhancement of antiferromagnetisFM) correlations near edented precisiohThe main motivation of this work is us-
vacancie$;” that eventually results in long-range AFM order, ing Raman spectroscopy technique to study the nature of
locally coexisting with the disordered dimerized phase. Suclyround state and the magnetostructural peculiarities in quan-
a coexistence was observed in some other doped systemgm AFM LiCu,O,. In the following we will show the co-
with reduced dimensionalityfor instance, in highly hole- herent coexistence of long-range ordered states with dimer-
doped chain material §§{CuQ, (Ref. 6] and appears to be jzed state induced by nanoscale defects. Further, we propose
a fundamental property of low-dimensional quantum sping possible mechanism for a disorder-induced long-range or-
systems. o ~ dering in the studied system.

LiCu,0; can be regarded as a realization Ba1/2 spin The single crystals were grown using a self-flux method

chain with_competing nearest- and next-nearest-neighbatyy characterized by a microstructural analysis and thermo-
interactions’~*! This compound has an orthorhombic crystal dynamic measurements as described in Ref. 10. The single

structure of a space groupnmawith the lattice parameters o yqiais are microscopically twinned and contain LiCuO-
a=5.72,b=2.86, andc=12.4 A’ There are monovalent impurity phase. Raman spectra were measured in a quasi-
and bivalent copper ions in the unit cell. Magnetic“Cuons backscattering geometry with the excitation line 514.5 of
form a double chain along thk axis, which is separated a Ar' laser with the power of 10 mW and were analyzed by

from each other by both Li ions and planes with nonmag-, | or-xy spectrometer and a nitrogen cooled charge-
netic Cu" ions. The two separate Cu chains within thecoupled device detector.

double-chain structl_Jre are coupled via a nearly 9Q° OXygen Figure 1 displays Raman spectra in parallgk) and
bond along_ thec axis. At eIev_ated temperatures h|gh-f|_eld crossed Xy) polarizations &3 K aswell as @ 5 K and room
e:ectron spin rr]eso_nameSOI?; glvgs e}gdence fqr alspln sin- temperature irxx polarization. Here th& axis is an arbitrary
glet state with spin gap ~7 . K'. Interestingly, upon irection in theab plane. Raman spectra iy polarization
coollng_a spin smglet_state transits into a Ionlwlg-range ordered, pipit the same behavior as thosexr polarization with
state with helimagnetic structure 8, ~24 K.= Some bulk \ eaer intensity due to a twinning of the single cryfal.
measurements point to the presence of a second lowrhus, the observed spectra can be regarded as an average
temperature transition with a collinear AFM structure atof all ab plane polarizations. Subtracting the acoustic
10 o ; NG .
Tc2~9 K. Both transitions are attributed to an intrinsic (By,+B,,+Bs,) modes the factor group analysis of the
nonstoichiometry and the effect of nonmagnetic and/or magspace groufpnmayields the following Raman- and infrared-
netic impurities:®*! However, the exact origin is not yet active modes; 184(aa,bb,cc)+5B;4(ab)+10By,(ac)
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FIG. 2. Low-frequency Raman scattering of LKQy. Quasi-
elastic scattering and two different kinds of two-magnon continua

200 400 600 800 1000 1200 1400 have been observed.
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chain system (VO)P,0,.213The smallness of the observed

FIG. 1. Raman spectra of LiGO, in parallel (xx) and crossed  softening is related to the big difference in energy scale be-
(xy) polarizations at 3 Kupper panélas well as at low and room tweenJ~66 K and the optical phonon energy 6f700 K
temperature in parallel polarizatiglower pane). The arrows indi-  \which mediates the exchange paths along the double chain.
cate additional phonon and magnetic signals which appear at '0‘High-resolution x-ray diffraction measuremehstiow a sub-
temperégure. Inset: Temperature dependence of the 494 a’giantial increase of orthorhombic straia-{ b)/(a+b) upon
562 cm* phonon modes. heating. Transition metal oxides may show a decrease of the

orthorohombicity with increasing temperature, since ther-

+5B34(bC) +5A,+ 9B, +4B,,+9B3, . At room tempera- mally activated lattice vibrations reduce the strain. Normally,
ture we observe 12 Raman-active modes out of the maxiphonon frequencies shift to higher energy, linewidths
mally expected 15 modes &b plane polarizations. A broad broaden, and integrated intensity of some phonon modes de-
band extending from 850 to 1300 crhis an overtone fea- creases. The studied system follows the behavior expected
ture of the first-order signals between 400 and 650 tm for usual systems despite the opposite behavior of the orthor-
This might be due to strong anharmonic lattice interactiondiombicity as a function of temperature. To clarify the seem-
and/or resonant scattering. ingly inconsistency between local and bulk properties de-

With decreasing temperature both new phonon modes andiled studies of structure as a function of temperature are
magnetic continua show up in an intriguing manner. First, weneeded.
focus on phonon anomalies which reflect changes of the lo- We will turn now to distinctive features of magnetic ex-
cal symmetry and bond strengths. Upon cooling new phonogitations observed at low temperatures and low frequencies.
modes at 475 cm' and 518 cm! appear below 55 K and As Fig. 2 displays, &3 K a broad asymmetric continuum
200 K, respectively. The former temperature corresponds taround 100 cm? is seen. With increasing temperature the
roughly the exchange constant #f-66 K (Ref. 1) while  continuum shifts to lower energy while damping increases.
the latter one is related to the appearance of the spinap.At the same time, a quasielastic scattering response and a
Note here that the number of the observed 14 modes in the@eak continuum around 110 ¢rh develop. Although the
low-temperature region is still smaller than the predicted onerystals are twinned, the dynamics of low-dimensional spin
(15 modeg, suggestive of no reduction of crystal symmetry system can be well resolved by Raman spectroscopy. This is
at low temperatures. In addition, almost all phonon modedecause magnetic Raman scattering of low-dimensional sys-
become sharp and intense while the Cu-O bending anttms contributes selectively to the polarization direction in
stretching modes show significant changes as the inset aefhich the incident and scattered light is parallel to the domi-
Fig. 1 displays. Upon cooling the 494 ¢ and the nant exchange paths. Thus, twinning does not add an essen-
562 cm ! modes undergo an appreciable hardening ofial difficulty to interpreting magnetic signals. To clarify the
5-8 cm ! and then saturate arouffd=55 K. Upon further  relation between the magnetic excitations and the structure
cooling they soften slightly while showing a tiny jump at 50 of magnetic ordering observed in the bulk material we will
K. Noticeably, a softening takes place around temperature distinguish three phases following Ref. 10} magnetic or-
the exchange constadt-66 K.'! Thus, a softening below dered phaseT<9 K, presumably with collinear AFM struc-
50 K can be attributed to a renormalization of phonon energyure), (1) helimagnetic ordered phaée(9 K<T<23 K),
via spin-phonon coupling, similar to the alternating spin-and(lll') dimerized phaseT>23 K).

104421-2



COEXISTENCE OF DIMERIZATION AND LONG-RANGE . . . PHYSICAL REVIEW B 69, 104421 (2004

= 2D case, the peak energy of 2.7 J imposes a lower boundary
10 » 1D $=1/2 . ' )
- '\+\(Li0u202) tatalo / 2D $=1 of the exchange constalitin frustrated chain systems the

X R~

T | ® N " oy q° ‘% one-magnon dispersion is given byw(k)=J[1

% '\ '\v \ ° : / i § —a coskd)/2] with the frustration parametexr and the

= 09| ol \ . / | gios2 | g chain repeat vectod.'® In the noninteracting case 2M scat-
s IR |/ Geu0d ), 5 tering is given by twice the magnon density of states. Thus,
g - \ | 2D s=1 /' Y P %' the peak energy corresponds 302+ «). If we assume a

& ARS=1z ® ® /I ] 2 renormalization of the peak energy due to magnon-magnon
g 08 - I [ = interactions by the order afa, then an upper boundary of

—t 1 L one obtains 52 KJ<70 K from the peak energy of 140 K
05 1 15 2 0 05 .y : .
Nor. temperature ( T/T ) (=100_ cm -). This value ent_:ompassé; 66 K obta!ned
by a fit of a frustrated chain model to the static sus-
FIG. 3. Comparison of renormalized frequensft pane) and ceptibility.ll

damping(right pane) of two-magnon continuum as a function of ~ In the following we will discuss the phases Il and IIl.
spin number and dimensionality. The higher-dimensional data ar@uasielastic scattering develops in the respective tempera-
taken from Refs. 16 and 17. The dashed vertical line marksed Ne ture interval. In addition, a weak continuum extending from
temperature. 102 to 120 cm?® becomes clearly distinguishable from the
broad 2M continuum. This continuum persists up to 200 K,
that is, into the dimerized phase Ill. We thus assign the ob-
served signal to a 2M continuum which corresponds to a
double spin-flip process of two singlets into a higher singlet
state? Since the onset of the continuum corresponds to twice
the spin gap, one obtains a spin gapA\et 73 K. This value
& in excellent agreement with~72 K from high-field ESR
'®. measurement?.

[ ]
v
.v#l/+ 41 the exchange constant is roughly given by. 2o conclude,
1
1

o

In phase | the broad continuum extending from 40 to
130 cm'! is observed. This continuum persists as a wing
feature of quasielastic scattering up Te=21 K (2.3T¢)).

This feature is typical for two-magnd@2M) scattering origi-
nating from double spin-flip processes via the exchang
mechanism in antiferromagnets with collinear structd
Therefore, we identify phase | to be &leordered withTy However, we find no evidence for the presence of addi-
:Tc2:9 K. tional magnetic excitations in the magnetic long-range or-
The evolution of the 2M spectrum reflects mainly the dered state II. The silence of magnetic Raman scattering
temperature dependence of short-wavelength magnon engfeems to be related to the incommensurate helimagnetic
gies and lifetimes® Thus, the persistence of 2M scattering to structure suggested in Ref. 11. In contrast to the 2M con-
severalTy can be interpreted in terms of the presence oftinuum from the Nel ordered state, the 2M continuum from
short-range magnetic fluctuations damped by thermal flucsinglet states shows no noticeable change in peak position as
tuations. In Fig. 3 its temperature dependence of the normalvell as intensity as a function of temperature. This is due to
ized 2M frequency and the full width at half-maximum is the narrow bandwidth of triplet excitations compared to the
presented together with higher dimensional res@itS. magnitude of the spin gap. Moreover, two 2M continua are
Magnon-pair energies of LiGD, [one-dimensiona{lD) S  simply superposed to each other independently. This indi-
=1/2] are renormalized only by 3% &j. In contrast, the cates that in phase Il short-range singlet correlations and the
magnon-pair spectral weight is renormalized by 25% @t helimagnetic ordered state coexegiherently Furthermore,
for 3D S=1/2 systems and by less than 5% for 3>1  the simultaneous observation of magnetic excitations from
systems®’ The damping does scarcely take plac@gtfor ~ Neel order and singlet correlations in phase | can be inter-
LiCu,0,. However, it strongly increases as the dimensionpreted as the coherent coexistence of an antiferromagnetic
and spin number increase as the right panel of Fig. 3 dislong-range ordered and a dimerized state which are mutually
plays. The higher dimensionality and spin number are, thexclusive. Note here that the dimerized state is robust in the
larger are changes of spectral weights at an energy sca@murse of the evolution of magnetic structures and their cor-
comparable to the N temperature. This is related to the responding magnetic correlations. As mentioned above, such
fact that the Nel temperature is not an appropriate energya coexistence has been reported in the impurity-doped spin-
scale for magnetic excitations in low-dimensional systemsPeierls system CuGeQRef. 3 and the highly hole-doped
Compared to higher dimensional systems, the robustness qtiasi-1D cuprate $£{CuQ,.® The introduction of nonmag-
spin-fluctuation dynamics at the energy scal@ gfconfirms  netic impurities to dimerized states produces a local moment
the low-dimensional character of the studied system. by breaking up dimers. With aid of higher-dimensional inter-
The frequency of the 2M peak allows an estimate of theactions long-range ordering occurs at low temperatdreis
unrenormalized AFM exchange constant between coppatisorder-order transition scenario might be applicable to the
spins. The exact determination of the exchange constant istudied system as the dimerized phase of LiQuis intrin-
the studied system is impossible because no theoretical cadically contaminated by a LiCuO impurity phase which has
culation for a double-chain system is known. However, onecopper ions in a nonmagnetic Cwxidation state. The Li-
can make a reasonable estimation using not too stringel@uO phase is estimated to be less than 10% of the total
assumptions. Because of frustrations, the magnetic behavieoblume. It is arranged almost regularly in the form of plate-
of LiCu,0, lies between 1D and 2D antiferromagnet. In thelets with the dimension of 1007 x 100 nn? (Ref. 10. It is
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thus natural to expect that similar to a single-site dopant, Temperature (K)
such nanostructural nonmagnetic inclusions  break 0 50 100 150 200 250 300
CUP"-CW* bonding along the chains, enhance three- sk ' T
dimensional interactions, and eventually promote AFM long- CEl,
range order at low temperatures. S 4r
However, within this mechanism it is difficult to capture £ 3t
the following features. First, the presence of a helimagnetic %
state is not explainable because for the introduction of dop- 3 2[ static susceptibility
ants the interaction between local moments has an alternat- & N | ®  quasielastic scattering
ing sign. That is, its sign relies on whether the two local = [y A ESR

moments belong to the same or to opposite sublattices. As a 0

result, frustrations are lifted and an AFM ordering is favored. z . - (b)
. . . c gl — magnetic specific heat

Second, the transition of an incommensurate phase into the = B magnetic specific heat derived
Neel ordered oneta9 K is driven by the presence of the < from quasielastic scattering
magnetic L}CuQ, impurity.** Third, the 2M signal from a o

; =
long-range ordered state is much stronger than that froma =
dimerized phasésee Fig. 2. All these observations indicate [
the predominance of a long-range ordering over a dimeriza- %’ -
tion as well as the dependence of the magnetic structure on -

the kind of impurities, signaling the significant role of mag-
netic impurities. In the following we present a possible sce-

nario. . . Lo . . . FIG. 4. (a) Comparison of the intensity of quasielastic scattering
Upon cooling dllut('e magpetlc impurities which lie mos't (full rectangle and ESR(open triangl¢ to static susceptibility

probably between spin chains undergo long-range orderingid Jing) taken from Ref. 10(b) Mapping of the magnetic spe-

via 3D interactions. Then, the long-range ordered impuritie;ific heat derived from quasielastic scatterifigl rectanglé on the

can be regardec! as foeCtiV? magnetic fields indUQing |0”Qmagnetic specific heat obtained by subtracting the phonon contribu-
range ordering in spin chains. The observed helimagnetigon (solid line.

state is due to the compromise of AFM order with strong

in-chain frustration. Furthermore, two successive transitions .
at 22.5 K and 24.2 KRef. 10 reflect an intriguing interplay overall good correspondence between integrated ESR and

of magnetic impurities between chains and nonmagnetic inguasielastic intensity. However, they show a substantial de-

chain impurities on the background of the incommensurat¢/ation from the static susceptibility below 45 K. Here note
spin structure. Upon further cooling, depending on the presthat ESR probes excitations within excited states which
ence of the LiCuO,-impurity, the Nel ordered phase will Originate from the low-dimensional character of interactions
appear at about 9 K. This indicates that the collinear magl? LiCu,0O, as the drastic drop of its intensity below 45 K
netic structure of the LICUO, impurity promotes the transi- shows. Thus, one can see that ESR and Raman spectroscopy
tion of the incommensurate phase to the commensurate on@€ selectively sensitive to disordered short-range correla-
Finally, we will discuss the quasielastic Raman respons&ons. In contrast, the static susceptibility becomes dominated
observed above 10 K. Our experimental setup is carefullypy 3D short-range-order antiferromagnetic correlations be-
adjusted to suppress Rayleigh scattering. Therefore, the olew 45 K. In Fig. 4b) the magnetic specific heat derived
served intensity is intrinsic and origins from fluctuations of from the quasielastic scattering is shown together with the
the energy density of the system. Its presence is a remarkabigagnetic part of specific heat obtained after subtracting a
feature of low-dimensional system with strong spin-phonorcalculated phonon contribution from the measured specific
coupling? heat. In the temperature interval 12T <40 K there is a
According to the theory of Reitétand Halley;' the scat-  reasonable matching between them. The difference above 40
tering intensity is given by the Fourier component of theK can be attributed to an overestimation of the phonon con-
correlation function of the magnetic energy densitfw)  tribution to the specific heat at high temperatures by choos-
w7 dte”"“NE(k,t)E* (k,t)), where E(k,t) is the mag- ing only one Debye function. The discrepancy below 12 K
netic energy density. In a hydrodynamic assumption for th&eomes from the suppression of fluctuations of spin energy
correlation function in the high temperature liffithe above  density in the Nel ordered phase.
equation is simplified to the Lorentzian profilé(w) A maximum ofC, can also provide an information on the
«[ C,, T?D1k? w?+ (D+k?)?], wherek is the scattering wave exchange constant. In the case of 1D AF chain the magnetic
vector, D+ the thermal diffusion constant, ar@l,, the mag-  specific heat has a broad maximum lgfT~0.481]. The
netic specific heat. In this case, magnetic specific heat ifustration shifts the maximum df,, to lower temperature,
proportional to the integrated intensity divided B. Using  kgT~0.381.2% This results inJ~60 K which is consistent
this relation one can map scattering intensity on thermodywith the value obtained from the peak position of the 2M
namic quantities. Figure(d displays integrated intensity of scattering as well as from the static susceptibility.
guasielastic scattering together with ESR intensity and static In summary, a Raman scattering study of the frustrated
susceptibility as a function of temperature. There exists aspin chain compound LiG®, unveils a coexistence of

Temperature (K)
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dimerized correlations and long-range order as a cohereitope that our experimental observations will stimulate fur-
superimposition of a dimerized state with a spin gap ther theoretical investigations devoted to understanding mag-
~73 K on a two-magnon continuum from a’&leordered netic properties of frustrated spin chain systems including
state shows. This is attributed to nanoscale sized magnetipdlagnetic/nonmangetic defects.

nonmagnetic defects. Moreover, the transition of a helimag-

netic state into a Na ordered one suggests a significant role  The work was supported by Grants Nos. DFG/SPP 1073,
of magnetic impurities in an incommensurate magnetic struclNTAS 01-278, and NATO Collaborative Linkage Grant No.
ture as a driving impetus to a commensurate structure. WBST.CLG.977766.

IM. Haseet al, Phys. Rev. Lett70, 3651 (1993. 13U. Kuhlmannet al, Phys. Rev. B66, 064420(2002.

2p, Lemmenst al, Phys. Rep375, 1 (2003. strictly speaking, the phase transition into a helimagnetic phase
3LP Regnaulet al, Europhys. Lett32, 579(1995. around 23 K consists of two successive transitions at 22.5 K and
4G.B. Martinset al, Phys. Rev. Lett78, 3563(1997. s 24.2 K (Ref. 10. The possible origin will be discussed below.
SE.S. Soenseret al, Phys. Rev. B58, R14701(1998. Lo A Fleuryetal, Phys. Rev166, 166(1969. _
5G.I. Meijer et al, Phys. Rev. BS0, 9260(1999. M.G. Cottam and D.J. Lockwood,ight Scattering in Magnetic

Solids(Wiley, New York, 1986.
P A. Fleuryet al, Phys. Rev. Lett24, 1346(1970.
18K B. Lyonset al, Phys. Rev. B37, 2353(1988.

"R. Bergeret al, J. Alloys Compd.184, 315(1992.
8B. Roessliet al, Physica B296, 306 (2001).

12 Vorotynov et al, JETP86, 1020(1998. 19D A. Tennantet al, Phys. Rev. B57, 054414(2003.
S. Zvyaginet al, Phys. Rev. B56, 064424(2002. 20G.F. Reiter, Phys. Rev. B3, 169 (1976.
117 Masudaet al, cond-mat/031012€unpublishedt A.A. Gippius  213.W. Halley, Phys. Rev. Letd1, 1605(1978.
et al, cond-mat/0312706unpublishedl 22B |, Halperinet al, Phys. Rev188 898 (1969.
2M. Groveet al, Phys. Rev. B51, 6126(2000). 23H. Kuroeet al, Phys. Rev. B55, 409 (1997.

104421-5



