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We report on®’Li nuclear magnetic resonance measurements of the spin-chain compoun®} i@itthe
paramagnetic and magnetically ordered states. Below 24 K the NMR line shape shows a clear signature of
incommensuratélC) static modulation of the local magnetic field consistent with an IC spiral modulation of
the magnetic momentgLi NMR reveals strong phason-like dynamical fluctuations extending well below
24 K. A series of phase transitions at 24.2, 22.5, and 9 K is observed. Local density approximation based
calculations of exchange integrals reveal a large in-chain frustration leading to a magnetical spiral.
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Despite extensive efforts during the last decades spin opoint to a broad distribution of magnetic fields at the muon
dering in frustrateds=1/2 quantum spin chains still remains stopping sites. LSDA+U) calculations point to a FM in-
a matter of broad activities® Rich phase diagrams with chain orderind?® However, a simple FM ordering is in con-
commensuratéC) and incommensuratéC) phases, with flict with the uSR datd' and the AFM dimer liquid
spin- and charge ordering, dimerization, or superconductivityicture? Thus, to settle origin and character of the spin
have been predicted. Most studies have been focused on vadrdering in LiCyO, further studies are required. NQR and
ous cuprates with corner- or edge-shared Cpdquettes. NMR measurements being a local probe are standard tools to
Edge-sharing of Cupplaquettes leads to Cy@hains with a  elucidate the electronic and the magnetic structure. However,
nearly 90° Cu-O-Cu bond angle causing a reduced nearethie Cu NMR signal in LiCwO, stems presumably from non-
neighbor (nn) transfer and a next-nearest neighkionn) magnetic Cti* ions® and reflects mainly the disorder due to
transfer of similar size allowing frustration effects. IC spiral Li-Cu non-stoichiometry to be discussed elsewhere. We have
states driven by ferromagneti&M) nn exchange and in- Performed ®Li NMR measurements on large single
chain frustration have been predicted theoretically for CuO CTystal$* at several temperatures both in the paramagtietic
chain compounds such as £3CusOy, but discarded and in f{he qrdered phases. The spectra were measured for
experimentally’:® The observation of in-chain IC effects in tWo main orientationsHll(a,b) andH L (a,b), and by 10°
undoped quasi-one-dimensional cuprates is so far restrictedfeps inbetween, by sweeping the magnetic field at a fixed
by a sharpmagnetic field driverC-IC transition observed in frequency of 33.2 MHz, the signal was obtained by integrat-
the spin-Peierls system CuGg@t high magnetic fields. Ing the spin-echo envelope. In the paramagnetic stte
Here we report orf’Li nuclear magnetic resonance mea- =45 K) the 'Li NMR line (Fig. 1) has a full width of 0.01 T
surement$NMR) and local densityL DA ) based analysis of (at the basemepaind shows a typicaffor al=3/2 nucleug
the electronic and magnetic structure of the chain compounfirst order quadrupole splitting pattern with,=51.7 kHz.
LiCu,O,. We show that the observed spontaneous magneticor T<24 K a dramatic change of th&i NMR line shape
order can be described by a spiral modulation of the magis observed. In general, the [oWNMR line shape shows a
netic moments. Independently, LDA calculations and a subwide continuous symmetric distribution which evolution is
sequent Heisenberg-analysis reveal strong in-chain frustr@presented in Fig. 2 for thelll(a,b) geometry. In the ordered
tion driving spiral ordering in accord with the NMR data. phase we still deal with a strong and narrow central peak but

LiCu,0, is an insulating orthorhombic compouritt’®  with a well developed inhomogeneously broadened base-
with bilayers of edge-shared €40 chains running parallel ment. LoweringT the central peak weakens and disappears
to the b axis separated by Ctiplanes. It exhibits a high- nearT=10 K, while the basement gradually evolves into a
temperature antiferromagngd=M)-like Curie-Weiss sus- well-defined sextet whose full width exceeds by a factor of
ceptibility x(T). Low-temperaturex(T) and specific heat 30(!) that of the paramagnetic phase. A similar situation
studied'!! point to a series of intrinsic phase transitions attakes place iH L (a,b) geometry, but, with a specific quar-
T=24.2 K, T=225K, andT=9 K pointing to a complex tet shape of the low- saturated NMR spectrunFig. 3).
multi-stage rearrangement of the spin structure. MagnetizaSuch spectra are unique signatures of an infinite number of
tion studies performed in external fields up to 5 T did notnon-equivalent Li sites. They correspond to an IC static
reveal any signatures of field-induced transitiguSR datd®  modulation of local field$>-"To discriminate between mag-
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FIG. 1. (Color online The “Li NMR spectrum atT=45 K for
different orientations of the magnetic field with respect todlaeis. FIG. 2. (Color onling The 'Li NMR spectra taken at various
The solid curve on the upper spectrum: our simulation. temperatures below the critical temperature of the magnetic order-
ing. The magnetic field is directedto thea(b) axis.

netic and electriqquadrupolg effects we have performed (o ) magnetic field points to a spatial modulation of all

parallel °Li NMR studies:® The puzzling closeness of tWo e spin components. Hence, we are led to consider com-
NMR ‘spectra below the critical temperatu(Big. 3, ©Op ey spatial spirals with a modulation of the longituditg))
pane) unambiguously points to a distribution of local mag- as well as of the transverséS,y) spin components. The
netic fields as the origin of the observed phenomena. Thgpecific quartet line shape for ihdu(a b) geometry and
additional local magnetic fielth(R) seen by a nucleus at a the sextet one forH(a,b), with equi\,/alent signals for
site R near a Cu@chain can be directly converted to a local Hollb, Hylla, and the fielé o}iented along the diagonakin

spin polarization on the neighboring sit&R+r): h(R) ! ; ) ; .

- . . ] ] plane, yield constraints for possible types of spirals reducing
=2, A(r)S(R+r), whereA(r) is the anisotropic tensor taking supstantially their number. The measured NMR spectrum can
account of magnetic dipole aridupeitransferred Li-CO)  be well described by a simulation assuming a spin spiral
hyperfine interactions. Wheh<H, (the uniform external twisting along the chairb axis with identical modulation

magnetic field:Hy=Hg(sin ® cos®,sin © sin &, cosO)): periods both for the longitudinal and the transversal spin
S componentgk; =k,). Within the long-wavelength limit and
h==> [A,,c0s0 cosfR +r)+sin® sin AR +r) for a short-range hyperfine coupling the NMR field shift due
2
' 51.2 516 520 524 528 532 536 540 H(kOe)
X [cos DA, coS (R +1) + ) B[ B, i, 1

14 Hjc
T-4K

+sin (I)Kyy sin(p(R+r1) + ¢) 1],

where ;&xx:[Aix+A)2<y]1/2, AAyy:[A?/y'FA)z/x 1/2, ¢l and ¢)2 are

- 10
phase shifts. It should be noted that the IC structure can be 'g 6
described in different ways, both as a simple plane-wave or £
as a regular array of domain wallsolitonsg. If the concen- =08
tration of solitons is large enough, we arrive at a soliton 04
lattice. Below we assume a plane-wave modulated IC spin -

state, where the spin modulation phase is a harmonic func-
tion of the space coordinate in the direction of the modula-
tion (hereafterZ axis). Such a spiral spin structure we define
as follows: S(R)=S(sin 8(R)cos ¢(R),sin 6(R)sin ¢(R), 10
cos6(R)), where 8(R)=kiZ+ 6y, #(R)=koZ+ ¢y With Ky,
being IC spatial modulation wave numbers. In particular
cases this spin structure can be reduced to any types of C
states including simple FM and AFM ones. In the continuum
approximation the resultant NMR line shape for a static case
corresponds to the density of the local field distribution
g(2)=x|dH(Z)/dZ™* convoluted with the individual line 00 = = 2 RO

shapét® Actually the straightforward application of this pro-

cedure is restricted by rather simple particular cases. How- FIG. 3. (Color onling The 6Li and 7Li NMR spectra taken at

ever, the lack of a central peak and of any other sharp lines ia K. The solid curves in both panels show the results of our theo-
the NMR spectrum al=4 K for all orientations of the ex- retical simulation(see the text
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to a (supej transferred hyperfine coupling i L (a,b) 3 —] ﬁf ’I
geometry for the spiral with a “positive” twisting alony 040 \ \ XZ);;;“ Z,'

axis (kllb, or k>0) can be written as follows:h = i Y a "
=(SI4)(SA[SIN2KZ+ dy)-sin ¢,], where SSA,, is the € 0207 I g i
maximal value of the hyperfine field for the collinear spin T - \\ //
ordering assumed. The spectral density functioid) has a & 000

rather simple formg(H)x[1-(w(H)+sin ¢;)?] "2, with g [ / \W /
w(H)=4(H-Hy)/SA,. As a result we arrive at two singulari- -0.20 [

ties wi(H)=t1-sing, with a separation [H,—H_| I

=(S/2)A,. in between, shifted with regard tdd, by r X s ¥ rz u R
(S/4)A,sin ¢,. Taking into account both “positivelytk > 0) FIG. 4. (Color onling Band structure of LiC40, near the Fermi

and “negatively”(k<<0) twisted spirals we arrive at a spe- energy, with['=(1,0,0, X=(1,0,0, Y=(0,1,0, Z=(0,0,1, R
cific symmetric quartet NMR line shape. The situation looks=(1,1,1, S=(1,1,0, T=(0,1,1, U=(1,0,1 in units of 7/a,
slightly more complex for the “in-plane” geometry, where x/b,x/c, respectively. The inset shows a sketch of a bilayer with
we deal with two types of twins. Foryllb or a axis we  double chaing® and filled ¢) running alongb together with our
arrive at a superposition of two different NMR signals stem-notation for the main transfer and exchange processes.
ming from differently oriented twins, witlyllZ or Hy 1L Z,
respectively. The former are described by a simple expredial, especially with respect to frustrations. In particular, the
sion for the NMR frequency shifth=(S/2)A,, coskZ with  ratio a=|Jnn/Jns in @ single-chain approach of the FM-
the well-known symmetric doublet line shaffewhile the ~AFM J;-J,-Heisenberg model is decisive for C order
latter yield a NMR response qualitatively similar to that of (a«<1/4) or IC one(a>1/4).2 To estimate the main transfer
H 1L (a,b) geometry. Thus we arrive at a sextet line shapeintegralst and exchange couplings we performed full po-
Making use of the Gauss convolution procedfinee suc- tential LDA calculations using the FPLO co#&The result-
cessfully simulate the NMR spectra both fdrL (a,b) and  ing bands near the Fermi energy, shown in Fig. 4, have been
Hll(a,b) geometry(Fig. 3). It is noteworthy that the current fitted by an extended tight-bindingB) model to obtain the
NMR study of IC phase does not yield information regardingt’s. The result is given in Table I. The in-chain dispersion
both the IC period and the absolute value of the spin ordegjong thek, directions(I'-Y) shows deep minima in the
parameter. Nevertheless, the simulation provides valuable innidqdle of BZ indicating the predominance of then trans-
sight into the effectivésupeitransferred C(0)-57Li hyEer- fer over the nn term with t,~-109 meV and [t
fine interacﬂons. In fact, we obtainS=A,]=~SZA.] ~64 meV, respectively. This causes a strong in-chain frus-
~3 kOe,S=A,,|~2.6 kOe. The large magnitude and close-tration ~ within the spin-1/2 Heisenberg modeH
ness of these parameters point to the predominance of ce-2(;y J;SS;. The AFM contributions to theJ's estimated
valently enhanced isotropisupejtransferred Li-C(O) hy-  within a single band Hubbard model are given &j™
perfine interactions as compared with anisotropic magneti&4tﬁ/u_ We adopt for the screened on-site repulsidn
dipole terms. It should be noted that our current approach3 eV as an appropriate val@&he result is given in Table.
implies implicitly a mutual collinear interchain ordering. A | The screened FM Heisenberg contributidh¥ (see Table
more detailed analysus of interchain coupling and. |mpur|ty|) have been found using Wannier functighsf Li,CuG,
effects are challenging problem left fc_>r fgture studies. which is closely related to LiGD, with respect to its in-

~ The discreteness of the crystal lattice is expected to causg,ain geometry and crystal field. The effective exchaifie
pinning with a tendency to lock in the IC wave vector for aig given by the sum of the two former contributiofsee

spiral at C values and might give rise to a “Devil’s staircase” o

typpe behaviot® We hypotgrj\es?ze that LiGD, with a series Table ). As one may expect for a nearly 90 @Cu bond

of phase transitions at 24.2, 22.5, and 9 K exhibits such gngle according 1o the Goodenough-Karjamorl rule, we ar-
behavior. This conjecture is supported by the temperaturgve at a nzelgatlve(FM) total nn in-chain exchangeJy
evolution of our NMR spectrésee Fig. 2 which reveals a — o-1MeVi® and at an AFM nnn exchange: J,
well developed central peak in a wide temperature range bé- +14.5 meV._ The main interchain transfer processs
low 24 K. This is a signature of strong low-energy dynami-Comparable with then term t,, but the corresponding FM
cal fluctuations of local magnetic field typical for acoustic- €Xchange contribution is small resulting j"'=5.7 meV.

like phase fluctuations, or phasons generic for IC structured 0" the small transfer termig, andt;, the corresponding FM
So, the first order phase transition at 9 K may be attributed t0  tag| E | LDA derived transfer integrals and exchange con-
pinning effects. Noteworthy the phason-like spin fluctuationssiantsy in mev, notation according to inset of Fig. 4.

may result in a sizeable frequency dependence of the trans-

verse relaxation ratd@,* affecting strongly the NMR line y 2y X % Xy

shape. These effects differ substantially for different singu

larities in the NMR line shape, in particular, they maybe |t| 64 109 73 18 25

responsible for the weak intensity of the outer doublet in thegA™ 55 15.8 7.1 0.4 0.8

NMR spectrum forH [[(a,b) geometry. JFMm -13.6 1.4 -1.4 - }
To elucidate the origin of the observed IC spin ordering, jeft -81 14.4 5.7 0.4 0.8

the knowledge of the relevant magnetic couplings is essen

020406-3



RAPID COMMUNICATIONS

A.A. GIPPIUSEet al. PHYSICAL REVIEW B 70, 020406R) (2004

contributions are expected to be very small and are ignoretly pinning effects is believed to be responsible for an uncon-
therefore. From the values in Table | we conclude thatyentional evolution of a low-temperature spin structure with
LiCu,0, is a quasi-2D system in an electronic sense buk series of successive phase transitions resembling the “Dev-
magnetically more anisotropic. Using the calculafé] we  jI's staircase” type behavior. Applying an independent ex-
end up witha~1 well above the critical ratio of 1/4. We tended TB and subsequent Heisenberg analysis based on
emphasize that for ad3arrangement of chains such as in| pa calculations we succeeded to elucidate a strong in-

LiCu,0, and the FM sign of), found, the in-chain frustra-  chain frustration and is this way also the microscopic origin
tion is theonly strong enough source to drive a spiral. Thus ¢ ihe magnetic spiral seen by the NMR.

LDA provides strong microscopic support for the scenario Note added in proofFrom x(T),:2 we found J;~ —J,
suggested by the phenomenological NMR analysis. In &_85 meV in comparison with refined LDA values
more realistic anisotropic multiple chain situatiag, would '

. e . . . J;=-13.9 and],=10.1 meV, wherdJ ~ 4 eV [suggested by
be sllghtly Iarger.. However, with~ 1 the ignored '”tefCha'r! a new analysis oj(T), XAS, and optical conductivity data
coupling and spin anisotropy should not change essentiall

. . o . . Ot Li,CuQ,] and a reduced screening fadtbhave been
our physical picture. This is at variance with the homoge—used. The extension of oul-J, FM-AFM single chain

L ; _ 6
nigui. FCM N ?hinl)otsi?; f;)nunc:] mt?%cuf?;? (rah Oi.nOS) model with respect to the interchain couplidgis straight-

al' E' uG, LC'(C O much sbq g?h f.etc al' ctgu- forward. For both signsk does not lead to frustration with
pling. Hence, LILEL; IS uniqué, in being the first realization respect to a FMJ; and results in moderate quantitative

of a long sought for spiral chain compound on the ferromag- . . . -
. X . . changes, leaving), the microscopic driving force for the
netic nn-J; side of theJ;-J, phase diagram. It is one of the heIingormatio\;: 9. ! P! Ving

most strongly frustrated cuprates we know.

In conclusion, we present the first experimental evidence We thank A. Vasiliev, J. Richter, J. Malek, W. Ku, and H.
of a low-temperature IC in-chain spin structure in an un-Eschrig for fruitful discussions. We appreciate support by
doped quasi-1D cuprafé.Below 24 K the’Li NMR line  Grant Nos. MD-249.2003.02, RFBR 04-03-32876, RFBR
shape in LiCyO, presents a clear signature of an IC static02-02-16369[A.G.], INTAS 01-0654, CRDF RU-P1-2599-
modulation of the local magnetic field consistent with a spi-MO-04 [A.G. and E.M] CRDF REC-005, E 02-3.4-392,
ral modulation of the magnetic moments twisted along theJR.01.01.042, RFBR 01-02-9640A.M.], DFG (SPP 1073
chain axis. The intrinsic incommensurability accompaniedS.-L.D.] and Emmy-Noether-prograiti.R]).
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single band effectivd =A=3 eV (Ref. 5, a screening factor
of 33 can be estimated resulting in J5V
=-13.6 meV andJj)'=-1.4 meV. This way we arrive for
Li,CuO, at X"=-7.6 meV and"=7.3 meV close to various
estimates in the literature.
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However, their interpretation in terms of a dimer liqefs. 1
and 2 is based on pure AFNI's and a planatab) spin structure
is inconsistent with our results.



