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ESR study of the frustrated S = % chain magnet LiCuVOQy in spiral and spin-modulated phases
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We report on the electron spin resonance (ESR) study of LiCuVO, in spiral and spin-modulated phases
(0 < woH < 10 T). The measurements have been made on high quality samples that allowed getting rid of
absorption lines arising from defects. In the field range of spiral phase (0 < uoH < 7.5 T) all observed branches
of the spectrum can be ascribed to uniform oscillations of planar spin structure. The ESR spectrum observed in
spin-modulated phase (1o H > 7.5 T) has two branches. One of them can be explained by uniform oscillations of
spin structure, whereas the second branch, surprisingly demonstrates only a weak dependence on field orientation,
which indicates the exchange nature of this mode. Allegedly this mode can be associated with soliton excitations.
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I. INTRODUCTION

Quantum-spin chains with frustrated exchange interactions
were among the most interesting issues for both experimental
and theoretical research in condensed matter physics in the past
decade [1-3]. The enhanced effect of quantum fluctuations
imposed upon a fine balance of exchange interactions leads
to a variety of novel ground states and phase transformations
in these systems [4-7]. LiCuVOQOy is an example of a quasi-
one-dimensional (quasi-1D) magnet with a competition of
ferromagnetic and antiferromagnetic exchange interactions
between nearest-neighbor (J;) and next-nearest-neighbor (J;)
in-chain magnetic moments. A helical incommensurate struc-
ture is stabilized in this system below Ty = 2.3 K as a result
of this particular combination of exchange interactions [8]. A
strong reduction of the ordered spin component of Cu>* ions
in this state (i) /up == 0.3 (Refs. [8,9]) provides evidence that
the system partially retains properties of 1D chains.

Moderate applied magnetic fields 7-8 T induce a trans-
formation of the spin helix into a collinear spin-modulated
(SM) structure when all spins are parallel to the field, with
their ordered components modulated along the chain with an
incommensurate period [10,11]. This transition may be related
to the field evolution of short-range chiral (transverse) and
spin-density wave (longitudinal) correlations for the 1D J;-J;
model [12].

In the field range just below the saturation field the theory
predicts the presence of a long-range nematic ordering [7,13].
The magnetic properties of LiCuVOy in this field range were
studied by nuclear magnetic resonance (NMR) and pulse
magnetization techniques [14,15]. These experiments have
specified the supposed field range where the spin nematic
phase can exist. The experiments discussed in our report were
performed at fields far below this range. This work is focused
on the magnetic properties of LiCuVOy in the helical and the
SM phases at lowest temperatures and the spin-liquid phase at
elevated temperatures.
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II. EXPERIMENTAL RESULTS

Single crystals of LiCuVQ,4 grown by the method described
in Ref. [16] belong to the same series as the samples studied
in our previous high field NMR and calorimetric experiments
[15,17]. Electron spin resonance (ESR) experiments were per-
formed with a transmission-type spectrometer using different
microwave modes of volume resonators in the frequency range
17 < v < 110 GHz. The magnetic field of a superconducting
solenoid was varied in the range 0 < puoH < 10 T. The
temperature was varied within the range 1.3 < T < 4.2 K.

Figures 1 and 2 show the frequency-field diagrams of
the ESR measured at H || a,b and H || ¢, respectively. The
spectra were obtained in the magnetically ordered phase at
T = 1.3 K. Examples of the observed ESR spectra are shown
in Figs. 3 and 4. The resonance absorption lines corresponding
to different branches are marked by I-V. The branches I
and II correspond to the low field range below the spin-flop
reorientation Hyy = 2.5 T for the field directed parallel to ab
plane of the crystal. At these fields the static field lies in the spin
plane. Branches III and IV are observed at H;y < H < H,,
where H, = 6.9 T forthe fields H || a,bandat H < H,., where
H, =64 T for the field H | c¢. These branches correspond
to the field ranges where static field is perpendicular to the
spin plane. The field H, given on Figs. 1- 4 with the dashed
line marks the field where the spectra drastically changes.
The values of H, are close to values of transition fields
from the spiral phase to the spin-modulated phase obtained
from magnetization experiments: 7.6 = 0.2 T at H || a,b and
6.7+02TatH | c[14].

The resonance absorption lines corresponding to branches
I-IV are in consent with more intensive ESR resonance
lines observed in the samples used in Refs. [10,18]. Weak
absorption lines, reported in these works, are not detected in
our experiments performed on the samples with controlled
quality.

The solid lines I, II and II, IV present the theoretical
computation of the ESR spectrum for a planar spiral structure
with uniaxial anisotropy below and above spin-flop reori-
entation [10]. The computations were done for a model of
exchange-rigid planar spin structure [19] characterized by
two susceptibilities x; and y, for the static field directed
parallel and perpendicular to a normal n to the spin plane
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FIG. 1. The frequency-field diagram of ESR measured at H || a
(red circles) and H || b (black squares) at 7 = 1.3 K. The dashed
line marks the field boundary between the spiral and SM phases.
The solid lines I, III and II, IV show computed branches of the ESR
for planar spiral structure before and after spin-flop reorientation.
The dash-dotted line shows the ESR mode in the paramagnetic state
(T = 4.2 K) with g, , = 2.08. The dotted line is the fitting result of
branch V with dependency: v = (g.up/h)(H — HY).

[10]. The anisotropic contribution to the magnetic energy,
within the model, was taken into consideration with the term:
U, = Dn? (D < 0). The solid curves are computed with the
following fitting parameters: x;/x. = 1.18 and frequency
gap of 30 GHz determined by uniaxial anisotropy. With the
field approaching H, the intensity of the mode IV decreases
and the field dependence of the resonance frequency deviates
increasingly from the theoretical calculations. This deviation
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FIG. 2. The frequency-field diagram of the ESR measured at
H | c at T =13 K. The dashed line marks the field boundary
between the spiral and SM phases. The solid lines III and IV
show computed branches of the ESR for planar spiral structure.
The dash-dotted line shows the ESR mode in the paramagnetic state
(T =4.2 K) with g. = 2.46. The dotted line is the fitting result of
branch V with dependency: v = (g.up/h)(H — H}).
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FIG. 3. The examples of ESR lines measured at H || b and
T = 1.3 K. The absorption lines are marked with symbols I-V in
accordance with the designation of Figs. 1 and 2. Red lines represent
the same spectra given in the expanded scale shown to the right.

can be qualitatively explained by an increase of anisotropy of
exchange susceptibility y;/x. from 1.18 to 1.3 in the vicinity
of transition. The dash-dotted lines in Figs. 1 and 2 present field
dependencies of the ESR frequency in paramagnetic state with
8ab =2.08 and g, =2.46 at T = 4.2 K. These values of g
factors are close to the values obtained in old samples [20].

Two excitation modes were observed in the fields above
H,: the quasiparamagnetic branch, III, and the low frequency
branch, V. According to Refs. [10,18] the quasiparamagnetic
branch does not demonstrate any singularity at the transition
field H., and also does not show detectable shift at the
temperature of transition to the magneto-ordered state. The
low frequency branch V starts at the transition field H, from
the frequency ~20 GHz and demonstrates monotonic growth
with the field.

The temperature evolution of the ESR absorption lines at
H | a and excitation frequency v = 26.2 GHz is shown in
Fig. 5. The transmitted power P is normalized to a unity level
at high fields (uoH =~ 9 T) for all records. P,(H) measured
at temperatures smaller than 2.9 K are shifted along the y
axis for clear representation. The spectra shown with colored
dotted lines represent the same spectra given in the expanded
scale shown to the right. The absorption line V shifts to
smaller fields and broadens with increasing temperature. The
small absorption corresponding to this mode was observed
even at temperature 7 = 2.9 K, which is higher than Néel
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FIG. 4. Examples of ESR lines measuredat H || cand7 = 1.3 K.
The absorption lines are marked with symbols III, IV, and V in
accordance with the designation of Figs. 1 and 2. Crosses mark weak
paramagnetic absorption lines from Diphenylpicrylhydrazyl (DPPH)
used for field calibration and cavity background. Red lines represent
the same spectra given in the expanded scale shown to the right.
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FIG. 5. The temperature evolution of ESR lines measured at
H || a and at excitation frequency: v = 26.2 GHz. Colored dotted
lines represent the same spectra given in the expanded scale shown
to the right. The absorption lines are marked with symbols I, IV, and
V in accordance with the designation of Figs. 1 and 2. Dashed lines
mark the field boundaries between magnetic phases at 7 = 1.3 K.
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FIG. 6. Examples of the ESR lines measured at H || b and T =
1.3 K and different polarization conditions: 4 || H and # L H. The
absorption lines are marked with symbols in accordance with the
designation of Figs. 1 and 2.

temperature Ty & 2.3 K. The Néel temperature is marked by
the shift of the absorption line I from the field of the electron
paramagnetic resonance.

Figure 6 demonstrates ESR absorption lines measured at
H || b, T = 1.3 K and different polarizations of microwave
field h parallel and perpendicular to external field. The sample
was placed in corresponding places within the resonator to
provide these polarizations experimentally. The absorption
line I is very sensitive to polarization of high frequency field.
According to the model of spiral spin structure situated within
the ab plane the branch II corresponds to oscillations of the spin
plane around the field direction [19]. As a result the excitation
of this branch must be effective at & | H, which agrees with
the observation. The branches IV and V can be successively
excited by both polarizations.

Figure 7 shows the temperature evolution of ESR absorp-
tion lines at H || ¢ and v = 53.1 GHz. A transmitted power
P, is normalized to a unit level at high fields (uoH > 2 T)
for all records. Py(H) measured at temperatures higher than
1.3 K are shifted along the y axis for better representation.
The absorption at all temperatures can be considered as
a combination of a Lorentz line and a field independent
absorption at fields below resonance. The red lines in Fig. 7
demonstrate the fitting result of experimental spectra by the
following expression:

A a

P,=1-— _ .
! 1+ [(H — Hg)/AH> 1+ eH-Ho)/Ah

The second term of the expression describes the Lorentz line
at the resonance field Hg. The third term phenomenologically
approximates the low field nonresonance absorption by Fermi-
like step function. Amplitudes A, a and line widths AH and
Ah are shown in Fig. 8 where both absorption parts are given
separately for the ESR line measured at 7 = 2.42 K and
v = 53.1 GHz. As shown in Fig. 7 the Hg shifts from the
resonance field in the paramagnetic state Hg = v/(g.uup/h)
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FIG. 7. Black lines show the temperature evolution of the ESR
lines at H || ¢ and v = 53.1 GHz. All lines are normalized to 1
for high fields (see spectrum measured at 7 = 1.3 K). The spectra
measured at higher temperatures are shifted along the y axis for
better representation. Red lines demonstrate the results of fitting by
combination of the Lorentz single line and steplike Fermi function.

(gc =2.46at T = 4.2 K)tothe lower fields in the magnetically
ordered state. The temperature dependence of Hy shown
in Fig. 9 with black squares can be well described by the
temperature dependence of the ESR energy gap [10]. The
integral intensity of the Lorentz contribution to the absorption
does not show noticeable singularity at the ordering, whereas
the linewidth AH (free squares on Fig. 9) of this line exhibits
sharp anomaly at Ty & 2.3 K. The integral intensity of the
nonresonance part of absorption, which can be found as
a * Hp, attains the maximum near the ordering temperature.
The nonresonance absorption was also observed at other
frequencies.
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FIG. 8. The black line shows the ESR line measured at H || ¢,
T =2.42Kandv = 53.1 GHz. The red line shows the result of fitting
with sum of Lorentz line (green dash-dotted line) and steplike Fermi
function (blue dashed line).
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FIG. 9. Temperature dependencies of resonance field Hg (black
squares), linewidth A H (open squares), and integral intensity / (green
triangles) of the Lorentz-like part of the absorption and integral
intensity of nonresonance steplike absorption 7, (red circles).

III. DISCUSSION

An ESR study of high quality LiCuVOy crystals demon-
strates that the number of absorption lines observed in the
experiments with new samples was significantly reduced
compared to previous observations. The resonances observed
in the present work are in good agreement with more
intensive absorption lines observed on the samples from
previous batches [10,18]. Thus, we believe that the observed
branches are inherent to intrinsic magnetic excitation modes
of LiCuVOs;.

All branches of the spectrum in the field range of the
spiral phase (0 < uoH < poH,) can be ascribed to uniform
oscillations of the planar spin structure. The theoretical
dependencies are given with solid lines.

The nonresonance absorption is observed in the field range,
where the three-dimensional (3D) spiral magnetic order at
low temperature takes place, i.e., H < H,, and at the fields
below the field of uniform resonance Hy (see Figs. 7-9). It is
natural to attribute the observed nonresonance absorption to
the excitation of magnons with nonzero wave vectors, which
have frequencies larger than the frequency of the uniform mode
and must resonate at smaller fields [21,22]. It is necessary
to assume a special excitation mechanism of nonuniform
modes to explain the nonresonant absorption, since the wave
vector of such excitations differs from the wave vector of the
high frequency electromagnetic pump which is approximately
zero. The nonmagnetic defects within magnetic Cu®* chains
can be important for excitation of nonuniform modes, since
such defects can provide the boundary conditions for efficient
excitation of standing waves with the large wave vectors.

The presence of such defects was suggested for inter-
pretation of results of the NMR and calorimetry study of
LiCuVOy [15,17]. The quasi-one-dimensionality of the system
is essential for excitation of the standing magnetic wave
modes with boundaries at defects within individual chains. The
nonresonant part of the absorption was observed in a broad
range around the ordering temperature, which allegedly are
explained by nonuniform excitations located at the defects. The
presence of the short-range long-living magnetic correlations
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was observed at the temperatures beyond 7y by NMR study
of magnetic structure [23]. A composition study of LiCuVOy,
reveals a Li deficiency in a few percent even in crystals
grown by the low temperature technique which provides
crystals of the highest quality. It was argued that the Li
deficiency results in holes with spins § = 1/2 localized on
oxygen which, in turn, form a Zhang-Rice singlet with the
neighboring copper spin [16,24]. Such a singlet should be
equivalent to a nonmagnetic impurity replacing a Cu spin and
will provoke an unusual magnetic state in its vicinity with the
two nearest ferromagnetic exchange bonds removed, but with a
conserved antiferromagnetic bond between the two parts of the
interrupted chain. The presence of such defects in LiCuVOy,
single crystals of the same growing technique as in this work
was suggested in order to explain the bulk magnetization
process, as well as the vanadium NMR spectra near the
saturation field [15] and results of the specific heat study [17].
Thus the observation of nonresonance absorption demonstrates
the presence of an effective mechanism of the excitation of
nonuniform oscillations, but this mechanism is still unclear.

The ESR spectrum observed in the spin-modulated phase
(noH > H_)has two branches. One of them can be interpreted
as uniform transversal oscillation of the magnetic moment
in the field, whereas we can only speculate concerning the
nature of the low frequency branch marked in Figs. 1 and 2 by
“V.” The frequency of the branch “V” is roughly described by
expression v = (gup/h)(H — H}) with g =2.08 for H | ¢
and g = 2.46 for H || a,b orientations (dotted lines on Figs. 1
and 2). The value of H is close to the field of transition from
spiral to spin-modulated phase H,. This branch was observed
for magneto-ordered phase. At higher temperatures within
spin-liquid phase this resonance was not detectable.

The absence of significant anisotropy allows one to suggest
that this branch corresponds to an optical mode of the spin-
modulated structure. The magnetic excitations of the spin-
density wave phase in quasi-one-dimensional Jy — Jyy spin
systems were recently studied theoretically in Ref. [3].

The next part of the paper will describe the possible
interpretation of observed absorption lines based on this
theoretical model.

According to this work the gapless excitations correspond
to oscillations of longitudinal components of spins. The linear
with wave vector k branches of these excitations have zero
energy at k = 0 and at the wave vector of spin density wave
structure k = (7 /2b)(1 &= M/ M,) (see Fig. 1 from Ref. [3])
and are named as phasons. The wave vector of gapless
excitations is determined by the momentum of a Cu®* ion M
normalized on their saturated value: Mg, = gupS. The phason
branches of the spectra are expected to be gapless within field
range of spin-density wave phase if there is no pinning of mag-
netic structure by crystal lattice or defects. The oscillations of
perpendicular to field spin components in the two-dimensional
(2D) model of weakly coupled frustrated chains [3] have
gapped excitation spectrum. These branches are referred to
as soliton and antisoliton. These excitations reach the lowest
energy at k = /2b and k = £(w/2b)M / M. We associate
the excitations of soliton-antisoliton branches at wave vector
k = 0 with the quasiparamagnetic branch III corresponding
to the uniform oscillation of magnetic moment (see Figs. 1
and 2). Except for the branches listed, the discussed model
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predicts the bound states of soliton and antisoliton excitations
which are referred to as breathers. The breathers of minimum
energy are expected atk = (w/2b)(1 = M/ My) [3]. The wave
vector of photons is close to zero. We expect that the resonance
excitation of solitons, antisolitons, and phasons with wave
vector k ~ 0 is possible with the ESR technique. The breather
excitations near zero wave vectors have high energy.

The absolute value of wave vectors of excitations with
lowest energy of solitons and antisolitons increases with field
and as a result the energies of excitations at zero wave vector
increase linearly with field. In the model of Ref. [3] the
absolute values of wave vectors of solitons and antisolitons
with minimum energy have the same wave vectors. In this case
we can expect the single ESR absorption line corresponding
to excitation of both solitons and antisolitons with zero wave
vectors. The two branches with linear field dependence (IIT and
V) observed in our experiments indicate lifting of degeneracy
of the soliton and the antisolton excitations with k = 0 in
LiCuVOy. For an explanation of the observed ESR branches
we suppose that for one branch the wave vector with minimum
energy is close to theoretical [3], k = (7 /2b)(1 + M/ Msy),
and the second branch wave vector must be k & (7 /2b)(1 +
M /Mgy) — kic. Here k;. = 0.235 x 47 /b is an incommensu-
rate vector of spiral structure realized in LiCuVO, at H < H,
[8]. The mechanism that can provide the splitting of soliton and
antisoliton branches in the spin-modulated phase is unclear.
The similar splitting of excitations of transversal components
of spins was observed in a quasi-two-dimensional S = 1/2
antiferromagnet on triangular lattice Cs,CuCly and S = 1/2
chain antiferromagnet K,CuSO4Br,. Here the nonequivalent
behavior of spinon excitations with opposite wave vectors was
observed in spin-liquid and in magneto-ordered state and was
successively explained by the presence in this material of a
uniform Dzyaloshinskii-Moria interaction [25-27].

The other way for interpretation of the branch “V” is asso-
ciated with soliton or antisoliton excitations with frequencies
at which the density of excitations is maximal, i.e., near the
extremum: k & (7w /2b)M | M gy.

A special mechanism is necessary for efficient excitation
of such modes. There are known examples of S = 1/2 chain
antiferromagnets, in which the magnetic excitation with large
wave vectors (namely, 7r/2, ) were efficiently excited with
radio frequency field in spin-liquid phase [28,29]. In these
materials the crystallographic cell contains more than one
magnetic ion. This circumstance provides the possibility to
satisfy the conservation of quasimomentum. The spin structure
of LiCuVO,s with two copper ions in primitive cell does
not allow the coupling of radio frequency field with k # 0
excitations.

Probably, the nonmagnetic defects specific for LiCuVO4
provide sufficiently high efficiency of this excitation process.
The excitation efficiency of standing waves is strongest when
wave vectors of excitations are comparable with the character-
istic distance between defects. Taking the number of defects as
0.01 of the number of magnetic ions we can expect that solitons
and antisolitons possessing a suitable module of the wave
vectors will be excited more efficiently. Thus, it is possible to
assume that the branch “V” observed in the field range of the
spin-modulated phase can be ascribed to the soliton-antisoliton
excitations at wave vector close to k = £(w/2b)M / M. The
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energy of such excitations according to Ref. [3] grows with
field increase in agreement with experiment, but the reason for
the lineal increase of this energy with slope close to the slope
of the paramagnetic branch gug/h seems to be accidental.
Thus the nature of the absorption line “V” in the spin-
modulated phase is not clear. We think that this branch can be
associated with excitations of soliton and antisoliton branches
atk =0ork = £(w/2D)M | Mgy.

Finally we would like to note that the ESR spectrum
observed in the experiment in the spin-modulated phase is
very similar to the spectrum computed in Ref. [30] for a 2D
antiferromagnet on triangular lattice in the field range, where
collinear up-up-down magnetic phase is realized. In this phase
all spins are collinear to applied field as in the case discussed
in the present work.

IV. SUMMARY

We report on the ESR study of LiCuVOQy in spiral and spin-
modulated phases (0 < uoH < 10 T). The measurements
have been made on high quality samples that allowed getting
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rid of absorption lines arising from defects. In the field
range of spiral phase (0 < uoH < 7.5 T) all branches of the
spectrum can be satisfactorily ascribed to uniform oscillations
of planar spin structure. The ESR spectrum observed in spin-
modulated phase (uoH > 7.5 T) has two branches. One of
them can be explained by uniform oscillations of spin structure,
whereas the second branch surprisingly demonstrates only a
weak dependence on field orientation, which indicates the
exchange nature of this mode. Allegedly this mode can be
associated with soliton excitations. For an explanation of the
effective excitation of nonuniform modes we suggest taking
into consideration the nonmagnetic defects inherent to studied
samples of LiCuVOy.
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