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"Li NMR spectra were measured in a magnetic field up to 17 T at temperatures 5-30 K on single crystalline
LiCu,0,. Earlier reported anomalies on magnetization curves correspond to magnetic field values where we
observe changes of the NMR spectral shape. For the interpretation of the field and temperature evolutions of our
NMR spectra, the magnetic structures were analyzed in the frame of the phenomenological theoretical approach
of the Dzyaloshinskii-Landau theory. A set of possible planar and collinear structures was obtained. Most of these
structures have an unusual configuration; they are characterized by a two-component order parameter and their
magnetic moments vary harmonically not only in direction, but also in size. From the modeling of the observed
spectra, a possible scenario of magnetic structure transformations is obtained.
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I. INTRODUCTION

Unconventional magnetic orders and phases in frustrated
quantum-spin chains appear under a fine balance of the ex-
change interactions and are sometimes caused by much weaker
interactions or fluctuations [1-5]. A kind of frustration in quasi-
one-dimensional (1D) chain magnets is provided by compet-
ing interactions, when the intrachain nearest-neighbor (NN)
exchange is ferromagnetic (Jxyy < 0) and the next-nearest-
neighbor (NNN) exchange is antiferromagnetic (Jxnn > 0).
Numerical investigations of frustrated chain magnets within
different models [6-8] have predicted a number of exotic
magnetic phases in the magnetization process, such as planar,
spiral, and different multipolar phases. The theoretical study of
the magnetic phase diagram shows that real magnetic phases
are very sensitive to interchain interactions and anisotropic
interactions.

LiCu,0; is an example of Cu®* (S = 1/2) magnet with
frustrated exchange interactions akin to the quantum spin-
chain compound LiCuVO, [9,10]. However, the magnetic
structure of LiCu, 0O, appears to be complicated by interchain
interactions between coupled chains of magnetic Cu®* ions.
Superexchange interactions via oxygen ions of edge-shared
CuOy squares (see Fig. 1) provide frustration of the intrachain
exchange interactions (Jxn < 0, Jann > 0) [11]. According
to Ref. [6], for the 1D model with the intrachain exchange
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constants of LiCu,0,, a chiral long-range order in the low-
field range and a quasi-long-range ordered spin-density-wave
phase in higher applied magnetic fields H are expected
similar to the above mentioned LiCuVO,. Experimentally, an
incommensurate spin structure was observed at 7 < Ty in the
low-field range, which was ascribed to a planar helical spin
structure [12,13]. Despite the fact that the magnetic properties
of LiCu,0, and structurally isomorphic NaCu, 0O, have been
intensively studied for more than ten years, the magnetic
structures of these compounds have not been unambiguously
determined. The lack of a reliable interpretation of the mag-
netic structure makes it impossible to unequivocally explain
the nature of the multiferroic properties of LiCu,O; and their
absence in NaCu, O, [14].

In the present work, 'Li NMR spectra of untwinned single
crystals of LiCu, O, were studied in a magnetic fieldup to 17 T
at temperatures 5-30 K. Field and temperature dependencies
of the spectra are discussed in Sec. IV. The evolving magnetic
structures were analyzed in the frame of the Dzyaloshinskii-
Landau theory of magnetic phase transitions. This analysis
was performed in the exchange approximation, i.e., under
the assumption that the exchange interactions predominate
the interactions of relativistic nature (Sec. V). A theoretical
analysis of the relativistic effects, such as anisotropy and
electric polarization, is given in Appendix B. From the sim-
ulations of the NMR line shape of our observed spectra, we
elaborate the underlying magnetic structures theoretically and
provide a scenario for the case of LiCu;0;. The structures
exhibit an extraordinary configuration; a two-component order
parameter characterizes the ordering of the magnetic moments,
which appear to be not only rotated but also harmonically
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FIG. 1. (Bottom) The crystal structure of LiCu,O, projected onto
the ac plane, all ions are shown. The positions of the magnetic Cu**
ions are marked I, II, III, and IV. The positions of Li* ions are marked
1, 2, 3, and 4. The two arrows from II to 2 and the two arrows from III
to 2 show possible hyperfine links discussed in Sec. VI. (Top) Cu**
magnetic chains and nearest O*~ ions are shown.

modulated in size from site to site (Sec. VI). Note that elliptical
structures in magnets with a two-component order parameter
arise quite often [15-21]. However, it is commonly accepted
that the ellipticity of the spiral structure is due to relativistic
interactions, while the proposed structures for LiCu,0, are
elliptical already in the exchange approximation.

II. CRYSTAL AND MAGNETIC STRUCTURE

LiCu,0, crystallizes in an orthorhombic lattice (space
group Pnma) with the unit cell parameters a = 5.73 A, b =
2.86 A, and ¢ = 12.42 A [22]. The unit cell parameter a is
approximately twice the unit cell parameter b. Consequently,
LiCu, 0, single crystals, as a rule, exhibit considerable twin-
ning due to the formation of crystallographic domains rotated
by 90° around their crystallographically common c axis.

The unit cell of the LiCu,0; crystal contains four monova-
lent nonmagnetic cations Cu™ and four divalent cations Cu**
with § = 1/2. The positions of all ions in the crystal lattice are
schematically shown in Fig. 1. The unit cell is selected with
a dashed line. There are four crystallographically equivalent
positions of the magnetic Cu®* ions in the crystal unit cell of
LiCu,0,, denoted as I, 11, III, and IV.

The two-stage transition into a magnetically ordered state
occurs at T,y =24.6 K and T, =23.2 K [23]. Neutron
scattering and NMR experiments revealed an incommensurate
magnetic structure in the magnetically ordered state (T < T,)
[12,13,24]. The wave vector of the incommensurate magnetic
structure coincides with the chain direction (b axis). The
magnitude of the propagation vector at T < 17 K is almost
temperature independent and is equal to 0.827 x 27 /b. The
neutron scattering experiments have shown that adjacent mag-
netic moments along the a direction are oriented antiparallel,
whereas those along the ¢ direction are mutually coaligned. The
intrachain and interchain exchange constants were determined
from the analysis of the spin wave spectra [11]. The large
number of exchange bonds stipulates the ambiguity of the main
exchange parameters obtained from Ref. [11]. Theoretical
analysis based on local density approach (LDA) and cluster
calculations as well as a phenomenological analysis of the
temperature dependence of the magnetic susceptibility allow
to map the most significant exchange paths. Using the result of
these investigations [25-27], we choose the most suitable set
of parameters proposed from neutron experiments: the nearest-
neighbor exchange interaction is ferromagnetic J; = —7.00
meV, while the next-nearest-neighbor exchange interaction is
antiferromagnetic J, = 3.75 meV. The competition between
these intrachain interactions leads to an incommensurate
magnetic structure. The antiparallel orientation of magnetic
moments of Cu>t between nearby chains is caused by strong
antiferromagnetic exchange interaction J3 = 3.4 meV. These
main exchange paths are shown in Fig. 1. The coupling of
the Cu?>* moments along the ¢ direction and the couplings
between the magnetic ions in other crystallographic positions
are much weaker [11,13]. Thus LiCu,0; can be considered as
a quasi-two dimensional system. The quasi-two-dimensional
character of magnetic interactions in LiCu,O, compound
was also proved by resonant soft x-ray magnetic scattering
experiments [28,29].

The magnetic structure of LiCu,0, at zero magnetic field
was studied by several groups by means of neutron diffraction
experiments [12,23,24]. The authors of Ref. [12] have pro-
posed the planar spiral spin structure with the spins confined
to the ab plane. Polarized neutron scattering measurements
[23] have detected the spin component along the ¢ direction,
indicating the spiral magnetic structure in the bc-plane. The
authors of Ref. [24], alternatively, have proposed a spiral spin
structure confined to the (1,1,0) plane. It was attempted to
extract information about the magnetic structure of LiCu,0;
from the studies of electric polarization, which accompanies
magnetic ordering [23,30]. Unfortunately, at the moment, the
nature of this polarization is not clear [31] and, hence, does not
allow to draw an unambiguous conclusion about the zero-field
magnetic structure from this type of experiment.

The magnetic structure of LiCu,O, was also studied by
63.65Cu and "Li NMR in Ref. [32]. The authors of this work
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FIG. 2. Field evolution of 'Li NMR spectra, H| a, T =5 K
(4.5K for the frequencies 10, 90, 127 MHz, taken from Ref. [33]).
Low-field phase (black) and high-field phase (colored).

describe their results in the frame of planar spin structure
and come to the conclusion that the spiral planes do not
coincide with any of the crystallographic planes ab, ac, or
bc, respectively.

III. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

Untwinned single crystals of LiCu,0, with the size of
several cubic millimeters were prepared by the solution in
the melt method as described in Ref. [33]. The quality of the
crystals under investigation was studied in Refs. [34,35] and
the magnetic properties were found to be identical for all the
samples from different batches.
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FIG. 3. Temperature evolution of 'Li NMR spectra below the
spin-reorientation transition, H || a, v = 127 MHz, and 2nv/y =
7.68 T. The spectra are in the paramagnetic (green), intermediate
T, < T < T, (red), and ordered phase T < T, (black), respectively.
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FIG. 4. Temperature evolution of 'Li NMR spectra below
the spin-reorientation transition, H || a, v =279.178 MHz, and
2rwv/y = 16.87 T. The spectra are in the paramagnetic (green),
intermediate T,, < T < T, (blue), and ordered phase T < T, (red),
respectively.

"Li nuclei (nuclear spin I = 3/2, gyromagnetic ratio
y /2w = 16.5471 MHz/T) were probed using pulsed NMR
technique. The spectra were obtained by summing fast Fourier
transforms (FFT) or integrating the averaged spin-echo signals
as the field was swept through the resonance line. NMR spin
echoes were obtained using 7, — 7p — 7, pulse sequences,
where the pulse lengths 7, were 1.5 us, the delay times
between the pulses t were 28 s. Measurements were carried
out in the temperature range 5 < 7 < 30 K stabilized with a
precision better than 0.1 K.

IV. EXPERIMENTAL RESULTS

"Li NMR spectra were studied for four orientations of the
static magnetic field: H || a (Figs.2—4), H || b (Figs. 5 and 10),
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FIG. 5. Field evolution of ’Li NMR spectra, H | b, T = 5 K.
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FIG. 6. Field evolution of 'Li NMR spectra, H || ¢, T = 5 K.

H || ¢ (Figs. 6, 11, and 12), and H || (¢ 4+ 15°) (H in bc plane
at an angle of 15° with respect to c axis, Fig. 7).

Figures 2, 5, 6, and 7 show field evolutions of the spectra.
The measurements were performed at the lowest temperature
5K@5KforH || aand v = 10, 90, and 127 MHz), i.e., well
below the magnetic ordering temperature (7 ~ 24 K). The
spectra lines are shifted along the vertical axis for clarity. The
resonance field is defined by the vector sum of the external
field H and the effective field Hes from neighboring magnetic
environment. For the case H >> H.¢ the resonance field Hy.s ~
H + H.g, where H.y is the projection of the effective field on
the direction of the external field. In Figs. 2—7, the field scale for
each NMR spectrum is shifted by the value of the undisturbed
Larmor field 277v/y at "Li nuclei (y /27 = 16.5471 MHz/T).
In such a representation, the horizontal axes show H.g at the
nuclei of nonmagnetic ions.

The magnetic field He¢ is defined by the magnetic environ-
ment. If the effective field Hes varies harmonically in space and
the wave length of this variation is incommensurate with the
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FIG. 7. Field evolution of "Li NMR spectra. H is located in bc
plane 15° off ¢ axis, T =5 K.

crystal lattice, we expect a broad NMR spectral line where its
shape is dominated by two characteristic maxima at the edges.
These maxima occur for the case Hetr | H (H > Hes) and we
designate this particular shape as a double-horn pattern.

There are eight chains of Li* ions along the b direction in the
magnetic structure of LiCu,0O, with the vector q = (1/2,4,0)
[33]. All other lithium chains can be obtained by translations.
For each of the eight chains, we expect a harmonically oscil-
lating effective field generated by the magnetic surrounding.
Therefore, in the low-temperature magnetic phase, the NMR
spectra comprise a superposition of eight double-horn patterns,
where some of them may coincide due to symmetry restric-
tions. All the observed spectra are well described by a sum of
not more than four double-horn spectra with nearly the same
integral intensity. This fact shows that lithium chains, distanced
by the lattice constant a, yield identical NMR spectra.

Figure 2 shows 'Li NMR field-swept spectra for H || a.
For the fields below woH. =~ 15 T, all four lithium chains
demonstrate identical double-horn shaped lines. This means
that the a projections of effective fields on "Li nuclei oscillate
along the lithium chains with the same amplitudes. At higher
fields, the spectrum transforms into a sum of four double-horn
shaped spectra. The value of H, agrees with the field of an
anomaly in the magnetization curves [36]. The steplike in-
crease of the magnetic susceptibility at this field was previously
associated with a spin-flop transition. The value of H,; is in
satisfactory agreement with the value evaluated from ESR in
an investigation of the spin-flop transition in LiCu,O; [33]. At
fields nearby the phase transition, the spectra exhibit hysteretic
feature; the spectra recorded upon field increase differ from the
spectra recorded upon field decrease (Fig. 2, 27v/y = 15T),
which indicates that the phase transition observed at this field
is of first order typical for spin-flop transitions.

Figures 3 and 4 show the temperature evolutions of
NMR spectra measured around (uoH = 7.68 T) and (uoH
~ 16.87 T), i.e., below and above spin-flop field H,;, re-
spectively. The single line of the paramagnetic phase is
significantly broadened in the magnetically ordered phase at
T.1 = (24.8 £0.2) and (24.3 £ 0.2) K for 7.68 and 16.87 T,
respectively. Within a range of 1 K below T,, the NMR
spectrum can be considered as a superposition of a double-horn
spectrum and a paramagnetic solitary line. These spectra are
blue colored and observed between the temperatures 7,; and
T, of the two step transition into the magnetically ordered
phase. The intensity of the paramagnetic line rapidly decreases
with decreasing temperature. At temperatures below T,, the
double-horn spectrum transforms into two (four) double-horn
spectra. These spectra are red colored in Figs. 3 and 4. We
suggest that they are obtained within spin-flopped phase. The
boundary between phases with blue and red colored spectra
for the fields up to 9 T was presumably observed in Ref. [36]
by dielectric constant measurements.

Figures 5, 6, and 7 show the field evolutions of Li NMR
spectra measured for the field directions H || b, H || ¢, and
H || (c 4+ 15°), respectively. All spectra were measured at high
enough fields, where the normal vector of the magnetically
ordered spin plane appears to follow the field direction [33].
For H || b, a continuous transformation from two double-horn
shaped lines to one double-horn shaped line is observed upon
field increase. For H || ¢, the spectra do not change in the full
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FIG. 8. Peak positions of the spectra in Fig. 5.

range of applied magnetic fields as it is documented in Fig. 6.
An applied field direction with small deviation by 15° off the
crystallographic ¢ axis yields a duplication of the number of
double-horn pattern towards lower applied magnetic fields (see
Fig. 7). In other words, for this field orientation all four lithium
ions show the double-horn spectrum with individual amplitude
of oscillating projection H.g. The field splitting decreases with
increasing field and disappears at elevated fields higher than
(125£05)T.

Figures 8 and 9 show the field dependencies of the resonance
field values of all edge singularities within the multihorn spec-
tral pattern. The fields where the number of edge singularities
is halved are 17 and 12.5 T for H || b and H || (c 4+ 15°),
respectively, corresponding to the anomalies observed in the
magnetization measurements [36]. The fields values of these
anomalies were designated as H . Such an anomaly was
also observed in the magnetization measurements for H || a at
noHq =~ 20T, thatis out of range of the present experiments. It
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FIG. 9. Peak positions of the spectra in Figs. 6 and 7.
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FIG. 10. Temperature evolution of ’Li NMR spectra, H || b, v =
248.331 MHz, and 2nrv/y = 15 T.

appears that we also observed this transition for H || a within
the temperature scan at uoH =~ 16.87 T (see Fig. 4). There,
also the number of edge singularities halves for temperatures
15-20 K and the multihorn shape of the spectra pattern in this
temperature range strongly resembles to the shapes observed
at lowest temperatures for H > H_,.

The temperature evolutions of the lithium spectra for H || b
and H || ¢ are given in Figs. 10-12. For fields lower than
the critical field H,,, the transition from the low-temperature
magnetic phase to the paramagnetic phase occurs through an
intermediate phase, with one solitary double-horn spectral
line (see Fig. 11). This intermediate phase manifests itself
within the temperature range between T;; and T,,. For elevated
fields higher than H., (Fig. 12), the presence of the inter-
mediate phase is not established. In this case, the single line
spectrum of the paramagnetic phase transforms immediately
into the characteristic spectral pattern of the low-temperature

spin-echo amplitude (arb. units)

. 1 . 1 . 1 . 1 . 1 h 1 . 1
7.50 7.55 7.60 7.65 7.70 7.75 7.80 7.85

uH (T)

FIG. 11. Temperature evolution of 'Li NMR spectra, H || ¢, v =
127 MHz, and 27v/y = 7.68 T.
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FIG. 12. Temperature evolution of "Li NMR spectra, H || ¢, v =
248.331 MHz, and 27v/y = 15 T.

phase, even within the temperature steps of our measure-
ments. Any intermediate magnetically ordered phase is
skipped.

V. THEORY: EXCHANGE APPROXIMATION

The crystal cell of LiCu,O; contains four magnetic ions
Cu* (S = 1/2). At the magnetic transition, a doubling of the
period along the twofold C,, axis occurs, and as a result eight
spiral spin chains appear. Their mutual orientation, amplitudes,
phases, and possible ellipticity are unknown.

As a first step to interpret the spin structure of LiCu,0»,
it is useful to find out the types of the structures with the
wave vector (1/2,¢q,0) occurring in the Dzyaloshinskii-Landau
theory. As it is usually done applying the Landau theory
of second-order phase transitions, we assume the region of
critical fluctuations to be small, which in our case fits with
the experimental observations. In this case, the small value of
the spin (S = 1/2) is not essential at all, since the quantum
fluctuations near the transition are always small in comparison
with the thermodynamic ones.

In this section we define a list of such structures—
candidates for description of the phase realized in LiCu,0,
at temperatures below T,,, as well as within the intermediate
phase (T., < T < T,p). It was found that the splitting of the
transition is most likely due to small relativistic effects, and
that even an additional transition is possible between the
temperatures T, and ;.

The crystal symmetry group of LiCuyO,—
Pnma (Dzl,?)—is defined by the three translations 1, :
x—>x+1L,t:y—>y+1, t.: z— z+ 1, the inversion
I: (x,y,z7) > (—x,—y,—z) and the two screw rotations

Cox : (x,y,2) > (x + %,—y + %,—Z + %)’
Coy o (x,y,2) > (—x,y + %,—z).

Two-dimensional complex representation corresponding
to the wave vector (1/2,4,0) (compare with the last case
considered in Sec. 134 of the book Ref. [37]) is implemented
by the functions sin 77 xe*?¥ and cos mxe*'4” (the coordinates
X, y, z are measured in the unit cell parameters a, b, c,
respectively). The functions that transform according to other
possible representations associated with this wave vector differ
by the factors, which are insignificant for constructing the in-
variants even in the order parameter. For example, there is arep-
resentation with a pseudoscalar factor sin 27 x sin 27y sin 2 z.

The spin density arising at a second-order transition over
the considered representation is

s(r) = nlsin wx(ue'? 4+ pre='4)
+ cos Tx(ve'™ +ve )] £(x), (1)

where 7 is the magnitude of the magnetic order parameter;
v are the complex vectors in the spin space, normalized
by the condition pu* 4+ vv* = 1; f(r) is a scalar function
of coordinates, which is invariant with respect to the crystal
symmetry group in paramagnetic phase.

To select the exchange effects, we suppose in Ref. [38] that
the effect of crystalline transformations on the function s(r)
is reduced to a corresponding change of coordinates (x,y,z)
at a fixed orientation of the spin space. In the Landau theory
of second-order phase transitions, it is convenient to transfer
the laws of crystalline transformations from the coordinate
functions to the coefficients

I:p— —u*, v—v'
Cox i . — —e 2%y — 7142y,
Coy i o — —e1?pn, v — 9%y,
T, = —j, v —> —V;
T, p— e, v— ey, 2)

For the considered representation, there is the Lifshitz
exchange invariant

ROV — v O+ p 0w — vo,p, 3

leading to the instability of the phase transition. Therefore
observing a continuous transition over the representation with
the wave vector (1/2,¢,0) in LiCu,0, implies that the impact
of the invariant (3) in this antiferromagnet is small compared
to the anisotropy effects, and we will not take it into account
when considering the phases structure at 7 < T;.

In the exchange approximation, the Dzyaloshinskii-Landau
expansion of free energy up to the fourth-order terms has the
form

Bo+B 4
+ 2 n )
B = Bi(wv* + wv) + fo(n*p — v*v)?
— Ba(uv" — pv)’ + Ba(p? + v + v
+Bs(u® — v (' = v*2) + 4Be(ur)( V). (4)
Note that in the case of spin-1/2, the fourth-order terms
of the Landau expansion should be treated as the result
of thermodynamic averaging of the microscopic exchange
Hamiltonian, which takes into account simultaneous pair

F=1:772
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permutations of spins belonging to four or more atoms, for
example, a biquadratic term of the form (¢ 10,)(6304), where
o; is the spin operator of the ith atom. This peculiarity of
the spin-1/2 case was established earlier in the study of the
antiferromagnetic phase of crystalline *He in Ref. [39].

The real form p = uv* 4+ u*v is transformed as the z com-
ponent of the vector, and the real forms r = pp* — vv*, s =
i{pv* — vp*} are transformed as components of deformation
tensors u,. and u,,. For the rest spin convolutions, we intro-
duce the following notation: ¢ = u?> +v?, 0 = u?> —v2, & =
. The free energy F does not change under the calibration
transformation

n— e, v— e“v, 5)

which corresponds to the incommensurability of arising spin
structure to the crystal spacing along the y axis. Using this
invariance, we assume  is real-valued.

The free energy F is invariant under the replacement u =
v, which is connected with the solution transformation under
the reflection o, = IC,,. Taking this into account, we will
consider only the solutions with u # 0.

The free energy (4) does not change under the transforma-
tion

v —iv,

B1S B3, BaS Bs. (6)

Hence extrema that either remain unchanged or transform into
each other under this transformation are possible. Note that the
Lifshitz invariant (3) breaks this random symmetry.

Performing the transformation (6) two times, we obtain
invariance F under the replacement u — g, v — —v. This
invariance is associated with the solution transformation under
the crystal rotation 7,Cs,.

The extrema conditions of the free energy (4) are

—(B = Bor) + (Brp — iB3s)v

+ (Bsg + Bso)n™ + 2Bcév* =0, (N
—(B+ Bor)v + (Bip + if3s)n
+ (Bsg — Bswpv™ + 2BeE " = 0. ®

Performing scalar multiplication of equations (7) by u* and
separating the imaginary part, we find

(Bi = B)ps + (Bs + B5)¢ "o = 0, €))

where ¢” = Im(¢). Multiplying Eq. (8) by v*, for the imagi-
nary part of the product we get

(B1 — B3)ps + (Bs — B5)¢"w = 0. (10)

From Egs. (9) and (10), it follows that ps = ¢”@ = 0. Hence in
view of invariance of (6), with s — p — —s, we can assume
that, for example, p = 0. Thus we have two cases:

Dp=¢"=0,2)p=w=0. (11)

At w =0, we can again use the calibration symmetry and

choose ¢ of real-valued. Thus, in all cases, it will be ¢” = 0.
Performing scalar multiplication of Eq. (7) by u and

separating the imaginary part at p = ¢” = 0, we find

s& =0. (12)

Substraction of Eq (7) multiplied by v, and Eq. (8) multiplied
by u, at p = 0 gives

2(B2 — Bo)r§ +i(=P3 + Pa)s¢ = 0. 13)

Hence at ¢” =0, we find r& = 0. Combining this result
with the conditions (11) and (12), we obtain the following
possibilities:

Hp=¢"=r=s5=0,
p=¢"=¢§=0. (14)

Let us introduce four real-valued vectors a, b, ¢, and d,
such that 4 = a + ib and v = ¢ 4 id. For all possible cases
from the general conditions of reality of w and ¢, it follows
that w2, v? are real, which leads to the orthogonality condition
ab=cd=0.

According to Appendix A, the magnetic structure should be
planar and can therefore be written as

n = co(c, +iks,),

v = sqlcc(le, +Ksy) — isc(ls, — Key)l, (15)
where 1,k are mutually orthogonal unit vectors (we use short
notation ¢, = cos«, S, = sin«). In such parametrization, we
have p = $24CpC—, 7 = C2q, § = —8$20855+,&" = $20CyC4, and

B= ﬁlsi‘cici + paca, + ,33s§asfﬂsi
+ Balcqc- —C2as+57)2
+ Bs(cc—co — s185-)°
+ Bos3a(cych + 5p52), (16)
where s+ = 5,4 and cx = ¢ +.. At the phase transition, a

spin structure corresponding to the minimum of B arises,
in this case the magnitude of the order parameter takes the

maximum value n = /—1/(By + B). According to (14), we

get five scenarios for solving simultaneous equations (7) and

8):

A)cyy =0, ¢y, =54 =0;

B)cy =0, s =c_=0;

C) 20 = 05 a7
D) sy #0, cy =c_=0;

E) sy #0, ¢, =0.

In the framework of these scenarios, solving is reduced
to elementary minimization of the function (16) over the
remaining free angular parameters in each of them [40]. We
find eight solutions, whose form is independent of the values
of B; :

1+ ik k +1il

Al p = , v== > , B = Bs;
1 k

Ay = —, v=—, B=pfy

2 \/E \/5 :64
14 ik 1-ik

B :p= 5 , v==% 3 . B =B
1 k

B:pu=—, v=i—, B=8s;

2R ﬁ ﬁ '85
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Ci:p=1 v=0, B=pB+ Bs+Bs;

Cziﬂzlj};ks v=0, B=4;

DZM=L, v=:i:iL, B = B3+ Bs + Be;
V2 V2

E:u=l+2ik, v::l:k;il, B=ps. (18)

The degeneracy of energy for the solutions A; and B; will
be removed if we take into account the next terms of the
Dzyaloshinskii-Landau expansion. The solutions A; and By,
as well as A, and B, are transformed into each other under the
transformation (6). To the list of solutions we obviously need
to add two more associated solutions:

D*:u::l:v:%, B =B+ Bs+ Be:
1+ ik
>

All the phases found can be presented on the phase diagram.
Indeed, the value of 3 for each solution is obviously an absolute
minimum of the function B, if the parameters §; belonging to
it are negative, and the rest of the parameters §; are positive.

Besides the magnetic structures (18) and (19) with fixed
values of the phase parameters «, y, and €, the symmetry
allows the existence of magnetic structures for which these
parameters are functions of the coefficients of energy expan-
sion B;. These solutions may occur in a certain range of values
of the parameters §; only in the scenario E, when ¢ = /2,
see Eq. (15),

= cy(c, +iksy), v =s,(ck —isc), (20)

E*: p==4v=

B = 8. (19)

where the parameters «, y, and € are functions of §;. In this
case, rather complicated expressions occur, whose form is not
necessary to determine the structure realized in LiCu,O,—it
is enough to have the formulas (20) with three free angles.

As an illustration, let us get the solution in the limit of large
values of magnitude of the parameter $;:

» Bt Bs »  BetBs
ci=———<1, ¢ =——— <1,
Ba+ Bs Ba + Bs
Ba+ Bs
Crqg = CyC_S48—,
B>
B~ i3s3 + Pacic? + Pssis? + Post. (1)

There is also an associate of this solution, corresponding to
the transformation (6). It should be noted that the Lifshitz
exchange invariants (3) occur in the phases A,, B, E, and E*,
as well as in the set of phases described by (20).

In the presence of magnetic field, there is an invariant

H; He(wipg + e + vivy + vev)), (22)

giving the anisotropy of the magnetic susceptibility tensor of
exchange approximation. For all the structures (18) and (19),
this tensor has obvious axial symmetry. For the structures
described by (20), the two main axes of the tensor belong to
spin plane.

A spontaneous electric polarization of exchange nature as
a quadratic effect in the order parameter (the effect predicted

by Indenbom [41]) arises in the phases D* and E*, where
the quadratic form p (transforming as z component of vector)
is not equal to zero. Exchange striction corresponding to
the symmetry breaking D, arises in the phases C; and C;
(invariant ru,.) and in the phases D and E (invariant su,,).
The relativistic effects are discussed in Appendix B.

VI. DISCUSSION

We discuss the observed NMR spectra using the mag-
netic phases obtained in Sec. V. The theoretical analysis
assumes that in the entire range of fields and temperatures
the crystal structure of LiCu, 0, is described by the symmetry
group Pnma, and the low-temperature magnetic structure
is described by the wave vector (1/2,4,0). The proposed
magnetic phases are obtained under the assumption that the
magnetic structure is defined by the dominating exchange
interactions, whereas its orientation with respect to the crystal
axes is determined by the relativistic interactions with the
crystal environment and the applied magnetic field. It was also
demonstrated (see Appendix A) that the exchange interactions
in LiCu,0; can lead to planar or collinear magnetic structures
only. Therefore noncoplanar magnetic structures will be ex-
cluded from further consideration.

In the following, we compare the experimental NMR
spectra with the simulated ones. We assume that the magnetic
moments are localized at the Cu®* ions. This assumption
accounts for the scalar function f(r) = 6(r — R;) in Eq. (1),
where R; is the radius vector of ith Cu®>* ion. Using Egs. (1)
and (15), the magnetic moment of Cu?* ion with coordinates
(x,y,z) for the coplanar magnetic structure with a wave vector
(1/2,q,0) can be written as follows:

M(x,y,z) = n{llnn sin(wx) cos(qy + ¢ic)
+ mi2 cos(rrx) sin(qy + ¢is)]
+K[nx1 sin(z x) cos(qy + Prc)
+m2 cos(mx)sin(gy + ¢is)l}. (23)

Here, 1 and k are two mutually perpendicular unit vectors,
defining the spin plane, and 7 is the magnitude of the two-
component magnetic order parameter. The parameters 11, 12,
nk1, and ngo take the values 0 and 1. The angles ¢;., @ig, @kes
and ¢y, denote harmonic phase angles. According to Sec. V
there are ten possible magnetic phases A;, A, By, B, Cy, C»,
D, E, D*, and E* with fixed phase parameters. An overview
of all values of these parameters is given in Table I.

The letters “C” and “P” in the table mark collinear and
planar phases, respectively. The value of the magnetic moment
for the collinear phases C;, D, and D* oscillates harmonically
along the chains. The phases C,, E, and E* are circular. For
them, the Cu?* magnetic moment with constant absolute value
rotates by an angle defined by g. Note, the absolute values of
magnetic moments differ from chain to neighboring chains
within the phases C, and E*. The structures A, B, and B;
can be considered as two embedded elliptical phases with large
elliptical axes which are oriented perpendicular with respect
to each other between neighboring axes. The planar structure
A, consists of two embedded collinear structures in which the
value of the magnetic moment varies along the chains. In this
structure, the magnetic moments of neighboring chains are
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TABLE 1. List of the phases in Egs. (18) and (19) and their sketches and parameters in Egs. (15) and (23).

2 | 8 Cu®" chains Eq. 23 Egq. 15
212 |8
< o |.N
E 2§

= :o I I O | IV [Mu | Me [ M | e | Qe | s | Oke | ks | @ Y € 0}
A | P | p Q @ Q 62 1 1 1 1 0 | n |2 | a2 |n4 | /4| -n/d | n2
AP P ING S IN Y000 a2 wd 0 0
B, P | p O > O S|ttt 0 a2 w2 0| w4 w4 wh 0
B, | P | - G > O S|t o ot 0 - - (w40 w2 0
Ch | C|l - | lesesle| 10 000 - | - -]0 0/ 0 a2
G P -0 O OOt 0ot 00 - a2 -0 w4 0 a2
D | C| - e es eses|l 10 0 0| n - | - |74 012 a2

P - O @ O O 11 1100 w2 n2|w4 nd w4 n2
DY C | P | s < 1 1,0 00 w2 - |- |ms 0 0 0
E* P p | O O o) @ 1 1|1 |1 0 n2 n2| n|nd ws nd | 0

oriented perpendicular with respect to each other. To visualize
the structures, we included their sketches in the Table I (the
spin plane coincides with the easel plane, 1 is horizontal, k is
vertical). The sketches show the ends of the magnetic moment
vector for four chains I, II, III, and IV, the arrows indicate the
moment rotation direction for the translation along the chain for
one of magnetic domains. The magnetic phases which allow
magnetically induced electrical polarization (multiferroicity)
are marked with the letter “p.”

Besides the structures given by Eqgs. (18) and (19), there
are the set of structures given by Eq. (20). These structures are
described by Eq. (23) with the following values of parameters:
Oie = @1s =0 and ¢p. = s = m/2. Other parameters are
defined by ;1 = 2co ¢y, N2 = 2545, Nkl = 2¢4Sy, and o =
2sqCe, Where o, v, and € are arbitrary. The set of structures
(20) contains the phases A, Ay, D, and E and adjoins to the
phases C; and C;. Concluding the phase description, we note
that all suggested magnetic phases are unusual. The values of
the magnetic moments of all Cu>* ions are identical only for
the E phase, for other phases this value oscillates.

Space orientation of the spin structure is defined by the
vectors | and k. For further discussion we suppose that initially
the vectors 1 and k are directed along a and b crystal axes,
respectively. An arbitrary orientation of the spin plane can be
obtained by successive rotation of the structure with1 || a and
k || b by an angle ®, around a axis, ®, around b axis, and ®,
around c axis. The number 1 or 2 or 3 in the brackets after the
angle ® specifies the order of the corresponding rotation where
it matters. Thus the distribution of the magnetic moments is
defined by the four parameters n, ®,, ®;, and ®, for the
structures (18) and (19) and by the seven parameters 7, o,
y, €, 04, O, and O, for the structures (20). For large enough
static fields (H > H,;), the spin plane orientation is defined
by the field direction, whereas in small fields the orientation

is defined by relativistic interactions with the crystallographic
environment.

In our spectra simulations, we suppose that the effective
field on lithium nuclei is defined by the dipolar fields and
the contact Fermi fields. We took into account the dipolar
fields from the neighboring moments in the sphere of radius
20 A and the hyperfine contact fields from the four nearest
moments belonging to neighboring chains (Fig. 1). The con-
stants defining the contact fields for three field orientations
H || a,b,c were obtained as follows. First, the shift of Li
NMR line at a certain temperature in the paramagnetic state
was determined. Then, using the magnetization data from Ref.
[36], the magnetic moment of individual Cu?" ions at the same
temperature and field was calculated. The difference between
the computed dipole field at the lithium nuclei and the effective
field observed in the experiment was ascribed to the contact
field. Thus obtained contact field is in good agreement with
the results of Ref. [42]. This value was ascribed to two pairs of
the nearest magnetic moments. The first pair is located along
a axis, the second pair is located along b axis (see Fig. 1).
According to the first-principles calculations [42], the contact
field from the first pair is expected to be much larger than the
contribution from the second one. It is important that in the
magnetically ordered phase the magnetic moments from the
first pair are antiparallel; as a result, we can exclude the contact
part of effective field in the magnetically ordered phase from
further consideration [43].

We have simulated the spectra for all magnetic structures
from Table I and orientations of the applied magnetic field H ||
a,b,c,and (¢ 4 15°), respectively. For H || a, the spectral shape
does not change with applied magnetic fields up to ~15 T.
For higher fields, the susceptibility sharply increases, which
was interpreted as a spin-flop transition [36]. For all other
field directions, the shape changes with field monotonically.
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For H || b and (¢ + 15°), some pairs of maxima continuously
approach each other and merge into one single spectral line
at elevated applied fields. This disappearance of the line
splitting is accomplished at a field value where anomalies of the
magnetic susceptibility were already observed in Ref. [36]. We
tried to describe the field evolution of the spectra by changing
the spin plane orientation of one individual magnetic phase.
A special program was written for spectra simulation [44]. It
calculates NMR spectra for the suggested magnetic structures
(18)—(20) for given orientations of the static magnetic field
with respect to the spin plane. The number of maxima in the
spectrum was chosen as the main criterion in order to assess the
matching between the observed NMR spectrum and the simu-
lated one. The calculations for all the structures (18) and (19)
performed with an angular step of 10° showed that the observed
field evolution of the spectra for H || a,b,¢, and (¢ + 15°),
respectively, can not be fitted assuming one single structure.

For H || a at the spin-flop field H,; &~ 15 T, the spin plane
turns abruptly from the state with n | b (®, = 90°, ®, = 0°,
and ®. = 0°) to the state withn || a [®, = 0°, ©,(2) = 90°,
and ©.(1) = 90°]. Figures 13(a) and 13(b) show simulated
spectra for H < H.; and H > H.;, respectively. The best
coincidence between experiment and simulation above the
spin-flop transition is achieved if one assumes that a phase
from set (20) is realized. Note here that the inflated value of the
magnetic moment used for modeling at H || a, in comparison
with the expected value of 1 up, is most probably explained
by the contact fields. This additional contribution to the local
magnetic field at the ’Li nuclear site can be significant for the
magnetic field applied in the spin plane.

For H || ¢ and (¢ + 15°), respectively, the spectra evolution
can be modeled by rotation of the spin plane around the ¢
axis within the structure A;. When H > H,,, the spin plane
rotation stops. For H || ¢, the spectrum exhibits four maxima
throughout the entire field range under investigation in this
work. Figures 13(e) and 13(f) show simulated spectra for H <
H. and H > H,,, respectively. For H || (¢ 4+ 15°) in the low-
fieldrange H < H,,,the number of maxima doubles. When the
field is increased to the value uoH., ~ 12.5 T, the number of
maxima becomes equal to four. Figures 13(g) and 13(h) show
the simulated spectrafor H < H,» and H > H,,, respectively.

The orientation of the spin plane with respect to the
crystallographic axes for different directions of the applied
magnetic field for the phase A; can be explained by assuming
the hierarchy of the anisotropy constants A, > 0, A; <O,
[Aa] < 2| < [Aq].

For H || b, we were unable to describe the field evolution of
the spectra in the frame of our established structures, which we
introduce in Eqs. (18) and (19). Figures 13(c) and 13(d) show
a possible scenario in the frame of the phases in Eq. (20). The
low-field phase exhibits a similar structure like phase A;. As
the field increases and gets closer to H,,, phase (20) gradually
transforms into phase C;. Both phases A and C; are located
on the boundary of the phase set described by Eq. (20).

Figure 14 shows the sketches of the structures used in the
proposed scenario.

As a conclusion note, we cannot judge the uniqueness of
the proposed scenario of the spectral field evolution within the
magnetic structures set by Eq. (20), since the number of free
parameters defining these structures is too large.

low field
—

normalized intensity

FIG. 13. Dashed lines: Simulated NMR spectra, M, is noted in
the figure, references to Fig. 14 for the structure sketches are given.
(a)H || a, H < H.y, A structure, ®, = 90°, ®, = 0°, ®, = 0°, Fig.
14(a); (b)H || a, H > H,y, structure (20), « = 72°,y = 60°,¢ = 5°,
0, =0°,0,2) =90° 0.(1) =90° Fig. 14(b); c)H | b, H < H.,
structure (20), o = 20°, y =45°, € = —45°, ©, =90°, ®, =0°,
O, =0°, Fig. 14(c); (d) H || b, H > H,,, structure (20), o« = 0°,
y =45° € = —45°, ©, =90°, ®, =0°, ©, =0°, Fig. 14(e); (e)
H| ¢, H< H,, A, structure, ®, =0°, 0, =0°, ®, =0°, Fig.
14(f); ) H| ¢, H > H,, A, structure, ®, =0°, ©, =0°, @, =
45°, Fig. 14(h); (g) H| (¢ +15°), H < Hx, A, structure, ®, =
—15°,0, =0°, 0, = 0°,Fig. 14(f); (h) H || (¢ + 15°), H > H», A,
structure, ©,(2) = —15°, ©, = 0°, ©.(1) = 45°, Fig. 14(h). Solid
lines: experimental NMR spectra, 7 ~ 5 K the values of the applied
magnetic field and its orientation are displayed additionally in each
frame (a) to (h), see specified figures for details.

As the temperature increases, the spectra shape does not
change within a scale factor. This indicates that the magnetic
structure is not changed until the temperatures approach
the transition temperature, and the width of the spectra is
determined by the order parameter 1, see Eq. (23). The
transition occurs through an intermediate phase observed in a
narrow temperature range 7., < T < T,;. In this temperature
range for all field orientations, spectra with two characteristic
maxima at the edges and a narrow central line ascribed to the
paramagnetic state are observed. Relative intensities of these
lines change with temperature. As the temperature increases,
the intensity of the paramagnetic line increases, while the in-
tensity of the double-horn pattern with the significant maxima
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FIG. 14. The sketches of the magnetic structures of four spirals
I, 11, III, and IV. Shown are the projections of the magnetic moment
vector endpoint on the corresponding spiral plane. The magnetic field
orientation is shown at the left side. For all figures, n || H with the
exception of (a). The b’ axis is b axis rotated by an angle of —15°
around the a axis. Axes b and b" are used forH || cand H || (¢ 4 15°),
respectively. For the parameters of the structures and corresponding
NMR spectra see Fig.13.

at its edges decreases. A phase transition that takes place in
two stages by passing through nearby transition temperatures
is a characteristic fingerprint of a transition into a planar low-
temperature phase in magnetic compounds having easy-axis
anisotropy. The observed spectra with such two characteristic
maxima are well described by the collinear phase D.

VII. CONCLUSIONS

"Li NMR spectra were measured in applied magnetic fields
HoH up to 17 T with the temperature range 5-30 K. Four
different orientations of the field H || a,b,c, and (¢ + 15°)
with respect to the crystallographic axes where employed. The
field-dependent evolution of the spectra was studied in full
detail. Anomalies in bulk measurements of the magnetization
curves at fields H.; and H,,, recently reported in the literature,
were found to correspond to the field values where the shape
of our NMR spectra changes. At H,j, a first-order phase
transition is observed for H || a, which is accompanied by the
increase of magnetic susceptibility and most likely indicates
a spin-reorientation transition. The observation of the spin-
reorientation transition for H || a supports the model of a
planar two-component magnetic structure with the magnetic
susceptibility in the field perpendicular to the spin plane larger
than that in the field directed within the spin plane. This result
is also in agreement with the biaxial character of the magnetic
anisotropy suggested in Refs. [33,36]. For other directions
of the magnetic field at H < H,,, the shape of the spectra
monotonically evolves to a state with less number of maxima

upon field increase. At the point where the evolution stops,
the magnetic susceptibility decreases. Such monotonous field
evolution could be explained by the rotation of the spin plane or
by monotonous change of magnetic structure. The modeling of
our experimental NMR spectra shows that the second scenario
is realized.

We analyzed the underlying magnetic structures in the
frame of Dzyaloshinskii-Landau theory of magnetic phase
transitions. A set of possible planar and collinear structures
for low temperatures and close to the transition temperature
was obtained. Most of these structures have an unusual config-
uration. They are characterized by a two-component magnetic
order parameter and their magnetic moments vary harmon-
ically not only in direction, but also in size. A theoretical
analysis made within the exchange approximation, revealed
a set of magnetic structures given by Eqgs. (18) and (19),
which are determined by fixed spin configurations within each
individual chain and fixed interchain phase relations. Besides
these solutions a possibility that the minimum of exchange
energy is achieved for a set of magnetic structures described
by Eq. (20) was found. For such a case, the configuration of the
magnetic structure depends on the values of the coefficients of
the energy expansion written in Eq. (4), B;. For these structures,
monotonous temperature and field evolutions of the spectra
are expected and degeneracy removing occurs due to weak
interactions. For such structures, the application of a magnetic
field can lead not only to a rotation of the spin plane, but also
yields a change into a structure out of the set, which we present
in Eq. (20).

Our simulation of the experimental NMR spectra was
performed ab initio from the structures in Eqgs. (18)—(20). It
has been shown that the experimentally observed spectra for
H || a,b,c, and (c 4 15°), respectively, and for temperatures
T « Ty,and applied fields H < Hj, can only be described in
the frame of the structures given in Eq. (20). This result allowed
us to propose a possible scenario of the magnetic structure
evolution which should easily be confirmed by elastic neutron
scattering experiments.
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APPENDIX A

Let us write the real and imaginary parts of the equation
obtained by scalar multiplication of Egs. (7) and (8) by
e = [ab], g = [cd]:

(=B + Bor + Bag + Bsw)ag = 0,
(=B + Bar — Bst — Bsw)bg = 0,
(Bi1p +2BsE"ag + (2Bs&" — B3s)bg = 0,
(2Bet" + B3s)ag + (B1p — 2Bs§ )bg = 0,

054428-11



A.A.BUSH et al.

PHYSICAL REVIEW B 97, 054428 (2018)

(=B — Bor + Bas — Psw)ce = 0,
(=B — Bor — B4 + Psw)de = 0,
(B1p + 2BsE e + (2Bst” + B3s)de = 0,
(2Bst" — B3s)ce + (Bip — 2BsE )de = 0.

These simultaneous equations lead to four types of solu-
tions (accurate within the above mentioned transformations
LS v, — ).

I. If ag = bg = 0, then the vectors a,b,c,d are coplanar
and therefor ce = de = 0. These structures were considered
above.

II. If ag=ce=0, bg,de # 0, i.e., when simultane-
ously three vectors a,c,d are coplanar and three vectors
a,b,c are coplanar, this is possible only at allc. Then
p=s=§=0, for = —fs0,and B= —pu¢.

I If ce=0, agbgde#0, then B7p>+ Bis? =
4B2sg*and B = Bor = —Bul = Bso.

IV. If ag, bg, ce,de #0, then r =¢ =w =B =0 and
BIp* + B3s® = 4BGEE™.

Thus the possibility of existence analysis for noncoplanar
structures is reduced to the analysis of 2 x 3 = 6 cases. Here,
the same solution can be obtained repeatedly, but no solution
will be missed.

Let us introduce two orthonormal bases in the spin space
1,k,n and i,f(,fl, and the parameters ¢, y, and €, such that

(AD)

a=lc,c,, b=Kkc,s,,
¢ =Isyce, d=ksas,.
Let us introduce Euler angles 6,¢, v, to specify the mutual
orientation of the spin bases:
1=1(cyc, — sycosy) +Kkicys, + sycoc,) + nsys,
k = —I(syc, + cycosy) + klcycoc, — sy5,) +ncysa,
0 = lsgs, — ksgcy, +ncy.
II. From the condition a||c, it follows that
= ce(c, +iks,), v =sq[cd+isc(Kco + nsy)l.

In this case, the condition s =0 is performed automat-
ically. The condition p =& =0 for the considered non-
coplanar structures (c,sy 7 0) is reduced to the relation
¢yce = 5y5.co = 0. Hence for noncoplanar structures we have
either ¢, = ¢y = 0 or ¢ = ¢y = 0. In the first case,

n=ick, v=s,(cl+iscn),

2 2
B = Brcs, + Ba(sicre — o) + Bs(sacae +¢3)"
Itis easy to verify that there are no noncoplanar solutions here.
The same result is obtained in the case of ¢, = ¢y = 0.
III. From the condition ce = O for noncoplanar structures it
follows that syc. = 0.
HIA. If sy, = 0, then
= co(Ic, +iks,),
v = sqlce(le, + Kksy) + isc(—lcgs, +Kkegey, +nsg)].

From the general for la,b condition p = 0, we found, that
either ¢, = 0, and then allc, i.e., we return to the already

considered type of solution II, or

(A2)

CyCe = —Sy8eCh.
In the case 1a, we have r = 0, whence it follows, that ¢,, =
0, i.e.,
_ Ic, +iks,
= —ﬁ ,
_ ce(lcy +Ksy) +isc(—lcos, + Kege, + nsg)
= 7 )
and, according to III, ¢ =w=0. Hence we found
¢2, = ¢3¢ = 0, i.e., according to (A2), cg = coty cote = =1,

i.e., we return to coplanar structure again.
In the case 1b, from the condition &’ = 0, we find

(A3)

For noncoplanar structure s, # 0, and from Eqs (A2) and (A3)
it follows that ¢, cc = s, ¢y = 0. Hence there are three options
of solution: 1. ¢, =co =0: p =icJk,

CyCe = SyScCo.

v = se{cc(lcy, +ksy) — isen},
B = Brc3, + (B3 + Bo)si,cis,
+ Ba(szcae — c2) + Bs(sacre + )
2.cc=5,=0: p=cql,
v = isq{co(—1s, +kcy) + nsg},
B = (B2 + Ba)c3, + (B3 + Be)sachs, + Bs:
3.ce=cg=0:v=isgk, p=cylc, +iks,),
B = ,Bzcga + ,34(C§Czy + si)z =+ Bs (cicz}, — sﬁ)z.

It is easy to verify that in these three options only coplanar
structures appear.

IIB. If ¢, = 0, then the vector ¢ = 0. Let us direct fi along
the vector d, then

= co(cy 1 +is, k),
v = is,(Isgs, — Ksgcy, +ncy),
B = (B + Ba)css3,55¢; + (B3 + Bo)C; 534535,
2 2
+,82c‘§a + ﬂ4(C§C2V — si) + Bs (ciczy + sé) .

Here also only coplanar structures appear.
IV. From the conditionr = { = w = p = 0, it follows that
a=y=€e=n/4; ¥+ ¢ =mn/2. Thus2p =1+ ik and

2v =lIsyc,(1 — co) + k(sj + c@c;) +ncyss,

—I—i[ — l(ci + cas;) + Kksycp(cy — 1) + ns(ps@],

B=%a+@f+%a—mﬁ
Minimizing the function B, we found
o = Po—bs _ B3bs
9 = , = .
Bos + B3 B3 + Bs

We see, that the condition B = 0, as it should be for the solu-
tions type IV, is only performed when B3 or B¢ equals to zero.
Thus there are no extrema of the function 3, corresponding to
noncoplanar structures.
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APPENDIX B

1. Relativistic effects

To obtain relativistic invariants, the action of rotational el-
ements, in contrast to the exchange symmetry transformations
(2), has to be extended to the spin indices

. —iq/2 . % —iq/2 . *
C2x LUy > —e€ a/ Vi, Myz—> € a/ Vy,p

—iq/2,, * .
s —eia/ 1w

—iq/2 , *
v, — e~/ Wer Vyz
. iq/2 iq)2
CZy Py — —e o My, HMHxz—> € a/ Mx,z»
vy —> e’q/zvy, Vi — —e’q/zvx,z. (B1)

Anisotropy energy in general case has the form

Mty + vevy) + Aoy iy + vyvy)
F A3t + Uz — ViV — V)
Fida(pxvy — Uy + Vipy — Ve, (B2)
here the common factor n> has been omitted.

Let us give the expressions for the anisotropy energy of the
phases:

Al —%ni - %znf + (il — koky);
Ay —%ln?c — %zif + A3l — kikr);
Bit = nl = 2wl ik, + Kl
Byt =ik = nd aaiL — kiko)

+ Aalleky + kyly);

A A
Cr: 224+ 2212 4 2,0

2 2
Al Ao
Cy: —?nz — ?nf — Azngng;

Mo, A
D: ?11,% + 3213 T 2halily;

A A
E: —?ln)zc — ?2’13 + Agnyny;
A Ao
* ., 2 2.
D . ?lx + ?lys
A, A,
E*: —?nx — ?Ifly.

Here for the planar structures we introduced the normal vector
to the spin plane n = [Ik] and used the relation

lalﬂ + kakﬁ + ngng = (Saﬁ.

Electric polarization of relativistic nature is due to the follow-
ing invariants:
_dl Ex(//vx‘); + M:vz + /’sz;k + ijx)
= Ey(pyv + pmyvz + povy + pnivy)
—d3E;(nvl + plve). (B3)

Accordingly, in five phases of twelve components of polariza-
tion Py, Py, P, occur:

dsl k;;
dsl k;;
ds (12 — k2);

A dilk, + kL), d(lk, + k1),
A di ek, + kL), do(lyk, + kyl.),
By) di(lil; — kyky), da(lyl; — kyky),
D*)2dil 1., 2dal,l,, P+ dsl?;

ENdi(Ll; + keky), do(lyl, + kyky), Py — dsn?.
Here, for the phases D* E*, we added the already mentioned
polarization of exchange nature Py. Note that Py and the
relativistic contribution to the polarization, as well as the
“anomalous” terms of anisotropy (Az,A4) are given for the
one of four possible domains, differed by the sign of v and
the replacement u < v. Thus, if we exclude the collinear
structure D*, there are four candidates for the phase, observed
in LiCu,0; at the temperature 7 < 23.2 K.

Due to the low symmetry of the crystal, there are too many
invariants caused by the relativistic effects of magnetostric-
tion: My Uy, NxxUyy, NxxUzz, NyyUxxs NyyUyy, NyylUzzs NzzUxxs
NzzUyy, Nzzlhzzs NxyUxys NyzUyz, NexUzxs FxxUxz FyyUxzg TzzUxz,
FxzUxxs VxzUyys FxzUzzy TxyUyzs FyzUxys SxyUxxs SxyUyy, SxylUzz,
SxxUxy,Syyllxy, SzzlUyy, Syzllxz, and s, u.y; here, the following
forms are introduced for brevity:

* * * *
Nik = Willy + il + Vive + ey,
* * * *
Tik = Wil + Wklb; — ViVg — Vv,

* * * *
Sik = MLiVy + UkV; — U Ve — UV,

therefore the use of strain measurements for the task of
structure selection is difficult.

2. Spin-orbit splitting of phase transition

The above regular accounting for relativistic effects un-
der the perturbation theory may become inapplicable in the
vicinity of the transition, where their contribution necessarily
becomes comparable to the exchange quadratic term of the
Dzyaloshinskii-Landau expansion 7#2. In this case, an inter-
mediate magnetic phase may appear in a small vicinity of
the transition in the cases, when active representation of the
exchange approximation is not one-dimensional. Let us find
out the features of this phase, suggesting the Lifshitz instability
is weak.

Let us select the real and imaginary parts in the order
parameter nu = a + ib,nv = ¢ + id, without imposing any
restrictions on the real-valued vectors a, b, ¢, and d. In these
variables, the quadratic part of the Dzyaloshinskii-Landau
expansion has the form

(t + )\,1)(61)% + bi + cf + df)
+ (T +h)(a; + b} + ¢} +d)
+1(al + b2+ ¢t +d2)
+2A3(aza; + bbb, — cxc; — did;)
+ 2x4(aydy — bycy + dya, — cby). (B4)
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In the immediate vicinity of the transition, we can not
neglect the Lifshitz invariant (3), and should also consider
suppressive instability quadratic in the gradient exchange
invariant:

L(ac’ —ca’ +bd —db’) + g@@a” + b? +c? +d?),
(B5)

where prime means differentiation with respect to
coordinate x.

In the general case, this is a rather complicated task.
However, in LiCu,0,, according to the experimental data [36],
if the parameter A; is negative and substantially exceeds the
value of the remaining anisotropy constants, then the analysis
of the transition is much easier. The transition then should
occur at T & —A; and we may neglect y and z components of
the vectors in the vicinity of T,;. As a result, the quadratic term
in the Dzyaloshinskii-Landau expansion in the order parameter

has the form
F, = in* + L(ac’ — ca' + bd' — db')

+ g(a/z + b/2 + C/2 + d/2), (B6)
where 772 = a? + b* + ¢% + d?, the same for all vectors, index
x has been omitted.

Let us tun to the Fourier components
a=ae™ +afe *, ... k>0. For the contribution of
single harmonic, we have

F> = (% + gk®)ajax + biby + ciex + didy)
+ ikﬁ(a,fck — c}:ak + b:dk — dkb;:) (B7)
For given magnitude ajay + b;by + cfcy + dj’d; and wave
vector, this contribution is minimal if

C = iak, dk = ibk, (BS)

then
Fy = 2(% — Lk + gk*)(afay + b}by). (B9)

The phase transition occurs when the temperature decreases
and the minimal value of the coefficient in (B9) changes
sign at k = kg = L£/2g. The relative phase and amplitude of
the components a; and by are determined by the minimum
condition of the function

B = 4B,(ac + bd)*
+ Ba(a® + b* — ¢ — d*)* + 4B3(ad — be)’
+ Bal(@® — b* + & — d*)? + 4(ab + cd)?]
+ Bs[(a® — b* — 2 + d*)* + 4(ab — cd)*]

+4Bs(a*c® + b*d* + a*d* + b*c?) (B10)

at the fixed magnitude n?> = 2(ajax + b by) and fulfillment the
condition (BS8).

Turning to the Fourier components in the expression (B10)
and integrating over the volume, we get

8(B1 + Ba)(a@* + b*)(a*® + b**) — 16B3(a*b — ab*)?
+ 16ﬁ4(a261*2 +b2b*2 +a2b*2 +a*2b2)
+8(Bs + Bo)l(@”® — b*)(a** — b**) + 4aa*bb*],

here the indices k have been omitted.
Introducing parametrization
i(3—p)

ap = ge_i‘ﬁsq), by = gc¢e (B11)

we get

B = By + Asj,s;, (B12)

where

1
By = 5(,31 + B2+ 284 + Bs + Be),

1
A= =S(Br+ Po 265+ 261+ fs + o). (BI3)

If A < 0 then the minimum B occurs at ¢ = n /4,8 = n /2.
If A > 0 then there are two solutions (1) ¢ = 0 (or ¢ = 7/2),
and the value of § is not relevant, and (2) § = 0,7r. Thus the
following solutions are the candidates for the intermediate
phase:

e—i(kx—w)
Iy = Fivy = ———;

V2

I : py = costkx — @), v, = £sin(kx — ¢);

I3 : puy = cosltkx — @), v, = %isin(kx — ¢).

Let us note that there are no associated solutions trans-
forming into each other under the transformation (6) here,
since, as noted above, the Lifshitz invariant (3) breaks this
random symmetry. One of these phases has to be realized at
the transition point 7;;. Note that only in the phase I, electric
polarization of exchange nature occurs.

There are two possible scenarios with decreasing tempera-
ture: either a first-order transition into one of the phases con-
sidered above at the temperature T, or, if the low-temperature
phase is noncollinear, then a first-order transition into another
intermediate collinear phase C, D, or D* is possible.
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