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LiCu;0s5 is a novel two-dimensional S = 1/2 antiferromagnet with randomly depleted square lattice. The
crystal structure contains two types of square planes with different Cu®>* — Li™ substitution rates (20% and
40%). "Li NMR and magnetization measurements performed on single crystals of LiCu30; revealed the occur-
rence of magnetic order at 7,; = 123 K and the change of the magnetic state at 7., & 30 K. The high-temperature
transition can be attributed to establishment of magnetic order in planes with higher concentration of magnetic
ions and the low-temperature transition to the magnetic ordering in planes with lower concentration of magnetic
ions. Broad continuous NMR spectra below 7., reflect a continuous distribution of values or directions of
magnetic moments in LiCu;Oj; typical for spiral, spin-modulated magnetic structures or structures with frozen
disorder. Magnetization measurements revealed a spin-flop transition which indicates weak uniaxial anisotropy
of the spin structure. The relatively small magnetic susceptibility at all orientations of applied magnetic field
shows that the magnetic structure is rigid since the estimated value of saturation field derived from differential
susceptibility measured at poH = 5 T is poHgy ~ 200 T.

DOLI: 10.1103/PhysRevB.109.115151

L. INTRODUCTION substitution degrees were studied in the systems La,Cuj_,
(Zn,Mg),0O4 [5,10] and Li,V;_,Ti,OSiO4 [11]. Here we
present a novel example of highly diluted square-lattice quan-
tum antiferromagnetic (SLQAF) material LiCu3Os3.

LiCu30Os3 is a representative of a cuprate with mixed va-
lency of copper ions: the number of magnetic Cu®** (§ = 1/2)
ions is twice as much as the number of nonmagnetic Cu™
ions. The x-ray diffraction experiments on microcrystals of
LiCu3O3 [12] show that the crystal structure of LiCu3Oj3
consists of four alternating square planes stacked along the
C, axis: one square plane consists of Cu™ ions and other
three square planes consist of (Li*, Cu?*)0*~ complexes.
The sites of these three square planes are occupied by the non-
magnetic Li* ions and magnetic Cu®>" ions statistically with
proportion 1 to 2 to ensure electrical neutrality. Single-phase
samples of LiCu3;0j3 crystals of millimeter size were grown
recently [13]. The crystallographic structure of LiCuzOs3 al-
lows us to consider the magnetic material as an example of
a highly diluted quasi-two-dimensional S = 1/2 magnet on
a square lattice. Here we discuss the study of magnetic state
of LiCu30O3; with magnetometry and NMR techniques. Two
magnetic transitions were observed at 7, = 123 K and 7, =
30 K. In our report we suggest magnetic state of LiCuzO3
which can qualitatively describe the set of experimental data
obtained.

Quasi-two-dimensional antiferromagnets on square lattice
are of a great interest as experimental implementations of
models in which the existence of various exotic magnetic
states is predicted. Magnetic behavior of such objects is stipu-
lated by the value of spins, hierarchy of exchange interactions
of ions in sites of square lattice, and interaction with crys-
tallographic surroundings. Nowadays, a big amount of such
magnets with weakly bound crystallographic planes is known
(see, for example, Refs. [1-5]). Particular interest is shown
in strongly quantum case of spin § = 1/2 because quantum
fluctuations play a crucial role in the choice of established
magnetic states.

Naturally, various irregularities of square lattice signifi-
cantly influence magnetic states. Particularly, special attention
is drawn to substitution of magnetic ions with nonmagnetic
impurities. Small dilution leads to change of boundaries of
magnetic phase diagram, whereas the strong dilution can
cause an occurrence of new exotic magnetic states. Such
dilution decreases the spin stiffness, which can lead to an
occurrence of microscopically nonuniform phases like frozen
disorder or spin-glass state.

Models of diluted two-dimensional (2D) magnets on
square lattice were considered in Refs. [6-9]. Experimen-
tally, square lattice quantum antiferromagnets with different

II. CRYSTAL STRUCTURE OF LiCu30;
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FIG. 1. Crystal structure of LiCu;303. The smaller orange spheres
mark the positions of the Cu™ nonmagnetic ions, while the smaller
magenta spheres in B, A, B square planes mark the positions of
randomly distributed ions of nonmagnetic Li™ and magnetic Cu®*.
The larger blue spheres are at the positions of the O~ ions.

parameters of LiCu3;O3 are a = 2.810 A and ¢ =8.889 A
[12]. The crystal structure consists of alternating layers
of Cut ions and (Li*, Cu*")O>~ complexes normal to
the fourfold axis C4. Within the layers, the crystal nodes
form regular square lattices. Figure 1 shows the schema
of crystallographic cell of LiCu;O3 drawn in accordance
with the x-ray and neutron-diffraction experiments given
in Refs. [12-14]. The planes of nonmagnetic Cut ions
are separated by three (Li*, Cu?t)0?~ square planes. The
positions of Cu" and O?~ ions are shown in Fig. 1 with
orange and blue circles, respectively. The positions of three
intermediate planes colored with magenta are occupied by
magnetic ions Cu*" and nonmagnetic ions Li™ statistically,
forming the solid solution in these planes. The proportion of
magnetic copper ions to lithium ions in central plane is 8:2,
whereas for two outer planes the proportion is 6:4. In the
following we denote the inner planes as A planes and outer
planes as B planes.

The magnetic properties of LiCu3Oj3 crystals had not been
studied before. We can do some comments concerning the
expected magnetic structure of LiCu3zO3; from considering
its crystal structure. First, according to crystallography, the
B-A-B triads of magnetic planes are separated by planes of
nonmagnetic ions Cu™. This fact can suggest their magnetic
quasi-two-dimensionality. The quasi-2D magnetic behavior
observed in related compound with mixed valency of cop-
per LiCu,O, [15] supports this assumption: in the case of
LiCu,0,, nonmagnetic Cu™ planes separate pairs of magnetic
plains. The second very unusual and attractive feature of the
crystal structure is random substitution of magnetic copper
ions by nonmagnetic lithium ions: 20% for A planes and 40%
for B planes. These are very high substitution levels, espe-
cially for 2D systems. The concentration of magnetic copper

A-plane Li"-20%; Cu**- 80%

B-plane Li"-40%; Cu*- 60%
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FIG. 2. Fragments of simulated square planes A and B with
random occupation of crystal nodes of a regular square lattice by
magnetic ions Cu®* (crosses) and nonmagnetic Lit (circles). The
bonds between nearest magnetic ions are shown with lines. Ions
which have all four nearest magnetic neighbors are highlighted with
bold red crosses. The ion which has no in-plane magnetic neighbors
is highlighted with a bold blue cross.

ions in B planes is close to percolation threshold for a 2D
square lattice [16]. For visualization, we generated two sets
of square lattices with rates corresponding to A and B planes
presented in Fig. 2. Copper ions are marked with crosses,
and lithium ions are marked with circles. Lines show bonds
between nearest magnetic ions. It can be seen that there is a
very small number of magnetic ions with full set of in-plane
magnetic neighbors: 0.8° = 0.32 and 0.6° = 0.078 for A and
B planes, respectively. Such ions are colored with bold red
crosses. It can be seen that the areas with regular bonds are
coupled with net of “bridges” of ions with incomplete sets
of exchange bonds. Not all magnetic copper ions have mag-
netic nearest neighbors: an example of such isolated ion is
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marked in the Fig. 2(b) with bold blue cross. Concluding, we
can expect, that magnetic state of LiCu303 is defined by the
random distribution of in- and out-of-square-plane exchange
interactions.

III. SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS

LiCu30; single crystals were grown from high-
temperature solutions of Li;CO3; and CuO in an ambient
atmosphere.

Crystal growth was conducted with flux method. Homog-
enized batch of 0.125 - Li,CO5 - 0.875 - CuO was heated for
three hours up to T = 1270 °C, which is higher than the melt-
ing point; then the melt was kept at this temperature for an
hour; then it was cooled down to 7" = 1090 °C in 30 minutes;
after that, it was cooled down to 7" = 915 °C in 50 hours; after
keeping it at this temperature for 10 hours, the crystallized
melt was rapidly cooled down to room temperature [13].

Typical dimensions of a crystal were 5x5x1 mm? with
the smallest side aligned with C4 axis of the crystal. The
developed planes of the plate were mirror-like smooth and
had the shapes close to a rectangular with sides directed along
[110] and [1—10] axes of the crystal. Unit cell parameters
were in agreement with the previously reported [13]. The
crystals of LiCu3;O3 were stable in air and did not need any
special precautions usually required for some other lithium
and sodium cuprates.

The magnetization properties of LiCuzO3; were studied
with use of commercial magnetometer MPMS-5XL (Quan-
tum Design).

"Li nuclei (nuclear spin I = 3/2, gyromagnetic ratio y =
16.5471 MHz/T) were probed using the pulsed NMR tech-
nique. The spectra were obtained by summing fast Fourier
transforms (FFT) of spin-echo signals as the frequency was
swept through the resonance line. NMR spin echoes were
obtained using 7, — Tp — T, pulse sequences, where the pulse
lengths 7, were 4-6 us and the times between pulses tp
were 30-60 ps. The measurements were carried out in the
temperature range 4.2 K < T < 210 K, temperature stability
was better than 0.1 K.

IV. EXPERIMENTAL RESULTS

A. Magnetization measurements

Figures 3 and 4 show the temperature dependencies
of magnetic susceptibility x = M/uoH measured at fields
uwoH = 1T and uoH =5 T at H directed along and perpen-
dicular to C4 axis of the crystals, respectively. Magnetization
in all figures is given in units of pup per one magnetic ion of
Cu?*, assuming that our samples are stoichiometric. Growth
of susceptibility with temperature decrease is observed in the
whole temperature range. The dependencies are well repro-
ducible and no irreversibility or history effects have been
observed. The temperature dependencies cannot be simply
described by Curie-Weiss law: the reciprocal susceptibilities
are not linear in studied temperature range (see insets to the
top panels of Figs. 3 and 4). The high-temperature range can
be roughly extrapolated by Curie-Weiss law with negative
Curie-Weiss temperature ® =~ —100 K, which allows us to
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FIG. 3. (Top panel) Temperature dependence of magnetic sus-
ceptibility x(7") of LiCuz;O3 measured at uoH =1 T (blue line)
and uoH =5 T (red line), H || C4. Red squares show temperature
dependence of the value of differential susceptibility obtained from
M (H) measurements at poH =5 T (see Fig. 5). Inverse suscepti-
bilities 1/ (T') are shown in the inset to the Figure with respective
colors. (Bottom panel) Temperature derivatives of x (T') from the top
panel. In the inset an expanded area in the vicinity of the singularity
observed at T ~ 120 K is presented. Green solid lines mark the
smoothed slopes of x (T") at both sides of the critical point.

suppose the presence of strong dominant antiferromagnetic
interaction in LiCu303. Against the background of suscepti-
bility increase, a singularity at 7,; = 120 & 10 K is observed.
This singularity is accompanied by sharp change in slope of
susceptibility. d x (T')/dT dependencies are shown in bottom
panels of Figs. 3 and 4. The insets to the bottom panels
of the figures show dependencies dy(T)/dT expanded in
the vicinity of the singularity at T.;. Green solid lines show
the smoothed dependencies above and below T.;. In line
with results of NMR experiments discussed below, we as-
cribe the singularity to partial antiferromagnetic ordering of
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FIG. 4. (Top panel) Temperature dependence of magnetic sus-
ceptibility x(7") of LiCu3O; measured at uoH = 1 T (blue line) and
oH = 5T (redline), H L C4. Red squares show temperature depen-
dence of the value of differential susceptibility obtained from M (H)
measurements at uoH =5 T (see Fig. 6). Inverse susceptibilities
1/x(T) are shown in the inset to the figure with respective colors.
(Bottom panel) Temperature derivatives of x(7') from top panel. In
the inset an expanded area in the vicinity of the singularity observed
at T =~ 120 K is presented. Green solid lines mark the smoothed
slopes of x (T) at both sides of the critical point.

LiCu30;. In this case, at lower temperature the susceptibility
of ordered part stops its growth with temperature decrease,
whereas the rest of the magnetic system continues to behave
paramagnetically.

The temperature dependencies of susceptibilities measured
at uoH =1 T and puoH =5 T are close at high tempera-
tures, whereas at low temperatures they differ. This happens
at temperatures below T, ~ 30 K. This is the marker of
nonlinearity of magnetic moment dependence on magnetic
field at low temperatures.
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FIG. 5. (Top panel) Field dependence of magnetization M of
LiCu30;3 measured at different temperatures, H || Cy. (bottom panel)
M (H) measured at 7 = 1.85 K (black line) and at 7 = 30 K (green
line). Linear and nonlinear parts of M(H, T = 1.85 K) obtained as
described in the text are shown with dashed red and blue lines,
respectively.

Field dependencies of magnetic moment of LiCu3;O; at
different temperatures for fields parallel and perpendicular to
the C4 axis are shown in upper panels of Figs. 5 and 6. The
dependencies are linear at temperatures higher than 7 =~ 30 K
and nonlinear in the low-temperature range. The differential
susceptibilities d x /dH at high fields (=5 T) for all curves
measured below 30 K are nearly the same. The bottom panels
of Figs. 5 and 6 show the results of separation of M(H) at
T = 1.85 K in a linear and a nonlinear parts: experimental
black curve measured at 1.85 K can be presented as the sum
of the linear part (dashed red line) and the nonlinear part (blue
line). The linear part is close to M (H) measured at 30 K. We
ascribe the linear part of M(H) below T, to magnetization
of antiferromagnetically ordered fraction, and the nonlinear
part to magnetization of the paramagnetic fraction. Note that
the linear part of the susceptibility is weak: at uoH =5 T,
the value of magnetic moment M amounts to 2% of the
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FIG. 6. (Top panel) Field dependence of magnetization M of
LiCu303 measured at different temperatures, H || [110](_L C). (bot-
tom panel) M (H) measured at T = 1.85 K (black line) and at T =
30 K (green line). Linear and nonlinear parts of M(H, T = 1.85 K)
obtained as described in the text are shown with dashed red and blue
lines, respectively.

saturated value gSuz/Cu’*. The maximum contribution of
the nonlinear part to full magnetization at the lowest temper-
ature and uoH =5 T is 6M ~ 0.012-0.014 MB/Cuz’L (see
bottom panels in Figs. 5 and 6). This contribution can be
reasonably explained by magnetization of the isolated mag-
netic ions discussed in Sec. II (bold blue cross in Fig. 2).
The estimated portion of isolated Cu’* ions is 1.6%, which
is close to experimental value. Note that the similar nonlinear
contribution to M(H) was observed in weakly interacting
antiferromagnetic nanoparticles [17].

The red squares in dependencies of x (7) in Figs. 3 and 4
show the values of differential susceptibility dM/dH obtained
from M (H) measurements at uoH = 5 T, which are close to
the linear part of susceptibility presumably defined by ordered
magnetic fraction of LiCu30s3. The temperature at which the
differential susceptibility measured at uoH =35 T stops in-
creasing is signed as T, ~ 30 K. Presumably, we associate
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FIG. 7. (Left panel) Angle dependence of magnetization M («) of
LiCu30; measured at different values of uoH, T = 1.85 K. (Right
panel) Angle dependence of magnetization M («) of LiCu3;O3 mea-
sured at different temperatures T, uoH =5 T.

this temperature with the ordering temperature of the residual
portion of magnetic ions of LiCu3O3; which were not ordered
atT < T, =123 K.

The left panel of Fig. 7 shows angle dependencies of mag-
netic moment M («) of LiCu3;O3 measured at different values
of magnetic fields at a constant temperature 7' = 1.85 K,
where « is the angle between the [100] axis and the field direc-
tion. The field was rotated from the [100] axis to the C; axis
of the crystal. The right panel of Fig. 7 shows the temperature
evolution of M («), measured at uoH = 5 T. In the whole stud-
ied field and temperature range, the susceptibility along Cy4
exceeds the susceptibility in the plane (001) by 16 &= 1%. This
value can be explained by anisotropy of gyromagnetic ratio of
Cu**. The close value of anisotropy of g factor was observed
in related magnets LiCu,0; and LiCuVOy4: Ag/g ~ 10% and
14%, respectively [18,19]. The left panel of Fig. 8 shows the
angular dependencies of magnetization M (¢) at H applied in
the plane perpendicular to Cy. ¢ is the angle between the [110]
axis and the field direction. M (¢) were measured at different
fields, T = 1.85 K. The angle-dependent part of susceptibility
at all studied fields and temperatures does not exceed 3%
of mean value. The angle-dependent part can be divided in
two components: one harmonic component with period 180°,
and another component with period 90° [see middle panel of
Figs. 8(a)-8(c)]. Taking into account the crystal symmetry
of LiCu303, the m /2 anisotropy seems to be natural. The
harmonic modulation with a period of 180° we presumably
associate with parasitic signal from the sample holder. The
amplitude of this modulation was proportional to applied field.
The right panel of Fig. 8 shows the dependencies given in
the left panel of Fig. 8 with subtracted w harmonics. Next,
we list the main features of the 90°-periodic parts of M(gp).
The maxima of magnetization is observed at H directed along
square sides of crystal structure (H || [100], [010]). Attention
is drawn to the sharp change in the sign of the slope to the left
and to the right of the minimum. In the vicinity of the minima,
the dependencies measured in the clockwise direction differ
from the curve measured in the counterclockwise rotation.
The arrows in the figure show the directions of field rotations.
Slope singularity [see middle panel of Fig. 8(d)] and hystere-
sis mark the presence of the reorientation transitions at these
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M™ (¢) from magnetization measurements M (¢). Arrows at the curves in the figure show the directions of field rotations.

angles. Such behavior is specific for exchange structures with
axial symmetry such as collinear structure defined by vector
of antiferromagnetism 1, or planar spiral structure defined by
vector n normal to the spin plane; for order parameters 1 or n
there are strong easy-plane anisotropy within the (001) plane
and weaker anisotropy within the easy plane. The examples
of collinear and spiral antiferromagnets with such anisotropy
hierarchy are well known (see, for instance, Refs. [20,21]).

B. Nuclear magnetic resonance

The Li NMR spectra of LiCu3;0; were measured at the
frequency scan around vy = 30 MHz at a permanent magnetic
field equal to woHy = vo/y = 1.813 T. Temperature evolu-
tions of spectra for a field parallel and perpendicular to the
crystal axis Cy are shown in Fig. 9. At temperatures higher
then ~120 K, narrow NMR lines are observed. Lines obtained
atH || Gy at T = 207 K demonstrate the quadrupole splitting
of the central line of the "Li NMR spectra corresponding to
the central transition m; = —1/2 <> +1/2 and two satellites
corresponding to the transitions m; = £3/2 <> £1/2. The
quadrupole splitting in LiCu30j3 is weak and will not be con-
sidered in the following discussion of the spectral broadening
observed at low temperatures. The observed lines demonstrate
the strong change in linewidth and lineshape at 7;,; =~ 123 K.
The mass center of observed spectra does not shift distinctly
with temperature, which is in agreement with the small sus-
ceptibility of LiCu30; (see Figs. 5 and 6).

The temperature dependencies of linewidths §v(7") mea-
sured at the 1/2 and 1/3 level of the maximal NMR signal
at H parallel and perpendicular to C4 are shown in Fig. 10.
Temperature increase of §v(7') measured at 30 K < T < T
is proportional to (1 — 72/T.3)” (see solid lines in the figure).
In our experiment, we obtain 8 = 0.50 & 0.06 for H || Cy4
and 8 =0.25+0.03 for H L Cs. Experimentally observed
disparity of exponents for different orientations of external

magnetic field indicates that in-plane and out-of-plane com-
ponents of magnetic moments order by different scenarios.

We associate the broadening of the NMR lines at T < T
with the local magnetic fields from nearest ordered magnetic
Cu* ions on the "Li nuclei. The broad spectrum signals
a continuous distribution of local magnetic field values or
directions on "Li positions with lifetime higher than time of
NMR measurement. Note that broad continuous spectra are
often found in incommensurate noncollinear spin structures
[19,22].

Concluding, the abrupt broadenings of “Li NMR line take
place at 71 &~ 123 K and 7, ~ 30 K, which is in agreement
with singularities on M(T') observed at T,;, T.,. The shape
of the "Li spectra indicates continuous distribution of values
or directions of Cu*" magnetic moments in the magnetically
ordered state.

V. DISCUSSION

We start the discussion from the model of infinite
square lattice with sites occupied by magnetic ions of Cu**
(S = 1/2) with the dominant in-plane exchange interactions
along the sides and diagonals of squares J; and J,, respec-
tively, hoping that this rough model can explain several
observations.

Taking into account the results of magnetization mea-
surements, we can consider that the dominant exchange
interaction is antiferromagnetic and, as a result, in the
large-spin limit, we can expect the long-range order to be anti-
ferromagnetic. If the exchange interaction along square sides,
J1, is dominant, the wave vector of the magnetic structure is
q = [, ]. In case the dominant diagonal interaction is Js,
the structures with q = [, 0] are expected. In the quantum
case of § = 1/2, corresponding short-range correlations are
expected. The model phase diagram for the large-spin limit
and S = 1/2 for 2D model was considered in Refs. [23,24].
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FIG. 9. Temperature evolution of "Li NMR spectra at H parallel
and perpendicular to the crystallographic axis Cy; poHy = 1.813 T.
NMR lines are stacked along ordinate axis for clarity.

Possible orientations of antiferromagnetic vector 1 are de-
fined by crystal anisotropy. As far as the crystal structure
of LiCu3O; is uniaxial, in the general case, the zero-field
directions of 1 will be along one of four axes lying in planes
(100) and (010) or (110) and (110) of the crystal. For both
cases we can expect eight domains with equal energy at zero
external field. Vectors 1;_g are shown with solid and dashed
blue lines in left panel of Fig. 11.

In the special case of easy-axis anisotropy, we can expect
only two domains with 1 directed along [001] and [001]. The
clear observation of 90° anisotropy of magnetization mea-
sured in LiCu3O3; within the (001) plane excludes this limit
case.

Angle dependencies of magnetic moment M (¢) for low-
field H applied in the (001) plane can be understood in the
model of a strong easy-plane anisotropy and weak in-plane
anisotropy.

The anisotropic part of energy of the magnetic system can
be written as D cos® 2¢ — 1 1 H? sin* (¢ — ), where the first
term is the in-plane anisotropy and the second term is the
Zeeman energy. Here D is an in-plane anisotropy constant and

2.5 T T v T T T T T
A linewidth at 1/3-maximum, HLC, 1
a A linewidth at 1/2-maximum, HLC,
2.0 T,=123K 7
B linewidth at 1/3-maximum, H || C,
< B linewidth at 1/2-maximum, H || C, ]
S5l a 025 -
%’ / ﬂ — V.
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0.0 . 1 . ] " a br—a——— 1
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FIG. 10. Temperature dependence of 'Li NMR spectra linewidth
Sv(T') measured at 1/2 (red symbols) and 1/3 (black symbols) of
maximum. Squares correspond to H || C4 and triangles correspond
to H L C,. Transparent lines are given as guides for eye. Solid lines
present the fit to the power-law behavior with exponents 8 = 0.5 for
H| Ciand 8 =0.25forH L C;and T, = 123 K.

X1 is the magnetic susceptibility at H applied perpendicular
to 1. ¢ and ¢ are the angles defining the directions of vectors
1 and H, respectively, counted from equilibrium direction of
1 at H =0 (see right panel of Fig. 11). When the field is
directed exactly between easy axes, domains +/; and =/,
have equal energy. At small clockwise rotation of magnetic
field, domains with £l; will be preferable, whereas upon
rotation in the other direction, domains with £l, have lower
energy. At this field direction, a spin-flop reorientation can be
expected. The simple considerations of angle dependence of
magnetic moment measured at different fields show that the
smallest value of magnetization is expected at reorientation
angle, whereas the largest one—at H directed along easy axis.
The amplitude of magnetization modulation at field rotation in
the low-field limit is expected to be close to 50% of moment
measured at H parallel to easy axis.

The magnetization study of LiCu3; O3 revealed an anomaly
at H | [110] corresponding to spin-flop reorientation.
Experimental observation of spin-flop reorientation naturally

easy axis
L Y

ES)
o

FIG. 11. (Left panel) Possible orientations of antiferromagnetic
vector of model collinear structure at H = 0. (Right panel) Schema
of a model two-domain structure with dominant easy-plane and
weak in-plane anisotropies at field applied in easy plane. Angles are
counted from the equilibrium direction of lat H = 0. Here, a, b mark
the easy axes in plane (001).
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allows us to suggest that the magnetic structure of LiCu303
has a uniaxial anisotropy, and axes [100] and [010] of the
crystal are easy directions for the specific axis of the magnetic
structure. In the contrast to collinear model antiferromagnet
discussed before, the maximal modulation observed in the ex-
periment was approximately 3% of the maximal value. Such
a small value of modulation can be explained by considering
the magnetic structure of LiCu3 O3 as uniaxial with anisotropy
of susceptibility x/x. ~ 0.94%!. Here, indexes || and L
correspond to mutual orientation of field and the specific axis
of the uniaxial magnetic structure. Note that, in case of a usual
collinear antiferromagnet, x;/x1 ~ 0 at low temperatures.

Next, we suggest more realistic model of magnetic struc-
ture of LiCu3Os; which can qualitatively explain some
experimental observations, particularly the weak anisotropy
of the magnetic susceptibility. The magnetic ions in LiCu3 O3
have different environment of magnetic Cu** and nonmag-
netic Li*. We can evaluate the number of magnetic ions which
have all four bonds in square planes between nearest magnetic
ions which are marked with red crosses in our random sample
of A and B planes in Fig. 2. In the A plane, we expect 32% of
all sites to be occupied by such ions, whereas for the B plane
the ratio is even smaller (7.8%). The number of such ions in
both planes is much smaller than the percolation threshold for
the square lattice [16]. Thus, ions with full set of bonds with
neighbors in planes A and B form clusters joined together with
magnetic ions with an incomplete set of bonds.

For A planes, clusters of ions with all four bonds are big
and they all are connected via “bridges” forming an infinite
cluster because the concentration of magnetic ions in A planes
is higher than the percolation threshold. For B planes, clusters
of ions with full set of bonds are small, and overall concen-
tration of magnetic ions is close to the percolation threshold,
which allows us to suggest that magnetic ions in B planes form
weakly coupled clusters of finite sizes. Particularly, a cluster
that consists of a single magnetic ion [Fig. 2(b), blue cross],
as discussed before, stipulates for a sufficient part of magnetic
susceptibility at low magnetic fields at 7 < 30 K.

The magnetic transition at 7,; = 123 K can be associated
with ordering in the A planes. In the clusters with full set of
bonds, one can expect the establishing of a collinear structure
with antiferromagnetic vector 1 directed along one of the easy
axes (as discussed before). “Bridges” of magnetic structure
that have not all four bonds possibly form a noncollinear
structure either due to the frustration of magnetic bonds, or
because they connect collinearly ordered areas with different
orientations of 1. Thus, magnetic state in the A planes can
be considered as a multidomain structure with strongly devel-
oped domain walls: the number of magnetic ions forming the
domain walls can be roughly evaluated as the number of ions
with an incomplete number of bonds, i.e., #60% of magnetic
ions in the A plane. Application of a sufficiently strong mag-
netic field must decrease the number of possible directions of 1
in magnetic domains, although complete monodomainization
of the magnetic structure is impossible because magnetic field
interacts with domains with 1 and —1 equally.

The low-temperature transition at 7., &~ 30 K supposedly
corresponds to magnetic ordering in the B planes. Note
that the expected value of magnetic ions in these planes
with full set of bonds with magnetic neighbors is equal to

0.6°x100% = 7.8%. The proximity of magnetic ion concen-
tration in the B planes to the percolation threshold allows us to
suggest that connections between clusters are weak. Magnetic
order in clusters of different sizes can occur at different tem-
peratures, so the magnetic ordering takes place over a broad
temperature range, which is the reason it does not manifest
itself as an abrupt singularity on temperature dependencies of
magnetization and NMR linewidth. It is also possible that the
ordering in the B planes has imposed a character due to the
interaction with ordered neighboring A planes.

"Li NMR spectra demonstrate drastic line broadening at
T < T,.;, which can be ascribed to the occurrence of static
magnetic moments on Cu’* ions. These moments create an
effective field Ah at "Li nuclei which leads to the shift of
NMR frequency on y Ahy. Here, Ahy is a projection of the
local field Ah in the direction of the external magnetic field
Hp.
For modeling the NMR spectra, only dipole fields from
Cu?* magnetic ions from the first coordination spheres of
Lit ions were considered. Such a suggestion was previously
justified for related noncollinear structures in LiCuVOy and
RbFeMoO, [25,26]. We also assumed that the values of all
Cu?* magnetic moments were the same.

Two different model structures were considered: the model
with the ordered moments directions randomly distributed
within the square plane perpendicular to the C4 axis and the
model with ordered moments directions randomly distributed
in space. 'Li NMR spectra calculated in frames of listed
suggestions are presented in the upper panel of Fig. 12 with
ared line. They are in agreement with the spectrum obtained
experimentally at the lowest temperature 7 = 4.2 K shown in
the same figure with a black line. The shapes of the calculated
spectra were the same for both models with values of Cu**
magnetic moments equal to 0.4 pp for the planar structure and
0.6 up for the model of moments randomly directed in space.
The width of individual NMR lines used for computations was
dv = 0.045 MHz. In the inset to Fig. 12, the schema of nearest
to Li* randomly directed moments of Cu®* is presented. Li*
is marked with open circle. Square lattice sites are marked
with blue for ions from the A plane and red for ions from the
B plane. In the frames of these models, neighboring positions
of Li-ions were randomly occupied with magnetic Cu?>* and
nonmagnetic Li* ions, in accordance with the occupation
probability in the A and B planes. Strong spin reduction
in low-dimensional § = 1/2 systems is natural: for related
magnets Sr,CuQO3 and LiCuVOQ,, magnetic moment value is
0.06 up and 0.31 wp, respectively [27,28].

At higher temperatures, NMR lines have a more com-
plicated shape. An experimental spectrum obtained at 7' =
47.4 K is shown by the black line in the bottom panel of
Fig. 12 and a model spectrum is shown by the red line.
The value of the magnetic moment used in calculations
was 0.4 up. The schema of suggested magnetic structure is
given in the inset to Fig. 12. At this temperature, we sup-
pose that spins from the B plane are not ordered. In the A
plane, the directions of the closest magnetic moments are
suggested to be correlated antiparallel and lying within the
plane perpendicular to Cy4, but their directions within the plane
are arranged randomly. This model partially describes the
experimental spectrum at this temperature. The nonshifted
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FIG. 12. The results of modeling ’Li NMR spectra, H L C, from
Fig. 9. Black lines show experimental spectra obtained at 7 = 4.2 K
(top panel) and T = 47.4 K (bottom panel). Corresponding red lines
show spectra calculated in frames of the models described in text.
Insets show the model orientation of magnetic moments in crystallo-
graphic planes A (blue circles) and B (magenta circles).

peak can probably be explained by the signal from Li* sur-
rounded by strongly reduced magnetic moments. The integral
intensity of this peak is about 15% of the total NMR line
intensity.

Here, we did not consider the possibility of the frustration
of exchange interactions, which can play a significant role
in the formation of a frozen disordered structure. Hence, on
the example of the frustrated SLQAF system Li, VOSiOy it
was shown that doping with nonmagnetic Ti*" impurities
sufficiently influences the frustration of exchange interac-
tions [11]. In geometrically frustrated quasi-2D magnets with
a triangular lattice one can expect the establishment of a
disordered spin-glass-like state even at 10%—20% depletion

of the magnetic system with nonmagnetic ions [29]. Studies
of magnetic properties of CuCrO,, an example of quasi-
2D antiferromagnets with triangular lattice, doped with
vanadium—CuCr;_, V,O,—revealed a spin-glass state at the
doping level of 8% [30,31]. Studies of another quasi-2D mag-
net, Rb;_,K,Fe(Mo0O4),, showed that samples with a doping
of 15% (x = 0.15) present frozen magnetic disorder [32].

VI. CONCLUSION

In this work, a novel quasi-2D antiferromagnet with a ran-
domly depleted square lattice of spins § = 1/2 was studied.
"Li NMR and magnetization measurements performed on sin-
gle crystals of LiCu3 O3 revealed the occurrence of magnetic
order at 7T,; = 123 K and the change of the magnetic state at
T., ~ 30 K. We ascribe the high-temperature transition to the
establishment of magnetic order in planes with a higher con-
centration of magnetic ions and a low-temperature transition
to the magnetic ordering in planes with lower concentra-
tion of magnetic ions. Broad continuous NMR spectra below
T, reflect a continuous distribution of magnetic moments in
LiCu303, which is typical for spiral, spin-modulated magnetic
structures or structures with frozen disorder. Magnetization
measurements revealed a spin-flop transition which indicates
weak uniaxial anisotropy of spin structure with susceptibil-
ities x;/x.L ~ 0.94. Fourth-order anisotropy with easy axes
directed along the [100] and [010] axes of the crystal was
observed. The small magnetic susceptibility for all orienta-
tions of applied magnetic field shows that magnetic structure
is rigid since the estimated value of the saturation field derived
from the differential susceptibility measured at yuoH = 5T is
noHgye = 200 T.
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