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We present the study of low-frequency dynamics of LiCu;Os;—an antiferromagnet on a strongly depleted
square lattice. The crystal structure contains two types of square planes with different Lit — Cu®* substitution
rates (20% and 40%). Recent nuclear magnetic resonance (NMR), magnetization measurements and neutron
scattering experiments revealed the occurrence of antiferromagnetic order at 7,; = 123 K and the change of
the magnetic state at T, ~ 30 K. Electron spin resonance (ESR) intensity measurements confirmed that at
T., = 123 K a magnetic phase transition of only a part of the sample occurs, while the rest of the sample remains
paramagnetic. Supposedly, the order occurs in the magnetic planes with higher concentrations of magnetic
ions. The ratio of ESR intensity values before and after the transition is in agreement with this suggestion.
In the studied frequency and temperature range (18-140 GHz, 30-300 K) only one electron paramagnetic
resonance (EPR) branch was observed. At temperatures 7 < 30 K, the ESR branch acquires a gap which
gradually increases with temperature decrease. The behavior of the observed gap in the magnetic resonance
spectra indicates that this gap is, in fact, a pseudogap of exchange nature associated with finite-sized clusters of

magnetic ions.

DOI: 10.1103/PhysRevB.111.064430

I. INTRODUCTION

The influence of nonmagnetic substitution of magnetic ions
in antiferromagnets on their magnetic properties has been a
subject of great interest for a long time. Low-dimensional
antiferromagnets are highly sensitive to nonmagnetic dilu-
tion. Indeed, the presence of any amount of nonmagnetic
impurities in one-dimensional (1D) antiferromagnetic chain
makes the occurrence of a long-range order impossible even
at T = 0. The influence of weak doping on magnetic proper-
ties of 1D antiferromagnets with weak interchain interactions
(quasi-1D AF) were studied theoretically and experimentally
in Refs. [1-7]. The object of the study presented in this work
is a quasi-2D antiferromagnet on a diluted square lattice. In
the frames of different approaches, the temperature evolution
of nearest-neighbor correlations in such magnets with dif-
ferent degree of dilution has been studied in Refs. [§-10].
The best experimental realization was presented in exam-
ples of quasi-2D magnets La,Cu;_,(Zn,Mg),O4 [11,12],
Li, V-, Ti,O8i04 [13], and La,CuQ,4 doped with Li and Sr
[14]. In LayCu;_,(Zn,Mg), Oy, a high doping rate with Zn and
Mg is possible which allows experimental confirmation of the
theoretical predictions.
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LiCu30s3 is a novel representative of cuprates with mixed
valence with spin S = 1/2 on a depleted square lattice. It
is a unique example of such systems not only because of
the high dilution rate but also because the crystal structure
of this compound exhibits two types of square lattices with
different dilution ratios simultaneously: x4 = 0.2 in one plane
and xg = 0.4 in another plane. These features are an inherent
characteristic of the LiCu3;O3 crystal structure. The dilution
ratio of 0.4 is extremely close to the percolation threshold of
a square lattice, x, ~ 0.41, which makes the establishment of
the long-range order in separate planes problematic [9,12].

In this work, we discuss the magnetic properties of
LiCu303 studied with electron spin resonance (ESR) spec-
troscopy. The crystallographic lattice of this material consists
of stacked alternating square planes -C-B-A-B-C-, where non-
magnetic Cu™ ions occupy sites of C planes, and nonmagnetic
LiT and magnetic Cu®" ions are placed in the sites of A and B
square planes (Fig. 1). O*~ ions from A planes are positioned
precisely in the center of the Cu?*-Li* squares, whereas oxy-
gen ions from B planes are slightly shifted from the centers
towards C planes. Magnetic Cu?* and nonmagnetic Li* ions
are distributed in A and B planes with fractional occupancies
of 0.8:0.2 and 0.6:0.4, respectively. The crystal structure of
LiCu30;3 and Cu?*/Li" distribution has been studied with
x-ray diffraction and neutron scattering experiments in sev-
eral works [15-18], the results of which identified the same
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FIG. 1. Crystal structure of LiCu30;3. The orange circles mark
the positions of the Cu™ nonmagnetic ions, while the orange-green
circles in B-A-B square planes mark the positions of randomly dis-
tributed ions of nonmagnetic Li™ and magnetic Cu>*. The larger blue
open circles are at the positions of the O*>~ ions.

crystallographic structure and similar Cu®* /Li* ratios for A
and B planes. No indications for any superstructure or addi-
tional crystallographic phases were observed at the moment,
therefore Cu>* and Li* ions can be considered as uniformly
distributed in A and B planes.

II. CRYSTAL STRUCTURE OF LiCu30;

The crystal structure of LiCu3Os; belongs to the space
group P4/mmm at room temperature with lattice parameters
a=2810A and c = 8.889 A [15]. The unit cell diagram of
the LiCu3O3 crystal structure is shown in Fig. 1(a). Single
crystals of LiCu303 were grown with flux method from high-
temperature solutions of Li,CO; and CuO at rapid cooling
down from 7' = 915 K to room temperature [19].

It is natural to expect that during the growth process at
high-temperature Cu®*/Li" ions are distributed randomly.
Nevertheless, the diffusive redistribution of Li™ ions into more
energetically favorable positions during the cooling process is
also possible. In Ref. [20], it has been shown that it is more
energetically favorable for two Li* ions to substitute Cu*"
ions from nearest diagonal sites as shown in Fig. 2(a) than
when it occupies two nearest or isolated sites [Figs. 2(b) and
2(c)]. Such a conclusion was made by the authors as the result
of exact diagonalization (ED) and DFT -calculations. Quali-
tatively, this result seems reasonable, because the amount of
destroyed covalent d-p-d bonds between Cu’* ions is min-
imized in such a configuration. As a result, one can expect
the formation of “islands” in which Cu®>*/Li™ ions are placed
in chessboard order at ratio 0.5:0.5. Note that the realization
of such structure is possible in form of two crystallographic
domains which differ by the shift by one period along the
side of the square lattice. Figure 2(d) shows a fragment of
such ordered structure with two domains; boundaries between
these domains contain more Cu’* than the inner area of the
domains.

In this model, in A planes, CugsLipsO “islands” are
expected to be integrated in the infinite CuO-matrix. The
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FIG. 2. [(a)—(c)] Schema of possible incrustation of Li* ions in
CuO matrix. Dashed lines mark d-p-d bonds between Cu®* ions
destroyed by Li* doping. (d) Domain structure of LiCu3;O; in B
plane. Half-shaded orange and green circles represent Cu** and Li*
ions from different domains (I and II). Blue circles are oxygen ions.
Black dashed line shows the domain boundary.

composition Cug¢Lig 4O of B planes is close to CugsLig50.
According to Ref. [20], each B plane is built with small
domains of regular Cug sLipsO arrangement, and the surplus
of Cu** in relation to 0.5:0.5 ratio can be compensated by the
formation of a developed domain structure with the character-
istic size of domains /y ~ 10a.

At the moment, there is no valid information about the
nanoscale distribution of the Cu?*/Li* ions realized in
LiCu30;. Hence, the experimental results will further be dis-
cussed in the frames of both nonstochastic [20] and random
Cu?*/Li" distribution models [19]. Keep in mind that the
most realistic scenario is the superposition of the suggested
models.

III. MAGNETIC PROPERTIES

Magnetic properties of LiCu3O; were studied in
Refs. [18-20] by means of magnetometry, NMR and elastic
neutron scattering. As the result of these experiments, it was
observed that at 7;; &~ 123 K antiferromagnetic order occurs.

Neutron scattering experiments revealed that the wave
vector of the established antiferromagnetic structure is k =
(1/2,0,1/2). Such value of k indicates that the dominant
antiferromagnetic in-plane interaction is between Cu®" ions
positioned in diagonal sites of the square lattice. The absolute
value of magnetic susceptibility obtained in magnetization
measurements allows to give a rough estimation of the domi-
nant antiferromagnetic exchange: J ~ 100 K. The anisotropy
of magnetic susceptibility and results of elastic neutron
scattering experiments revealed the presence of a fourfold
anisotropy in the plane perpendicular to the C4 axis. The
axes [100] and [010] are the easy axes for antiferromagnetic
vector 1. At the same time, the observed anisotropy of suscep-
tibility for magnetic field H directed along and perpendicular
to 1 is only about 6%, which is relatively small considering
the fact that in case of a classic collinear antiferromagnet one
could expect it to be 100%.

"Li NMR studies have shown that at 7 < 123 K local
fields on nuclear spins and, thus, the directions of magnetic
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moments have a continuous distribution. For NMR spec-
tra, the linewidth can be satisfactorily described when only
dipole fields are taken into account and in the assumption
that the value of Cu?* magnetic moment is ~0.5u53. Mag-
netometry and NMR studies revealed that at 7., ~ 30 K
the magnetic state of LiCu3;Oj; significantly changes. The
transition from high-temperature phase to low-temperature
phase does not manifest itself as a sharp irregularity. In
Refs. [19,20], the high-temperature singularity is attributed to
the establishment of a collinear antiferromagnetic order, and
the low-temperature singularity is ascribed in Ref. [19] to the
change of magnetic state in B planes. In this work, the results
of a study of LiCu3zO3 magnetic properties by means of ESR
are presented.

IV. CHARACTERIZATION OF SAMPLES
AND EXPERIMENTAL TECHNIQUES

In our experiments, we have studied single crystals of
LiCu303, which were grown from high-temperature solutions
of Li;CO;3 and CuO in ambient atmosphere [17,19]. The sam-
ples were approximately 3 x 3 x 0.5 mm?® of size with the
developed plane perpendicular to the C, axis of the crystals.
The developed planes of the plate were mirrorlike smooth
and had shapes close to a rectangular with the sides directed
along [110] and [110] axes of the crystal. The results of the
experiments were reproducible and did not vary from sample
to sample. The crystals were from different batches including
the batch used in the previous NMR and magnetization studies
of magnetic properties [19].

One of the crystals with dimensions of 0.16 x 0.11 x
0.04 mm? was additionally examined with the Xcalibur EosS2
single crystal x-ray diffractometer. The detailed description
of the crystal structure study is given in Appendix. Stoichio-
metric composition was CuyggLij 0sO3. The obtained space
group P4/mmm and the lattice parameters a = 2.81386(2) A,
¢ = 8.89950(8) A are in agreement with those reported pre-
viously, the occupancies of Li* partially substituting Cu’* in
the positions Cu(2) and Cu(3) forming the A and B planes
were 18.5% and 43.5%, respectively, which are close to the
20% and 40% reported in Refs. [15,16].

The EPR (electron paramagnetic resonance) measurements
at v = 9.34 GHz were conducted at a Bruker Elexsys ES00A
x-band spectrometer equipped by an Oxford helium gas-flow
cryostat ESR 900 covering the temperature range 4.2 K <
T < 300 K. By that cryostat only the sample space is cooled
while the rectangular standard cavity, Bruker ER 4102ST, re-
mains at room temperature. Thus, its quality factor Q =~ 3000
is practically temperature independent. Due to the lock-in
technique with 100 kHz field modulation the field derivative
of the power reflected from the sample was recorded de-
pendent on the external magnetic field. The LiCu30; single
crystal was fixed with paraffin in a Suprasil quartz-glass tube.
A programmable goniometer allowed angular dependent mea-
surements with well defined steps within the ac plane.

Multi-frequency measurements were conducted with the
use of the ESR setup which was equipped with a multiple
mode rectangular resonator of the transmission type. The fre-
quency range was 18 GHz < v < 140 GHz and magnetic field
was up to 7 T. The sample was glued on a rotating holder
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FIG. 3. (a) and (b) examples of spectra measured at v =
9.35 GHz at two mutually orthogonal orientations of external
magnetic field H: H || C; (a) and H L Cy (H || [110]) (b). Black
lines present the results of spectra approximation described in text.
(c) Temperature dependence of Hg. (d) Temperature dependence
of linewidth 6(7"). Red squares correspond to H || Cy, blue squares
correspond to H L Cy.

which allowed to rotate the sample with respect to the external
magnetic field. During the experiment, the temperature was
varied between 1.3 and 80 K.

V. EXPERIMENTAL RESULTS
A. X-band EPR measurements

Figures 3(a) and 3(b) show the examples of EPR lines
measured at two orientations of magnetic field, H || C4 and
H L C,, at different temperatures, v = 9.34 GHz. The field
scans can be successfully approximated with the derivative
of a Lorentzian function with a small additional contribution
linear in field. The results of this approximation are shown in
Figs. 3(a) and 3(b) with black solid lines. Panels (c) and (d)
of Fig. 3 present temperature dependences of the parameters
of the spectra: resonance field Hg and linewidth § obtained as
the result of lines approximation, respectively. The parameters
obtained in these measurements (Hi and §) were determined
with the precision of 5%. The sample temperature was con-
trolled by a helium-gas flow cryostat, thus, the resonator’s
quality factor and frequency out of the absorption region
did not depend on the sample temperature at 7 < 200 K,
which allowed simple comparison of integral absorption of
EPR lines (/) at different temperatures up to 7 =~ 200 K. At
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FIG. 4. [(a) and (b)] Temperature dependencies of integral in-
tensity of resonance absorption I (solid squares) and magnetic
susceptibility x (open squares) at uoH = 0.3T. Axes on the left
(black) correspond to intensity data and axes on the right (grey)
correspond to magnetization data. Solid lines show approximation
of I(T) with the Curie-Weiss law. Dashed lines show extrapolations
of I(T) at T > T,,. Arrows at abscissa axes show the temperature
T., obtained in Refs. [18,19]. [(c) and (d)] Reverse intensities I~ (T")
from (a) and (b). Solid lines show linear approximation of I='(T)
dependences at 30 K < 7T < 100 K. Dashed lines show the ex-
trapolation of I='(T) at T > T,;. (e) Integral intensity of resonance
absorption from (a) and (b) in the vicinity of the peculiarity. Solid
line shows Curie-Weiss law dependence with 64 = 7.5 K, dashed
line shows the extrapolation of I(T) at T > T.,. (f) Temperature
derivative of the magnetic susceptibility x(7') in the vicinity of the
peculiarity.

T > 200 K, the parameters of the resonator change due to
the temperature dependent conductivity of LiCu3;O; at this
temperature range.

The value of Hg is almost temperature-independent at 30 K
< T < 175 K [Fig. 3(c)]. In the vicinity of the transition into
antiferromagnetic state at 7,; = 123 K no distinct anomalies
of EPR linewidth were observed. In contrast, the tempera-
ture dependence of the integral absorption line intensity 7(7')
demonstrates a kink, as shown in Figs. 4(a) and 4(b). The
arrows at the abscissa axes show the transition temperature 7
obtained in neutron scattering and NMR experiments [18,19].
Additionally, the temperature dependence of magnetic suscep-
tibility measured at uoH = 0.3 T is presented in Figs. 4(a) and
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FIG. 5. (Top) Angular dependence of Hg. The magnetic field
was rotated from H || C4 to H L C4 (H || [110]). Solid line shows
the approximation of the dependence with the formula shown in the
figure. (Bottom) Angular dependence of linewidth §. v = 9.35 GHz.
o is the angle between H and C; axis.

4(b) with open symbols with ordinate axis on the right. At
30 K < T < T, the temperature dependence of the integral
absorption line intensity can be satisfactorily described by a
Curie-Weiss law with the constant ® = 7.5 £ 1.5 K as pre-
sented in Figs. 4(c) and 4(d). This dependence extrapolated
to higher-temperature region 7' > T;; is shown in Figs. 4(a)
and 4(b) with black solid lines. Figures 4(e) and 4(f) illus-
trate the temperature dependences of I(7T) and temperature
derivative of x(7') in the vicinity of T, respectively. It
can be seen from Figs. 4(a)-4(d) that below the magnetic
ordering temperature, the absorption intensity decreases by
approximately 25%. This observation naturally leads to the
conclusion that at 7,; the number of magnetic ions present in
the paramagnetic state decreases. It is natural to expect the
resonance frequency of the magnetically ordered part to differ
from the EPR frequency, which leads to the decrease of EPR
signal intensity. Magnetic division of the sample in magneti-
cally ordered and paramagnetic parts at 30 K < T < T;; was
suggested in Ref. [19] as the result of the analysis of magne-
tization measurements. This scenario suggests that at 7 = T,
only magnetic ions from the A plane become magnetically
ordered while the magnetic ions from strongly depleted B
plane remain in paramagnetic state.

On decreasing temperature below 30 K, the EPR linewidth
§ increases, and the EPR line starts shifting towards
lower fields. At T < 15 K, no resonance absorption at
v = 9.35 GHz was observed, which indicates that the EPR
spectrum acquires a frequency gap.

Angular dependencies of resonance field Hgx and EPR
linewidth 6 measured at v = 9.35 GHz and T = 60 K are pre-
sented in Fig. 5. The magnetic field H was rotated in the (110)
plane of the crystal (from [110] axis to C4 axis). Anisotropy
in (001) plane was not observed. The angular dependencies
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FIG. 6. (Top) Examples of P,, field scans measured at 7 = 4.2 K.
The scans were normalized to 1 and stacked along ordinate axis for
clarity. (Bottom) The frequency-field diagram measured at H||Cy,
T =4.2 K. The ESR resonances are marked by solid symbols.
Segments at each point indicate HWHM of corresponding absorption
lines. The red line shows the result of quasilinear approximation with
parameters given in text. The dash-dotted line is the paramagnetic
v(H) with y = 36 GHz/T.

of Hg are well explained with the uniaxial anisotropy of the g
factor: gy = 2.23, g, = 2.03, where indices || and _L refer to
mutual orientation of Cy axis and external field. The expres-
sion describing the angular dependence Hg(«) is shown in the
figure. Such anisotropy of g factor is characteristic for Cu?*
ions with one electron hole in the d,»_y» orbital. The similar
situation was observed in cuprates LiCuVO,4 and LiCu,0,.
Note that the observed absolute value of the linewidth is also
comparable to those two cuprates. We will comment on that
point below in the discussion.

B. Multifrequency ESR measurements

The top panels of Figs. 6 and 7 provide examples of
the field scans of high-frequency power P,.(H) transmitted
through the resonator at 7T =4.2 K for H| C; and H L C4
(H || [110]), respectively. The scans were normalized to 1 in
the field range far from resonance peculiarity and stacked
along ordinate axes for clarity. The frequency dependences
of resonance fields corresponding to the absorption lines from
the top panels are shown by solid symbols in the bottom pan-
els of the figures. The segments given at each point illustrate
the values of the width at the half-maximum (HWHM) of the

T T T T
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FIG. 7. (Top) Examples of P,, field scans measured at 7 = 4.2 K.
The scans were normalized to 1 and stacked along ordinate axis for
clarity. (Bottom) The frequency-field diagram measured at H||[110],
T = 4.2 K. The ESR resonances are marked by solid symbols. Seg-
ments at each point indicate HWHM of corresponding absorption
lines. The red line shows the result of quasilinear approximation with
parameters given in text. The dash-dotted line is the paramagnetic
v(H) with y = 29 GHz/T.

corresponding absorption lines. Only one quasilinear branch
v(Hg) was observed which can be roughly approximated with

dependence v = ,/AX(T) + y2HZ. Here, for H parallel to Cy

axis (T = 4.2 K) =36 GHz/T and for H perpendicular
to C4 axis y (T =4.2 K) =29 GHz/T in contrast to yj =
31.2 GHz/T and y; = 28.4 GHz/T measured at 7 > 30 K.
A(T > 30K) =0, and A increases when temperature de-
creases; A(T = 4.2 K) = 25 £ 3 GHz. The v(H ) dependence
asymptotically tends to the paramagnetic gapless resonance
v(H) — yH shown by the dash-dotted lines. Excitation of
this branch was effective when the magnetic component of
UHF-radiation h was perpendicular to the external magnetic
field: h L H.

No additional absorption lines were observed in our exper-
iments at temperatures 1.3 K <7 < 80K, at 18 GHz < v <
140 GHz, and magnetic fields 0 T < uoH < 7T.

The top panels of Figs. 8 and 9 show the temperature evolu-
tion of P, (H) scans at v = 27.53 and ~77 GHz, respectively,
measured at two different field orientations. The frequency
v = 27.53 GHz is close to the value of the frequency gap
at T =4.2 K. The P, (H) scans were normalized to 1 at
fields far from Hy and stacked along the ordinate axis for
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FIG. 8. (a) Temperature evolution of field scans P,.(H) at
H || C4, v =27.53 GHz. (b) Temperature evolution of field scans
P,.(H) at H| [110], v =27.53 GHz. The scans were normalized
to 1 and stacked along ordinate axis for clarity. (c) Temperature
dependencies of resonance fields Hg. (d) Temperature dependencies
of linewidths §. Dashed lines in (c) and (d) are given as guides
for eye.

clarity. It can be seen that the intensity of resonance absorption
decreases with increasing temperature as it does in a para-
magnet. At low temperatures the lines are wide and shifted
to low fields. As the temperature increases, the linewidth
& decreases and the resonance line shifts to the EPR field,
which can be explained by the temperature decrease of the
gap A. The values of Hg(T') and §(T) are shown in panels (c)
and (d) of the corresponding figures, respectively. Error bars
show the error of the obtained parameters. Errors for points
without bars were less than the size of the symbol. It can be
seen that at 7 > 30 K the absorption lines become paramag-
netic. The gyromagnetic ratios derived from high-frequency
measurements are: y; =32%x1 GHz/T and y, =28+
1 GHz/T, which is in agreement with EPR measurements at
v = 9.35 GHz.

Angular dependencies of Hg obtained at 7 = 4.2 K for
H rotated in crystallographic planes (100) and (001) are
shown in top and bottom panels of Fig. 10, respectively.
o is the angle between H and [110] axis. The segments
given at some points illustrate the characteristic values of
the width at the half-maximum (HWHM) of the correspond-
ing absorption lines. The solid line in top panel of Fig. 10
shows the approximation of the angular dependence with
empirical harmonic dependence §H cos(2«) + Hy. The ratio
of the maximal and minimal values of resonance field Hy
at T = 4.2 K iS Hrmax/Hgmin = 1.3, while at T > 30 K the
ratio Hgmax/Hgmin = 1.1 agrees with the ratio obtained at
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FIG. 9. (a) Temperature evolution of field scans P,.(H) at
H || C4, v =77.31 GHz. (b) Temperature evolution of field scans
P..(H) at H| [110], v =78.3 GHz. The scans were normalized
to 1 and stacked along ordinate axis for clarity. (c) Temperature
dependencies of resonance fields Hg. (d) Temperature dependences
of linewidths §. Dashed lines in (c) and (d) are given as guides
for eye.

v = 9.35 GHz. Anisotropy of Hg was not observed at rotation
of magnetic field within the (001) plane.

In conclusion of this section, we summarize the results
obtained with different experimental techniques in present
work and in Refs. [19,20].

At T =T, LiCu303 acquires magnetic order with wave
vector k = (1/2,0, 1/2) [20]. At the same time, according
to the magnetometry measurements and EPR data, more than
half of the magnetic ions resides in disordered state, and down
to T = 30 K paramagnetic spectra are observed. At further
temperature decrease, the excitation branch acquires a gap and
becomes quasilinear. The value of the gap A monotonously
increases as the temperature decreases. At T = 4.2 K the
value of A = 25 &+ 3 GHz. At the same time, in the whole ex-
perimental range, the deflection of the absorption line centers
from the paramagnetic position Hp, = v/y does not exceed
the halfwidth of lines. The quasilinear branch was observed
at all orientations of the external magnetic field H. The ob-
served anisotropy of the resonance field Hg can be reasonably
explained by the anisotropy of gyromagnetic ratio y. The
studied branch is effectively excited by the magnetic compo-
nent of UHF-radiation h oriented perpendicular to the external
static magnetic field H. The transformation of ESR spectra
at T < 30 K is accompanied by the significant broadening
of the 'Li NMR spectra [19] which indicates a rearrange-
ment of the magnetic state of LiCu3;O; at this temperature
range.
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FIG. 10. (Top) Angular dependence of Hg at T =4.2 K, v =
80.13 GHz. Magnetic field H was rotated from [110] axis to C, axis
of the crystal. The solid line shows the approximation of the angu-
lar dependence with the empirical harmonic dependence. (Bottom)
Angular dependence of Hg at T = 4.2 K, v = 27.53 GHz. Magnetic
field H was rotated from [110] axis to [100] axis of the crystal. « is
the angle between H and [110] axis.

VI. DISCUSSION

In this section, we discuss the results within the model
proposed in Ref. [19] which assumes the quasi-two-
dimensionality of LiCu3O3 due to the layered crystal structure
and the frustration of interplanar exchange interactions. It is
suggested that at temperatures 7 < T; & 123 K, a collinear
antiferromagnetic order is established in the crystallographic
A planes where the ratio of magnetic Cu®>" ions is equal
to 80% which essentially exceeds the percolation threshold
for square lattice (p. =~ 0.59). It is natural to expect the
observation of the branches of antiferromagnetic resonance.
Nevertheless, we did not detect any resonance features which
could be ascribed to low-frequency oscillations of a collinear
magnetic structure. Probably, the value of the corresponding
ESR gap is above the studied frequency range. It is also
possible that the linewidth of these resonance features does
not allow their observation.

Below T, a part of the crystal is not ordered and re-
mains in paramagnetic state, which is evident because of
the temperature dependence of the EPR line intensity /(7)
measured at v = 9.35 GHz. I(T) is well described by the
Curie-Weiss law at 30 < 7 < 120 K with the Curie-Weiss
constant 8 = 7.5 = 1.5 K [Figs. 4(c)—4(e)]. Note that the
interpretation of the temperature dependence of the mag-
netic susceptibility x (7) measured at uoH = 0.3 T is more
complicated because both nonordered and antiferromagneti-
cally ordered parts of the sample contribute in it. Assuming
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FIG. 11. Simplest model of domain structure of LiCu3;0O3; with
square chessboard-ordered domains with LigsCugsO structure. Pur-
ple dashed lines mark domain boundaries. Half-shaded orange and
green circles represent Cu* and Li™ ions from different domains.
Oxygen ions are omitted for clarity.

that the antiferromagnetic contribution is almost temperature-
independent, the temperature derivative of x (T') is determined
solely by the paramagnetic part of the sample. The square-root
of this derivative, /—d x (T')/dT , demonstrates a usual Curie-
Weiss-law behavior. The Curie-Weiss constant obtained from
linear approximation of /—dx(T)/dT " is 6 =13+ 2 K.
This rough estimation is close to the value of 85 obtained from
the ESR experiments.

The average number of bonds per magnetic ion within the
B planes can be estimated as 2.4 in assumption that Lit and
Cu*" ions are distributed randomly in ratio 0.4:0.6. Using
the estimated number of bonds and the value of 6z obtained
from the ESR experiments, we evaluate the value of in-plane
diagonal exchange integral as J ~ 11.5 £ 2.5 K. At tempera-
ture T < 30 K, the ESR spectra acquires a gap A. The value
of A gradually increases with temperature decrease up to
A =254+3 GHz at T = 4.2 K. Initially, we associated this
branch with the occurrence of magnetic order in B planes, but
this hypothesis had to be rejected for the following reasons:
(i) the gap occurrence has a gradual and monotonous type in
contrast to traditional behavior at the transition from paramag-
netic to ordered state; (ii) no additional branches of magnetic
resonance one could expect to observe in collinear or pla-
nar structures were observed; (iii) the angular dependence of
the quasilinear branch v(H) can be qualitatively explained
by the anisotropy of the g factor; and (iv) the temperature
dependence of the intensity of the magnetic Bragg peak
(1/2,0, 1/2) obtained in elastic neutron scattering studies [20]
does not demonstrate any additional peculiarities at 7;,~30 K
which could be expected in case that magnetic order in B
planes occurred.

Thus, as the main hypothesis, we suppose that the observed
gap in the magnetic resonance spectra is, in fact, a pseudogap
of exchange nature defined by nonuniform distribution of
magnetic ions in the B planes.

The dynamic properties of a two-dimensional Heisenberg
antiferromagnet with S = 1/2 on a diluted square lattice have
been theoretically studied in Ref. [10]. It has been shown that

064430-7



S. K. GOTOVKO et al.

PHYSICAL REVIEW B 111, 064430 (2025)

for a square lattice with a dilution ratio x, spin-wave excita-
tions in the range of the wavelengths A > Iy = aei are absent,
and the excitation spectra are incoherent; here, a denotes the
lattice constant. In the vicinity of wp, an anomalous density of
magnetic excitations is expected. Qualitatively, the occurrence
of localized excitations can be understood as the standing
magnons in domains with effective size /. The characteristic
frequency of localized excitations, according to Ref. [10], is
wp ~ ¢o/lp, where ¢y = 24/2SJais the spin-wave velocity in a
square lattice without dilution. In case of LiCu303, the charac-
teristic cluster length for B planes (x = 0.4) is [y & 7a. Using
the previously obtained estimation of the exchange integral
J =11.5+£2.5 K, we obtain the estimation of the localized
mode frequency wy = 50 £ 10 GHz. The gap of ESR spectra
obtained in low-temperature experiments is A = 25 & 3 GHz,
which is approximately 2 times smaller than wy. Such discrep-
ancy might be due to the undervaluation of the characteristic
size used in our estimations.

Note that these estimations were performed in frames
of the model proposed in Ref. [10] in which nonmagnetic
ions are distributed randomly. At the same time, as it was
discussed in Sec. II, more energetically favorable situation
is when LijpsCu 50 domains are formed. According to the
Goodenough-Kanamori-Anderson rule, indirect exchange in-
teraction between Cu’* ions from neighboring domains can
be expected to be much smaller than between copper ions
inside the domains due to the 90° angle formed by copper
ions from domains I and II and the interconnecting oxygen
ion [see Fig. 2(d)]. This fact can explain quasiparamagnetic
behavior of LiCu303 at T << J in the frames of the suggested
model. The characteristic size of the domains in this model

sufficiently depends on geometry and determines the value of
the pseudogap. Note that the pseudogap can be observed only
at low temperatures when the correlation length exceeds the
size of the clusters, which qualitatively explains the observed
temperature dependence of ESR resonance field. The temper-
ature dependence of the correlation length in the case of a
square lattice is discussed, for instance, in Ref. [21].

The simplest model of chess-board ordered domains sep-
arated with domain borders on a square lattice presented in
Fig. 11 gives the size of the clusters d = \/Ea/(l — 2x); for
the B planes (x = 0.4), the characteristic size of domains is
close to 7a obtained for the model of randomly distributed
ions. In real samples of LiCu303, the surplus of Cu* in rela-
tion to 0.5 can be distributed randomly both inside the domain
walls and the domains. In this case, the size of domains can be
bigger than the estimation obtained before, which leads to the
decrease of the expected value of the pseudogap. That is why
our estimation can be considered as satisfying. Such pseu-
dogap caused by nonmagnetic substitution was previously
observed in quasi-one-dimensional magnets [5,6].

Finally, we would like to comment on the linewidth
anisotropy of EPR line at intermediate temperature range
30K < T < T, (Fig. 5). The absolute value of the linewidth
of LiCu30; is comparable to that of LiCuVO,s [22]. In
that compound the ring exchange via edge sharing Cu-O-
Cu bridges was decisive for the explanation of the observed
linewidth. The same situation occurs at the domain boundaries
in LiCu303. Indeed, the majority of Cu>* ions of each domain
(16 from 25) contributes to the domain walls, if we assume the
Lig.5Cug.50; ordered model as realistic, the 90° ring-exchange
at the domain boundaries dominates the spin relaxation. In the

TABLE I. Crystal data and structure refinement for LiCu;Os3.

Chemical formula

Cuz.06Li1.0603

Formula weight
Temperature, K
Crystal size, mm
System, space group, Z
a, A

¢, A

Volume, A3

Pcalcs g/cm3
w, mm™!
Radiation

Absorption correction

3

242.37
293
0.16 x 0.11 x 0.04
tetragonal, P4/mmm, 1
2.81386(2)
8.89950(8)
70.464(1)
5.712
21.755
Mo K, (» = 0.71073 A)
Analytical numeric absorption correction

a multifaceted crystal model based on expressions [23]

Tmin/ Tmax

Index ranges h, k, [

Gr:)”mx

Number of measured reflections/
number of independent reflections/
number of reflections with I > 20 (I)
Data/restraints/parameters
Extinction coefficient

Rinty Rrr

RIF? > 20(F*)]/WR(F?)
Goodness-of-fit on F?

Largest diff. peak/hole, ¢/A~3

0.116/0.460
—T<h<6,-T<k<7,-22<1<22
65.1
21485/438 /436

438/4/18
0.39(2)
0.039/0.0073
0.017/0.048
1.168
1.45/-2.14
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TABLE II. Fractional atomic coordinates, isotropic or equivalent isotropic displacement parameters U}

Uy (A?) and atomic occupancy

iso

for LiCu30;.

Atom Site x/a y/b z/c Uiy /Ueq Occ. (<1)
Cu(1) la 0.000000 0.000000 0.000000 0.00960 (4)

Cu(2) 1b 0.000000 0.000000 0.500000 0.00625 (5) 0.810 (2)
Li(2) 1b 0.000000 0.000000 0.500000 0.00625 (5) 0.185 (9)
Cu(3) 2h 0.500000 0.500000 0.22744 (3) 0.00701 (5) 0.5761 (18)
Li(3) 2h 0.500000 0.500000 0.22744 (3) 0.00701 (5) 0.435 (9)
o(1) 1d 0.500000 0.500000 0.500000 0.00958 (14)

0(2) 2g 0.000000 0.000000 0.21008 (10) 0.00871 (10)

ideal case, the ratio of AH| to AH, should be 2:1. However,
inevitable ionic Li* /Cu®* disorder and contributions from the
inner Cu®* ions of the domains are expected to reduce this
ideal ratio. Hence, the observed ratio 1.6:1.4 still supports the
basic relaxation via symmetric anisotropic exchange in the
Cu-O-Cu bridges.

VII. CONCLUSION

In this work, we conducted an experimental study of the
magnetic structure of LiCu3;O3; by means of electron spin
resonance. According to the results of x-ray structure study,
the crystallographic structure of LiCu3O; consists of alter-
nating square lattice layers with compositions Liy,CuggO
(A planes) and Lip 4Cug O (B planes). Lattice parameters and
dilution ratios are close to those obtained for samples grown
in other experimental groups [17,20]. The results of the ESR
experiments can be explained in assumption that the magnetic
ions from planes with higher concentration of magnetic ions
order antiferromagnetically at 7 = 123 K, while magnetic
ions from more depleted planes remain in paramagnetic state.
The observed quasiparamagnetic branch in the ESR spectra at
T < 30K can be interpreted as magnetic resonance in the dis-
ordered B planes. Estimations of the values of the pseudogap
conducted in frames of the model of randomly distributed ions
and in frames of the model of domain formation in B planes
are close to the value observed experimentally.
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APPENDIX: SINGLE-CRYSTAL X-RAY DIFFRACTION
STUDY OF LiCu30;

X-ray diffraction data were collected at room temperature
by means of the Xcalibur EosS2 single crystal x-ray diffrac-
tometer operating with monochromatic MoK« radiation. The
intensities of reflections were processed and numerically
corrected for absorption effects based on Gaussian integra-
tion over a multifaceted crystal model [23] implemented in
SCALE3 ABSPACK scaling algorithm using the CRYSALIS
PRO 171.43.122a program [24]. All calculations in the crys-
tal structure solution and refinement were performed within
the OLEX2 software package [25]. The atomic positions were
located using direct methods and refined using a combi-
nation of Fourier synthesis and least-squares refinement in
anisotropic approximations using SHELX software [26,27].
In the first step, the crystal structure was refined with all
three cationic positions completely occupied by Cu atoms.
The refinement of this model was completed with a high R
factor of 16% and large residual peak values on the elec-
tron density difference maps. The successive refinement of

TABLE III. Selected bond lengths (A) for LiCuz;0O3. Symmetry
codes: () x,y+ 1,z (i) x,y—1,z; (i) x+ 1,y, 2z (V) x — 1,y, 23
V) —x, =y, —z; (vi) —x, =y + 1, —z; (vii) x — 1,y — 1, z; (viii) x +
Ly+1,z0x) —x+1,—y+1,—z+ 1.

Cu(1)—Cu(1) 28139 (1)  Cu(2)—Cu(2) 2.8139 (1)
Cu(l)—Cu(1)’  2.8139(1)  Cu2)—O(1)  1.9897 (1)
Cu(l)—Cu(1)  2.8139 (1) Cu(2)—O(1) 1.9897 (1)
Cu(l)—Cu()®  2.8139 (1) Cu(2)—O(1) 1.9897 (1)
Cu(1)—Cu(3) 2.8383(2)  Cu(2)—O(1)" 1.9897 (1)
Cu(l)—Cu(3)®  2.8383(2)  Cu(3)—Cu(3)’  2.8139(1)
Cu(l)—Cu3)"  2.8383(2)  Cu(3)—Cu(3)  2.8139(1)
Cu(1)—Cu(3)’  2.8383(2)  Cu(3)—Cu(3)*  2.8139(1)
Cu(l)—Cu(3)”  2.8383(2)  Cu(3)—Cu3)  2.8139(1)
Cu(1)—0(2) 1.8696 (9) Cu(3)—0(1) 2.4256 (3)
Cu(1)—0(2)" 1.8696 (9) Cu(3)—0(2) 1.9957 (1)
Cu(2)—Cu(2)’  2.8139 (1) Cu(3)—0Q)’ 1.9957 (1)
Cu(2)—Cu2)®  2.8139(1)  Cu(3)—O(2)i 1.9957 (1)
Cu(2)—Cu(2)®  2.8139(1)  Cu(3)—OQ)"  1.9957 (1)
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the occupancies for the mixed atomic positions Cu(3) with
initial values of 60%Cu + 40%Li and Cu(2) with initial val-
ues of 80%Cu + 20%Li and the refinement of the extinction
parameter converged to the R factor of 1.7%. The final re-
fined composition of mixed atomic positions 81%Cu(2) +
18.5%Li(2), 57.6%Cu(3) + 43.5%Li(3) gave the resulting
formula Cuy 96Li; 0603. The crystallographic parameters, ex-

perimental conditions of the data collection, and the structural
refinement results are summarized in Table I. Atomic posi-
tions, displacement parameters and occupancies are given in
Table II. Selected interatomic distances are given in Table III.
CSD 2402337 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from FIZ Karlsruhe, see Ref. [28].
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