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We report the results of the detailed measurements of 7Li nuclear magnetic resonance (NMR) spectra, NMR
line shift, spin-lattice relaxation rate, bulk magnetization, magnetic susceptibility, and heat capacity on the spin- 1

2
Heisenberg honeycomb compound Li3Cu2SbO6. This system consists of weakly coupled alternating Cu chains
and, owing to the site inversion, some of the magnetic Cu ions are substituted by nonmagnetic Li ions. As a
result, the effective spin model for Li3Cu2SbO6 is a set of Cu alternating chain fragments of different length (the
“chain-segments spin model”). Due to this unique structure, various kinds of peculiar magnetic features arise
and the combination of local (NMR) and global experimental techniques is especially effective in their study.
In order to describe the experimental results theoretically, we perform full diagonalization calculations for the
chain-segments spin model taking explicit account of all of the possible dimerized chain fragments of different
length. From the fitting of measured susceptibility, we estimate the exchange interactions as JFM = −244 K and
JAF = 146 K, and find that about 19% of magnetic Cu ions are replaced by nonmagnetic Li ions. Using those
values, we can even quantitatively reproduce the observed NMR line shift and the specific heat as well as field-
and temperature-dependent magnetization over a wide temperature range. Although small deviations are seen at
very low temperature, they can be corrected by considering the effect of small interchain interactions.

DOI: 10.1103/PhysRevB.103.094415

I. INTRODUCTION

Two-dimensional (2D) compounds as the widest class
of low-dimensional magnets demonstrate a huge variety of
the geometry of magnetic subsystems. Some of these lat-
tices create a geometrical competition of different exchange
interactions, which leads to so-called magnetic frustration
phenomena and possible exotic ground states. A striking ex-
ample of a frustrated lattice is a honeycomb geometry of
magnetic ions in layers. A honeycomb lattice occupies a
special place among quasi-2D materials because quantum
fluctuations in it are enhanced due to the particular coordina-
tion number (z = 3). Such a lattice contains a triangular motif,
but in the case of a symmetric cell with antiferromagnetic
(AF) nearest-neighbor interactions there is no frustration and
the ground state is the Néel antiferromagnet. At the same
time, if one takes into account the next-nearest-neighbor in-
teraction, as well as the difference in the nearest-neighbor
interactions in different faces of the hexagon, topological frus-
tration arises in the honeycomb lattice and, as a consequence,
a wide variety of types of magnetic structures can be realized
[1–6].

*Deceased.

In particular, several honeycomb systems like Na2Cu2TeO6

[7] and Na3Cu2SbO6 [8,9] have been recently discovered,
where a quasi-one-dimensional structure arises as a result of
the interplay of lattice distortion, an orbital arrangement, and
frustration. In these compounds, two dominant couplings of
Cu2+ ions occur along the Cu-O-Sb(Te)-O-Cu-O-Cu superex-
change path [10]. In such configuration one can expect an
AF-AF or AF-ferromagnetic (FM) alternating chain model
depending on the sign and ratio of the largest exchange
integrals. An alternative model involves weakly interacting
dimers, when one of the exchange integrals is much larger
than the other. In the case of an AF-FM alternating chain with
the FM largest exchange interaction, it has been theoretically
suggested that the Haldane conjecture is well applicable to the
system [11,12]. All of these models are characterized by the
presence of a spin gap in the spectrum of magnetic excitations.
Due to the presence of an energy gap, the magnetic suscepti-
bility of the system vanishes at low temperature.

Based on experimental studies of magnetic susceptibil-
ity [7,9], heat capacity [9], and inelastic neutron scattering
[13], the applicability of the alternating chain model for
Na2Cu2TeO6 and Na3Cu2SbO6 has been proved. As for the
sign of exchange integrals, both the AF-AF and AF-FM mod-
els are considered as a good description of the system in
previous experimental and computational studies [10,13,14].
However, the AF-FM model with larger FM exchange
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interaction may be most likely from the viewpoint of ex-
periments. Nuclear magnetic resonance (NMR) as a local
method proved to be an effective component of complex stud-
ies of spin-gap systems, for example, Haldane chains [15–17],
dimer chains [18,19], and alternating spin- 1

2 chains [20,21].
Indeed, NMR studies of Na2Cu2TeO6 [22] and Na3Cu2SbO6

[23] compounds gave clear evidence of a spin-gapped be-
havior of local static and dynamic susceptibility of the Cu
subsystem in the frame of the AF-FM alternating chain sce-
nario.

Another fascinating honeycomb system is Li3Cu2SbO6,
which was first synthesized in the late 1990s [24]. This paper
presents a detailed experimental and theoretical study of the
magnetic properties of this compound. Li3Cu2SbO6 is iso-
typic with Na3Cu2SbO6 [8] and crystallizes in the space group
C2/m [25,26]. However, as it often happens in structures
containing lithium and copper ions, the Li and Cu atoms are
partially mixed in Li3Cu2SbO6. Since the Li ion acts as a
nonmagnetic defect, the lithium substitution results in a seg-
mentation of the Cu chains into fragments of different length
and gives rise to uncompensated spins at the segment ends
similar to the well-known nonmagnetic substitution effect in
planar cuprates [27–29] and nickel chains [30–33]. Due to the
sufficiently large correlation length in spin chains, these spins
cannot just be point defects, but lead to the formation of more
complex magnetic objects consisting of neighboring spins
(trimers and longer clusters) that separate spin-gapped regions
of the chain [34]. Thus, defects in spin chains can lead to a
number of nontrivial phenomena, from phase separation into
gapped and superparamagnetic segments [17,35] to the for-
mation of impurity induced antiferromagnetic order [36–38].

Since huge Curie-like contribution of unpaired Cu mo-
ments and clusters masks the component from the gapped
spin matrix in bulk magnetic susceptibility in the Li3Cu2SbO6

compound, it is difficult to use this technique for determi-
nation of the detailed magnetic structure [9,24]. Using the
combination of global (DC susceptibility) and local mag-
netometry methods and precise control and analysis of the
structure [x-ray diffraction (XRD)] Koo et al. [26] detected
the presence of a spin-gapped contribution to magnetic be-
havior. The alternating spin chain scenario for description of
Li3Cu2SbO6 was tested using the obtained data. However,
since both experimental methods of studying of global and
local magnetization detect the response of copper spins, the
researchers also faced the problem of the vanishingly small
contribution of the gapped matrix at low temperatures. In-
stead, the application of NMR for studying the magnetism
of Li3Cu2SbO6 would be more informative in this situation
because it can obtain a distant view of the magnetic system by
recording a signal from the nuclei of a nonmagnetic lithium
ion. Using various experimental protocols, it is possible to reg-
ister the contributions of different components of the magnetic
subsystem separately by examining both the static component
of the local susceptibility and the low-frequency part of the
spin excitation spectrum. In fact, NMR has been successfully
applied for studying the effect of different kinds of defects in
spin chains [32,39–42], including the isostructural compound
Na2Cu2TeO6 [22].

The magnetic properties of simple Heisenberg chain seg-
ments have been intensively investigated by theory [40,43–

48]. However, completely different ground-state and thermo-
dynamic properties would be expected for AF-AF or AF-FM
dimerized chain segments. Therefore, a new spin model needs
to be built for the fragmented chain compound Li3Cu2SbO6 .

In this paper we study the magnetic properties of the
Li3Cu2SbO6 compound by measuring bulk magnetization,
magnetic susceptibility, heat capacity under magnetic fields,
as well as local static and dynamic susceptibility registered by
7Li NMR. In order to describe the experimental measurements
quantitatively, we introduce a spin model consisting of gapped
and nongapped dimerized chain segments, where the Li and
Cu ions are regarded as nonmagnetic and magnetic sites, re-
spectively. From the fitting of measurements, we estimate the
exchange interactions of a dimerized chain as JFM = −244 K
and JAF = 146 K, and also find that about 19% of magnetic
Cu ions are replaced by nonmagnetic Li ions. Furthermore,
we discuss a possible effect of small interchain interactions.

The paper is organized as follows. Experimental details are
summarized in Sec. II. Results of 7Li NMR, thermodynamic,
and magnetometry experiments are presented in Sec. III. In
Sec. IV, a microscopic spin model is given and full exact
diagonalization calculations for the spin model are performed.
The consistency of calculated results and experimental mea-
surements is also discussed. The conclusions are summarized
in Sec. V.

II. EXPERIMENTAL DETAILS

A polycrystalline Li3Cu2SbO6 sample was synthesized us-
ing a solid-state reaction technique and its crystal structure
(Fig. 1) was characterized by powder XRD using the Rietveld
method, as reported previously [26]. A partial Cu/Li site
inversion was found in the sample: 17% of copper structural
positions are occupied by lithium ions.

NMR experiments on the Li3Cu2SbO6 powder sample
were performed using the Tecmag Redstone solid-state pulse
spectrometer and a resistive magnet (0–2 T) from Bruker at
fixed fields B = 0.725 and 1.45 T. The homemade helium
flow cryostat with automatic temperature stabilization in the
range 3–320 K was used for temperature control. The NMR
spin-echo signal was obtained on 7Li nuclei and has a nuclear
spin I = 3/2 (natural abundance 92.58%) and a quadruple
moment Q = −0.04 b [49]. The spectra were recorded by
Fourier transformation of the solid echo at high temperatures
and by integrating the spin-echo intensity at each point of the
step-by-step frequency sweeping at low temperatures where
the NMR linewidth exceeds the width of the circuit charac-
teristic. The longitudinal relaxation time T1 was measured on
the maximum of spectral intensity by inversion recovery and
simulated echo techniques.

The magnetic measurements were performed by means of
a superconducting quantum interference device magnetometer
(MPMS XL-5, Quantum Design). The temperature dependen-
cies of magnetic susceptibility were measured at the magnetic
fields B = 0.1, 0.725, 1.45, 3, 5, and 7 T in the temperature
range 2–70 K. The isothermal magnetization was obtained for
magnetic fields B � 9 T at T = 2 K after cooling the sample
in zero field with a Quantum Design PPMS 9 system.

Specific-heat measurements were carried out by a relax-
ation method using a Quantum Design PPMS 9. The data
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FIG. 1. Crystal structure [26] of Li3Cu2SbO6. (a) Polyhedral pre-
sentation: Black octahedra are SbO6; gray octahedra are CuO6 with
Li partially substituting for Cu; white octahedra are LiO6 with Cu
partially substituting for Li; white balls are oxygen atoms. (b) The
honeycomb layer Cu2SbO6 with about 17% Li substituting for Cu.
(c) The honeycomb layer with Cu/Li positions only. (d) The honey-
comb layer with the directions of the strongest exchange interactions;
here big dark gray circles are Cu ions and small light gray circles are
Sb ions.

were collected at zero magnetic field in the temperature range
2–280 K.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Static magnetization and specific heat

Temperature dependencies of static susceptibility of
Li3Cu2SbO6 at different external magnetic fields are pre-
sented in Fig. 2.

The measured magnetization isotherm M(B) at T = 2 K
for Li3Cu2SbO6 is presented in Fig. 3. It has a slightly S-
shaped form and shows neither hysteresis nor saturation in
the magnetic fields up to 9 T. Within this range of the applied
magnetic field, the magnetic moment is still far below the
theoretically expected saturation magnetic moment for Cu2+

(S = 1/2): Msat = ngSμB = 2.2μB (where n = 2 is the num-
ber of magnetic centers for Li3Cu2SbO6 and g and μB are the
effective g factor and Bohr magneton, respectively). This is
due to the fact that spin-singlet pairs of antiferromagnetically
coupled Cu2+ ions survive at B < 9 T. More details are ex-
plained in Sec. IV F.

The temperature dependence of the specific heat Cp(T )
at zero magnetic field for Li3Cu2SbO6 is shown in Fig. 4.
In agreement with previously reported magnetic susceptibil-
ity data [26] there are no anomalies corresponding to phase
transitions. Over the whole temperature range studied, the
Cp(T ) curve grows monotonously. It is worth noting that the
specific heat at 280 K is still considerably lower than a classi-
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FIG. 2. Temperature dependencies of static susceptibility of
Li3Cu2SbO6 at external magnetic field B = 0.1, 0.725, 1.45, 3, 5,
and 7 T.

cal Dulong-Petit saturation value C = 3Rν = 224 J/(mol K),
where R = 8.31 J/(mol K) is the gas constant and ν = 12 is
the number of atoms per formula unit in Li3Cu2SbO6.

We assume that the total specific heat consists of two
different contributions Cp = Clat + Cmag, where lattice contri-
bution Clat due to acoustic and optical phonons and a magnetic
contribution Cmag can be related to the AF-FM alternating S =
1/2 Cu2+ spin chains. It was found that the best description of
the lattice contribution Clat (solid line in Fig. 4) is achieved
by the sum of the Debye (CD) and Einstein (CE ) contributions
[50]:

Clat = αCD(T,�D) + (1 − α)
∑

i

CEi(T,�Ei ), (1)
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FIG. 3. Magnetization isotherm at T = 2 K for Li3Cu2SbO6

(small black filled symbols). The filled circles and open squares cor-
respond to calculations within the framework of the chain-segments
spin model (see Sec. IV F).
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FIG. 4. The temperature dependence of the specific heat Cp(T )
(open circles) at zero magnetic field in Li3Cu2SbO6. The solid line
represents the lattice contribution Clat described by the sum of Debye
(not shown) and three Einstein functions CE1, CE2, and CE3. The
dashed line corresponds to magnetic contribution Cmag.

where �D and �Ei are the Debye and Einstein temperatures,
respectively, and α is a relative weight factor for the Debye
and Einstein terms.

Our best fit of experimental data according to Eq. (1)
reveals the Debye temperature �D = 580 ± 10 K, which is
in reasonable agreement with values for other Li-based
honeycomb compounds Li3Ni2SbO6 [51] and Li3Co2SbO6

[52]. The three Einstein terms are characterized by tem-
peratures �E1 = 130 ± 10 K, �E2 = 300 ± 10K , and �E3 =
705 ± 10 K and presented by different dash-dotted lines in
Fig. 4. The Debye component is not shown due to its relatively
small value in comparison with Einstein terms in the wide
temperature range.

The magnetic part of the specific heat Cmag for Li3Cu2SbO6

was obtained by subtracting the Clat from the total Cp(T )
(Fig. 5). The pronounced peak in the magnetic specific-heat
curve at T ∼ 45 K can be ascribed to short-range correlations
in the studied system. More details are discussed in Sec. IV E.

B. Nuclear magnetic resonance

The crystal structure of Li3Cu2SbO6 contains two positions
of Li in between the Cu-Sb planes with a slightly different
copper and oxygen environment. In a powder sample, the
positions of the signals from these two lithium nuclei are not
resolved and are located inside one inhomogeneously broad-
ened line, the width of which at room temperature is about
10 kHz. The quadrupole splitting is less than 25 kHz and the
satellites are inside the total linewidth. The spectrum shape
remains Gaussian-like down to the lowest temperatures and
does not contain the broad wings that are often observed in
the NMR spectra of chains with a small number of defects
[53]. The lithium nuclei in the copper position (defects) do not
seem to make a notable contribution to the spectrum intensity

Theory

with edge field

w/o edge field

FIG. 5. The temperature dependence of magnetic specific heat
Cmag(T ) (black open symbols). Solid and dashed lines represent the
results of calculations within the framework of the chain-segments
spin model (see Sec. IV E). Inset: Enlarged view at low temperature.

because of their fast spin-lattice relaxation due to the close
proximity of magnetic copper ions.

The line shift K is created by the static part of the aver-
aged local field on Li position and can be defined as K =
(ω − ωL ) × 100/ωL (%) where ωL is a Larmor frequency and
ω is the position of the maximum of the line intensity. The line
shift can be written as a function of the spin susceptibility of
the magnetic ions, which produce the internal field in a nuclei
position:

K (T ) = K0 + Ahf

NA
χspin(T ), (2)

where K0 is the temperature-independent part that is related to
the Van Vleck susceptibility and the second-order quadrupolar
effects, Ahf is the on-site 7Li hyperfine coupling, and NA is
the Avogadro constant. The measured NMR spectra at B =
0.725 T and linewidth at B = 0.725 and 1.45 T are shown in
Fig. 6. In both magnetic fields, the spectrum intensity max-
imum shifts to higher frequency and the lines broaden with
decreasing temperature. At the temperature of about 75 K at
0.725 T and 45 K at 1.45 T, the line shift has a wide maximum
and turns towards reducing with further cooling [Figs. 7(a)
and 8]. Finally, at T < 15 K the line shift becomes negative.

Bulk magnetic susceptibility dependence of the NMR line
shift reflects a stepwise transformation in the regimes of the
magnetic subsystem with a temperature. As shown in the pre-
vious work [26], bulk static magnetic susceptibility contains
contributions from two magnetic subsystems: spin-gapped
fragments of the magnetic chains χchain and quasifree spins
associated with chain breaks (or short nongapped segments)
χCW noticeable at low temperatures. Interlayer lithium can be
located close to the gapped chain segments or close to defects.
Due to the small distance from the second kinds of lithium
positions to quasifree copper spins at the chain breaks, the
hyperfine field on them is sufficiently large and one can expect
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FIG. 6. Temperature transformation of 7Li powder NMR spectra
measured at the external field of 0.725 T (left panel). Temperature
dependence of the linewidth normalized to the measurement fre-
quency at the external fields of 0.725 T and 1.45 T (right panel).
Inset: Linewidth at 0.725 T vs bulk static susceptibility [26].

fast longitudinal and transverse relaxation of lithium nuclear
spins at these positions.

Therefore, their contribution to spin-echo detected spectra
is low and we can attribute the obtained data mostly to lithium
nuclei which are close to the relatively long chain segments.
This assumption is supported by the fact that at temperature
range 50–270 K the line shift matches well enough the sus-
ceptibility of alternating chains χchain [26] [Fig. 7(b)]. At low
temperatures the sign of the slope of χ dependence of the line
shift changes and the shift value becomes negative, indicating
a drastic change in the geometry of the magnetic subsystem.
Indeed, since most of the gapped chain segments become
mainly nonmagnetic at low temperatures, the average local
field on lithium nuclei is no longer determined by interaction
with nearest-neighbor copper ions, but with quasifree spins
of defects and short nongapped segments (trimers, etc.). In
this case, the length and angle characterizing the hyperfine

(a)
(b)

(c)

FIG. 7. Temperature dependence of the NMR line shift at
0.725 T (left panel) and DC bulk magnetic susceptibility measured
at the same field (right panel). Solid lines indicate the regions of
linearity.
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FIG. 8. Temperature dependence of the NMR line shift at 0.725
and 1.45 T. Solid lines represent the fits to Eq. (4); the dashed line is
a fit to Eq. (3). Inset: Solid lines represent the fits by the dimer model
(see text).

interaction change dramatically, which causes a transforma-
tion of the magnitude and direction of the local-field values
on the lithium nuclei or, in other words, transformation of
the hyperfine tensor. Below 30 K the line shift is proportional
to Curie-Weiss contribution to bulk susceptibility χCW taken
from [26] [Fig. 7(c)]. The values of the negative shift nor-
malized to the external fields 0.725 and 1.45 T (not shown)
coincide within the experimental error. It confirms the origin
of the signal from free spins below 20 K.

Assuming that NMR as a local selective method allows
one to study the susceptibility of alternating chains more
accurately and in a wider temperature range than the bulk
technique, one can follow the the procedure proposed in the
work [23] for the isostructural compound Na3Cu2SbO6. To
approximate the temperature dependence of the line shift
Kspin(T ), which is proportional to the local static susceptibil-
ity, three models of alternating chains were tested (Fig. 8):
with two antiferromagnetic exchange interactions of different
magnitudes (AF-AF); with alternating antiferromagnetic and
ferromagnetic interactions (AF-FM); and, as a limiting case,
the alternating dimer model. According to the previous work
by Hall et al. [54], the static spin susceptibility and thereby
NMR line shift for AF-AF chain obeys the formula

Kspin(T ) = 1

T

A + Bx + Cx2

1 + Dx + Ex2 + Fx3
(3)

where x = |J1|/T , J1, and J2 are interchain exchange integrals
and A and F are numeric parameters dependent on αAF−AF =
J2/J1. Fitting the temperature dependence of the line shift at
0.725 T one can obtain J1 = 57.9 K, J2 = 25.5 K, and gap
value �AF−AF = J1(1 − 1

2αAF−AF − 5
16α2

AF−AF) = 48.7 K.
Similarly, for AF-FM chains we adopt the formula [55]

Kspin(T ) = A′y3 + B′y2 + C′y + D′

y4 + E ′y3 + F ′y2 + G′y + H ′ , (4)

where y = T/|JFM| and A′ and H ′ are numeric parameters
dependent on αAF−FM = JFM/JAF. Fitting the temperature
dependence of the line shift at 0.725 T one can obtain
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JFM = −159 K, JAF = 130 K, and gap value �FM−AF =
|JFM|(1 − 1

2αAF−FM + 3
16α2

AF−FM) = 87 K.
Approximation within the framework of the noninteracting

spin dimer model [23] Kspin ∝ 1/T [3 + exp(�dimer/T )] gives
�dimer = 113.45 K for 0.725 T and 76.74 K for 1.45 T.

All three models give an acceptable description of the
temperature dependence of the line shift, but the values of the
energy gap and exchange integrals obtained for the AF-AF
model are small. The dimer model is in good agreement with
the experiment at T > 45 K but strongly deviates from the
experimental points below this temperature. In contrast, pa-
rameters obtained for the AF-FM model in temperature range
35–270 K are in better agreement with the values of exchange
integrals obtained by fitting the bulk static susceptibility of
chains [26]: χchain = χ − χCW where JFM = −285 K, JAF =
160 K. That makes it possible to choose the AF-FM model
as the best description of the alternating chains. The values
obtained from the NMR line shift seem to be more correct than
ones from the bulk susceptibility, since they are less affected
by the contribution of paramagnetic segments and defects.

The maximum in the temperature dependence of the line
shift measured at 1.45 T moves towards the lower tempera-
tures (≈50 K) compared to the data obtained at 0.725 T. This
strong field dependence, strictly speaking, does not allow di-
rectly applying Eq. (4); however, using it formally one can get
the following values of exchange integrals: JFM = −157 K,
JAF = 99 K. Such a strong decrease in the antiferromagnetic
interaction parameter demonstrates the effective suppression
of antiferromagnetic coupling in the AF-FM chains by ex-
ternal magnetic field. The magnitude of the external field in
energy units is significantly smaller than the gap obtained
from Eq. (4) describing an infinite AF-FM chain. Therefore,
the unexpectedly strong field dependence demonstrates the
importance of taking into account the fragmentation of the
chain by nonmagnetic defects when simulating the physical
properties of the system.

In contrast to the line shift, the temperature dependence of
the 7Li NMR linewidth �ω(T ) for both magnetic fields does
not show any maximum but increases steadily with lowering
temperature (right panel of Fig. 6). The coincidence of two
presented curves indicates the paramagnetic nature of the in-
homogeneous line broadening. The linewidth being originated
by the distribution of the local fields is much more sensitive to
the presence of quasifree spins of chain defects as well as the
magnetic moments of short nongapped chain segments than
the shift of the line maximum created by averaged local field.
Indeed, the linewidth follows the experimentally determined
bulk susceptibility at high temperature down to 90 K and
grows slightly faster than a Curie-Weiss law below this tem-
perature. This additional rise in the linewidth suggests that the
magnetic subsystem gradually incorporates the large magnetic
moments of short nongapped chain fragments such as triplets.

The dynamics of the spin system was studied by examining
7Li nuclear spin-lattice relaxation. The longitudinal relax-
ation rate T −1

1 was measured at the maximum of the spectral
intensity in the external magnetic field 1.45 T. The inhomo-
geneously broadened spectrum contains not only the main
transition but unresolved quadrupole satellites. Therefore it is
impossible to measure the relaxation rate separately on the
central line of the spectrum. For this reason, in the fitting
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FIG. 9. 7Li nuclear spin-lattice relaxation as a function of tem-
perature. Inset: Relaxation rate vs inverse temperature. The solid line
represents a fit to Eq. (5).

procedure we used a stretched exponential function M(t ) =
M0 exp(−t/T1)β , where T1 is an effective spin-relaxation time
and β is a parameter related to the distribution of magnetic
relaxation rates due to overlapping of the spectrum compo-
nents and to the spatial distribution of the magnetic centers
creating the local field. Relaxation slows down below 200 K
with a minimal rate registered around 15 K (Fig. 9). With
further lowering temperature, a sharp upturn of the relaxation
is observed.

The temperature dependence of the nuclear relaxation rate
T −1

1 at 1.45 T can be fitted by a combination of the activation
law describing the gapped behavior of chain segments and
Curie-Weiss contribution of nongapped chain segments and
paramagnetic centers at the segment ends:

T −1
1 =

[
C1 exp

(
− �

kBT

)
+ C2

T

(T + θ )

]
. (5)

Taking the θ value from bulk magnetic susceptibility data
(Sec. III A or [26]) as 5 K, we can estimate the average spin-
gap magnitude of about 73.4 K that is comparable with the
value of 65.6 K for the alternating chain model or 76.74 K for
the dimer model obtained from the line-shift data at 1.45 T.
The sharp upturn of the relaxation rate below 15 K is much
stronger than a Curie behavior. It indicates the slowing down
of the electron-spin fluctuations and the growth of the correla-
tions of the paramagnetic spins at this temperature region. In
the vicinity of the ordering temperature, the correlation length
is expected to diverge, and T −1

1 in a narrow temperature range
(i.e., in the critical regime) can be described by the power
law

T −1
1 ∝ τ p (6)

where τ = (T − TN)/TN and p = ν(z − η) is the critical ex-
ponent [56]. The values of ν, z, and η depend upon the
dimensionality and the symmetry of the spin lattice and on
the type of interactions.

For our data the fit of the relaxation temperature depen-
dence with the formula (6) does not have a unique solution

094415-6



SPIN DYNAMICS IN THE ALTERNATING CHAIN SYSTEM … PHYSICAL REVIEW B 103, 094415 (2021)

0 5 10 15 20 25 30

400

600

800

T
1-1

(s
-1

)

T (K)

FIG. 10. Low-temperature part of the temperature dependence of
the spin-lattice relaxation rate. The solid curve shows the approxi-
mations to Eq. (6) with p = 1.87 ± 0.193 and TN = 1.03 ± 0.083 K
(see text for details).

because TN is unknown and the susceptibility measurements
show that TN, if it exists, is below 2 K. Nevertheless, we
tried to apply the model for the critical region formally in
order to get an idea of the type of correlations. Using the
upper limit for parameter TN as 1.5 K we fit the curve in the
low-temperature region and any reasonable approximations
give p > 1.3 and TN < 1.1 K (Fig. 10). The best fit of the
existing experimental points gives p = 1.87 ± 0.193, which
is comparable to p = 1.93 for the 2D Ising model (ν = 1,
η = 0.25 [57], z = 2.18 [58]) and significantly larger than
for three-dimensional (3D) Heisenberg (ν = 2/3 [59,60], η =
0.037 [60], z = 3/2 [61], p = 0.975) or 3D Ising (ν = 0.6
[58,62], η = 0.036, z = 2.025 [58], p = 1.193) models. Thus,
our data evidence in favor of 2D character for critical corre-
lations at low temperatures. It is well known that couplings
of the staggered polarization created by spinless impurities
in gapped spin chains can induce the growth of the inter-
chain correlations and even the antiferromagnetic long-range
order at low temperatures [63]. Such correlated regions are
observed in Haldane chains which are very similar to FM-
AFM alternating chains and spinless impurities stimulate an
antiferromagnetic cluster ordering there due to interaction of
these induced moments [17,64]. In Li3Cu2SbO6 the alternat-
ing FM-AFM chains connect to each other by frustrated AF
interaction in the honeycomb magnetic planes. The substitu-
tion of the nonmagnetic Li ion for Cu2+ in chains cancels
frustration of the interchain interaction and leads to growth
of the planar correlation. At the same time, the interplanar
interaction of randomly arranged defects is apparently not
enough for development of strong spin correlations between
weakly coupled planes.

IV. THEORY

A. Model and method

To explain the above experimental measurements quanti-
tatively, we construct a spin model taking explicit account of
the Cu/Li site inversion in Li3Cu2SbO6. If no inversions are

1

2a

2b

3

4a

4b

5

6a

6b

7

8a

8b

FIG. 11. Lattice structures of FM-AF alternating chain segments.
A spin- 1

2 is localized on each circle. The left characters are indices of
the corresponding chain segments. The boxed clusters have a finite
gap between the spin-singlet ground state and spin-triplet first excited
state.

considered, the effective model of the magnetic Cu layer is
an anisotropic 2D honeycomb Heisenberg model as a bundle
of AF-FM alternating Cu chains with assuming rather small
interchain couplings. When the inversion is made, each chain
in the Cu layer is cut by the Li ions, which behave like
nonmagnetic defects, so that the Cu layer is regarded as a
set of chain segments. We call this system the chain-segments
spin model. The Hamiltonian of a chain segment with l sites
reads

H =
l−1∑
i=1

JiSi · Si+1, (7)

where Si is the spin- 1
2 operator at site i, and FM (Ji ≡ JFM <

0) and AF (Ji ≡ JAF > 0) exchange couplings are alternately
arranged. As suggested in [26], this system can be essentially
mapped onto a S = 1 chain segment by regarding two spins
coupled by JFM as a spin-1 site. Furthermore, we assume the
intercalated Cu2+ ions at the original Li sites to have quasifree
magnetic moments.

Examples of the chain segment are shown in Fig. 11. Ba-
sically, two spins coupled by JAF form a spin-singlet pair.
When l is odd, one of the edge spins is coupled by JFM.
Since this edge spin behaves like a free spin, the system is
gapless. When l is even, there are two kinds of structures:
one is that all spins are involved to form local spin-singlet
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pairs by JAF (indexed with 2a, 4a, 6a, 8a, etc.); the other
is that both edge spins coupled by JFM are excluded from
the formations of local spin-singlet pairs (indexed with 2b,
4b, 6b, 8b, etc.). In the former, the ground state is obviously
gapped and the singlet-triplet gap scales to JAF. In the latter,
more specifically, the system is further classified into two
cases l = 4n and 4n + 2 (n: integer). For l = 4n the entire
chain segment forms a spin-singlet state, namely, both edge
spins are weakly coupled by AF exchange coupling. Thus,
the singlet-triplet gap is tiny but finite and it decreases with
increasing l . The singlet-triplet gap for each chain segment
is given in Appendix A. For l = 4n + 2 both edge spins are
completely free and the ground state is gapless.

Using full exact diagonalization technique we calculate the
considered physical quantities for each chain segment. Then,
the quantities for the magnetic Cu layer can be obtained by
summing up contributions from each chain segment. The dis-
tribution function of existing probability for a chain segment
with l sites is derived by

P(l ) = ρ exp

[
− ρ√

1 − ρ
(l − 1)

]
, (8)

where

ρ = number of Li sites in the Cu layer

total number of Li/Cu sites in the Cu layer
. (9)

Note that the length of the chain segment with l sites is l − 1.
Therefore, a physical quantity for the Cu layer is given as

ACu layer =
lmax∑
l=1

Alρ exp

[
− ρ√

1 − ρ
(l − 1)

]
, (10)

where Al is the calculated physical quantity for the chain
segment with l sites. For even l the quantity is averaged
between two possible chains, namely, FM-AF-. . .-AF-FM and
AF-FM-. . .-FM-AF. The mean length of chain segments is
l̄ = 1/ρ. Adding to Eq. (10), the magnetic contributions from
the intercalated Cu2+ ions at Li sites must be taken into ac-
count. Each Cu2+ ion is assumed to behave like a quasifree
magnetic moment and its contribution is equivalent to A1.
Since the ratios of in-layer and out-of-layer Cu2+ ions are
1 − ρ and ρ, respectively, the physical quantity for the total
system is obtained by

Atot = ρA1 + (1 − ρ)ACu layer. (11)

B. Fitting of spin susceptibility

First, to estimate the effective parameters we perform a
fitting of experimental spin susceptibility at zero field. As
shown in Fig. 12 a simple divergent increase of χ with
approaching zero temperature is seen in the experimental sus-
ceptibility. This behavior is completely different from that of
the infinite-length AF-FM alternating chain and the presence
of a sufficient amount of free spins may be expected. Let
us then determine the effective values of JFM, JAF, and ρ

by the fitting with our chain-segments spin model. The spin
susceptibility per spin for a chain segment with l sites is
calculated as

χl = 1

lT

[〈
S2

z

〉 − 〈Sz〉2
]
, (12)

fitting by chain-segment model
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(J =-244K, J =146K, =0.19)FM AF

experiment

FIG. 12. Fitting of the experimental spin susceptibility by our
chain-segments spin model at zero field. A best fitting is achieved
setting JFM = −244 K, JAF = 146 K, and ρ = 0.19.

where 〈· · · 〉 is the canonical average, namely,

〈Ô〉 = 1

Z

∑
n

Ô exp
(
− En

kBT

)
(13)

with the partition function Z = ∑
n exp[−En/(kBT )]. Since

the shape of spin susceptibility depends strongly on JAF/|JFM|
and ρ (see Appendix B), a unique fitting is possible. The
fitting result is shown in Fig. 12. Setting JFM = −244 K,
JAF = 146 K, and ρ = 0.19, a perfect agreement with the
experimental susceptibility is obtained. The magnitudes of
exchange couplings are somewhat smaller than the previous
values JFM = −285 K and JAF = 160 K estimated with using
the infinite-length AF-FM alternating chain. However, a more
interesting finding is that 19% of Cu ions are replaced by Li
ions. Accordingly, the mean length of the chain segment is
only l̄ = 5.25. Note that in our calculations the chain seg-
ments with length up to l = 15 are taken into account. This
would be indeed a reasonable choice because the existing
probability of the chain segment with l = 15 is already tiny
for ρ = 0.19, i.e., P(15) = 8.0 × 10−3. Also, contributions to
the spin susceptibility from each of the chain segments are
shown in Appendix C.

C. Field- and temperature-dependent magnetization

Next, we examine whether the experimental magnetiza-
tion can be explained by our chain-segments spin model
with the estimated parameters. In Fig. 13(a) the observed
and calculated temperature-dependent magnetization curves
are compared for several external magnetic fields. The g fac-
tor is set to be g = 2.16 as an average of g‖ = 2.38 and
g⊥ = 2.05 because of the powder sample of Li3Cu2SbO6.
For all the applied fields the agreement is good over most
of the temperature range. This confirms that the dominant
exchange couplings of Li3Cu2SbO6 are properly contained
in our chain-segments spin model. However, as shown in the
inset, the agreement becomes worse at very low temperature.
The calculated magnetization seems to increase more rapidly
as temperature decreases. This may be due to the lack of
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FIG. 13. (a) Fitting of the experimental magnetization curves by
our chain-segments spin model with JFM = −244 K, JAFM = 146 K,
and ρ = 0.19. The applied external magnetic fields are B = 0.725,
1.45, 3, 5, and 7 T from bottom to top. Inset: Enlarged view at
low temperature. (b) Similar fitting to (a) with taking into account
the effect of interchain coupling. Solid and dotted lines denote the
calculated magnetization curves with and without taking into account
the effect of interchain coupling (see text).

small interchain exchange couplings involving the (nearly)
free spins in our model. Although it is hard to explicitly
introduce the interchain coupling into the spin model, the
effect of small interchain coupling is known to be mimicked
by a self-consistent staggered magnetic field (−1)ihSz

i along
the chain, where h is the external-field-dependent local-field
strength [65,66]. This corresponds to applying a local mean
field +hSz

i or −hSz
i on the (nearly) free spins at the edges of

chain segments because the spin-singlet pairs in the bulk part
of chain segments are not affected by small interchain cou-
plings. Thus, we calculate the interchain-coupling-affected
magnetization curve by averaging between the results with
applying a local field +hSz

i and −hSz
i on the (nearly) free

spins. The value of h is tuned to get a reasonable fit of the low-
temperature magnetization curve. The amounts of mean field
at edges of each chain segment are h = 2.47, 3.05, 4.21, 5.95,
and 7.54 T for B = 0.725, 1.45, 3, 5, and 7 T, respectively.
As shown in Fig. 13(b), we see that the qualitative agreement

0 20 400

0.2

0.4

0.6

0.8 CW (0.725T)

CW (1.45T)

0 100 200 300
0

0.01

0.02

T (K)

k
%(

)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

T/J

Theory

(a)

(b)

FIG. 14. (a) Comparison between the experimental line shift
and the calculated spin susceptibility using our chain-segments spin
model with JFM = −244 K, JAF = 146 K, and ρ = 0.19 for B =
0.725 and 1.45 T. Inset: Linear fitting of 1/χ at low temperature.
(b) Spin susceptibility for three-site and four-site AF open chains at
B/Jic = 0.2 and 0.4.

between the observed and calculated magnetization curves is
much improved by taking the effect of interchain coupling into
account.

D. Field- and temperature-dependent Knight shift

As shown in Fig. 8, the experimental low-field line shift has
a peak around T = 50 K and the peak height for B = 1.45 T
is rather higher than that for B = 0.725 T. We here attempt a
reasonable explanation for these characteristic behaviors with
using our chain-segments spin model. The line shift is propor-
tional to the spin susceptibility for the solidly gapped part of
the chain segments. Therefore, the Curie-Weiss-like suscepti-
bility at low temperature (χCW) should be subtracted from the
total susceptibility (χ ). We estimate the values of χCW from
the slope of 1/χ at low temperature [inset Fig. 14(a)]. Then,
the experimental line shifts for B = 0.725 and 145 T are com-
pared to the calculated results for χ − χCW in Fig. 14(a). The
peak positions roughly coincide. Furthermore, the tendency
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toward field dependence seems to be qualitatively consistent
but the difference of calculated peak height values for the two
fields is rather smaller compared to the experimental line shift.
Thus, let us consider the effect of interchain coupling. If the
(nearly) free spins are coupled by AF interchain interaction
Jic, a number of short AF open chains must be formed over the
system. To illustrate contributions to the line shift from such
short AF chains, we plot the spin susceptibility for three-site
and four-site AF open chains in Fig. 14(b). The field depen-
dence of χ looks similar to that of the experimental line shift.
This may indicate that the increase of peak height of the exper-
imental line shift with external field reflects the contribution
from short chain segments with coupling Jic, though this is
still a qualitative speculation. More quantitative investigations
should be done in the future.

E. Specific heat

The specific heat per spin for a chain segment with l sites
is calculated as

Cl = 1

lT 2

[〈
E2

n

〉 − 〈En〉2
]
. (14)

In Fig. 5 the calculated specific heat is compared to the mag-
netic part of the measured heat capacity Cmag. The overall
shape including the pronounced peak around T ∼ 45 K is well
reproduced within the framework of our chain-segments spin
model. We only see a little discrepancy in the position and
height of the small peak at very low temperature. It may be due
to the lack of interchain couplings in our spin model, which
plays a more important role at lower temperature. Actually,
the agreement at low temperature is improved by setting the
mean field at segment edges h = 1.02 T (Fig. 5).

F. Field-dependent magnetization

Finally, we discuss the magnetization curve as a function of
magnetic field. The calculated magnetization curve using the
chain-segments spin model is compared to the experimental
one in Fig. 3. If we simply calculate M using the chain-
segments spin model, the data points marked by filled circles
are obtained. The trend is consistent with the experimental
curve but the values are a little overestimated. This is again
due to the lack of interchain coupling in our spin model.
Thus, the agreement could be improved by considering the
effect of intersegment coupling. The correction is taken into
account as a mean field at the edge of each chain segment. The
reestimated data points with the correction are shown with
open squares in Fig. 3. We can see a good agreement between
theory and experiment. For example, the amounts of the mean
field at the edge of each chain segment are h = 1.60, 2.18,
3.19, 4.64, and 6.24 T for B = 0.75, 1.5, 3.0, 4.5, and 5.0 T,
respectively. This means that the AF interchain interaction is
about 10 K.

Furthermore, it would be useful to see the full magne-
tization for the chain-segments spin model. It is shown in
Fig. 15. An interesting feature is that a plateaulike feature
appears at approximately 1/2 of the full saturation moment.
In fact, this tendency has been also found in the experimental
magnetization (Fig. 3). At the plateau, the (nearly) free spins

-100 0 100
-1

0

1

M
M/

tas

B (T)

0.519

FIG. 15. Field-dependent magnetization curve at T = 2 K. Full
magnetization curve using the chain-segments spin model with
JFM = −244 K, JAF = 146 K, and ρ = 0.19.

at the edges of chain segments are fully polarized along the
external field and all of the other remaining spins form spin-
singlet pairs. The second onset of the magnetization curve
around B = 50 T corresponds to the gap of this system. Thus,
we can find �AF−FM = 79.5 K. This value agrees well with
�AF−FM = 87 K estimated from the fitting of temperature de-
pendence of the NMR line shift (see Sec. III B).

Additionally, the magnetization at the plateau (≡ Mp/Msat)
is related to the amount of nonmagnetic impurities. Since the
magnetization at the plateau corresponds to the polarization
of (nearly) free spins at the edges of chain segments, we
can simply expect Mp/Msat ∼ 3ρ − 2ρ2. In other words, the
amount of nonmagnetic impurities can be estimated from the
magnetization at the plateau. Actually, as shown in Fig. 15,
the Mp/Msat value approximately agrees with 3ρ − 2ρ2 =
0.498 obtained by the fitting of magnetic susceptibility.

V. CONCLUSIONS

In summary, we present the results of complex measure-
ments of the 7Li NMR spectra and the spin-lattice relaxation
rate in a powder sample of the Li3Cu2SbO6 compound with
alternating S = 1/2 chains containing nonmagnetic defects.
Due to the presence of defects in the system under study,
several magnetic mechanisms are simultaneously realized,
masking the influence of each other and mutually affecting
each other. NMR as a local technique makes it possible to
unambiguously prove the presence of a clearly pronounced
gapped behavior of a spin system with a spin-gap value of
about 90 K. The approximation using the AF-FM and nonin-
teracting dimers models gives an acceptable description of the
experiments at temperatures above 40 K and makes it possible
to estimate the exchange interaction in the system. At the
same time, such a simple modeling of the experimental data
does not allow for a definite choice: none of the models gives
complete agreement over the entire temperature range. The
reason for this, apparently, is that the presence of nonmagnetic
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inclusions cuts the chains into fragments and generates
quasifree spins at their boundaries. Thus the system cannot
be described within a framework of the model of infinite
chains.

To resolve this problem, we propose a chain-segments
spin model consisting of a set of alternating AF-FM chain
segments as an effective microscopic model for Li3Cu2SbO6.
The Hamiltonian of each chain segment is solved by full exact
diagonalization technique. From a unique fitting of measured
susceptibility, we estimated the interactions as JFM = −244 K
and JAF = 146 K, and found that about 19% of magnetic Cu
ions are replaced by nonmagnetic Li ions in Li3Cu2SbO6.
Using the chain-segments spin model with those parameter
values, all of the experimental results like NMR line shift,
specific heat, as well as field- and temperature-dependent
magnetization can be quantitatively reproduced in a wide
temperature range. However, some deviations are seen at very
low temperature due to the lack of interchain couplings in
our spin model. In order to improve the agreement at very
low temperature, we introduced a local field +hSz

i and −hSz
i

on the (nearly) free spins to mimic the interchain couplings
arising from the canceling of its frustration in the vicinity of
the defect. The estimated magnitude of interchain couplings
is about 10 K. This is confirmed by the observation of the
two-dimensional character of correlations in measurements of
spin-lattice relaxation at low temperatures.
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APPENDIX A: SINGLET-TRIPLET GAP OF
CHAIN SEGMENTS

Table I shows the singlet-triplet gap, defined by the differ-
ence between energies of a ground state with S = 0 and an
excited state with S = 1, for each chain segment with length
l . In essence, two neighboring spins coupled by JAF form
a spin-singlet pair. When l is odd, l − 1 spins are involved
to form (l − 1)/2 spin-singlet pairs and a spin remains at
the segment edge. Since this edge spin behaves like a free
spin, the system is gapless. When l is even, the system can
be classified broadly into two classes: one is that all spins
are involved to form local spin-singlet pairs by JAF (indexed
with 2a, 4a, 6a, 8a, etc.); the other is that both edge spins
couple by JFM to their neighbors and they are excluded from
the formations of local spin-singlet pairs (indexed with 2b,
4b, 6b, 8b, etc.). In the former, the ground state is obviously
gapped and the singlet-triplet gap scales to JAF for shorter
l and JAF/2 for longer l . In the latter, strictly speaking, the
system is further classified into two cases l = 4n and 4n + 2

TABLE I. Singlet-triplet gap for each chain segment with JFM =
−1 and JAF = 0.6 in the unit of |JFM|. Examples of the chain indices
are shown in Fig. 11.

Chain index Singlet-triplet gap

01 0
02a 0.6
02b 0
03 0
04a 0.4539392014169
04b 0.0958874227706
05 0
06a 0.3884147500111
06b 0
07 0
08a 0.3548417721595
08b 0.0224953910776
09 0
10a 0.3351031792316
10b 0
11 0
12a 0.3224735828971
12b 0.0053043323804
13 0
14a 0.3138947996331
14b 0
15 0
16a 0.3078000625086
16b 0.0012304337486

(n: integer). For l = 4n the entire chain segment forms a spin-
singlet state, namely, both edge spins are weakly coupled by
AF exchange coupling. Thus, the singlet-triplet gap is tiny but
finite. This gap is decreased exponentially with increasing l as
expected from the exponential decay of spin-spin correlation
with distance in a gapped spin chain. For the remaining case
of l = 4n + 2, both edge spins are completely free and the
ground state is gapless.

APPENDIX B: ρ AND JAF/|JFM| DEPENDENCE OF
SUSCEPTIBILITY

In Fig. 16 the calculated susceptibility of the chain-
segments spin model is shown as a function of temperature
for JAF/|JFM| = 0.5, 1.0, and 2.0. When the density of non-
magnetic impurities ρ is low, the susceptibility consists of two
parts; one is a divergent behavior at low temperature and the
other is a shoulder peak at intermediate temperature. The di-
vergent behavior is originated from nearly free spins located at
the edges of chain segments. On the other hand, the shoulder
peak signifies a “bulk” feature of chain segments. Thus, the
position of the shoulder peak is shifted to higher temperature
with increasing JAFM. This is due to the fact that the undoped
AF-FM Heisenberg chain with JAF can be mapped onto a spin-
1 spin chain with interaction JAF/2. For higher doping ρ, the
mean length of chain segments is rapidly reduced, while the
number of nearly free spins is rapidly increased. As a result,
the shoulder structure as the bulk feature of chain segments is
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FIG. 16. Calculated susceptibility of the chain-segments spin
model as a function of temperature for (a) JAF/|JFM| = 0.5, (b) 1.0,
and (c) 2.0. Insets: Inverse susceptibility as a function of temperature.

masked by the divergent behavior and is less pronounced even
around ρ = 0.3.

APPENDIX C: SUSCEPTIBILITY FOR
EACH CHAIN SEGMENT

Figure 17 shows the calculated susceptibility for each chain
segment indexed in Fig. 11. In the case of odd l [Fig. 17(a)],
since the system has a free spin at one edge, a divergent be-
havior appears at low temperature. Also, there is a broad peak
around T/|JFM| ∼ 0.3 for larger l . This broad peak reveals
a reflection of the bulk feature of chain segments, as dis-
cussed in the previous section. In the gapped case with even l
[Fig. 17(b)], it is clearly seen that the susceptibility goes down
to zero at finite temperature and the “critical” temperature is
lowered with increasing l . In the gapless case with even l
[Fig. 17(c)], the overall tendency seems to be similar to that
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FIG. 17. Calculated susceptibility of the chain-segments spin
model with JFM = −1 and JAF = 0.6 as a function of temperature
for (a) odd l and (b–d) even l chain segments. The even l results are
further divided into (b) gapped, (c) gapless, and (d) weakly gapped
cases. The inset of (d) shows the enlarged view at low temperature.

for odd l chain segments. Interestingly, the divergent behavior
at low temperature is even more pronounced than that for the
odd l chain segment. Whereas the odd l chain segment has
only one free spin at one edge, two spins at both edges are
free in the even l gapless chain segment. In the weakly gapped
case with even l [Fig. 17(d)], the susceptibility goes down to
zero at very low temperature.
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