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Abstract. We report the experimental observation of a shift of
the boundaries of the spinon continuum caused by a Fermi-
liquid interaction of spinons in the spin-liquid S = 1/2 chain-
type antiferromagnet K,CuSQ4Br,. The parameter of spinon
interaction, which determines the probability of backscattering,
is found. In the pseudospin S = 1/2 chain-type strongly aniso-
tropic antiferromagnet Cs,CoCly, a shift in the magnetic reso-
nance frequency is detected during the crossover from the
disordered spin regime to the state of correlated XXZ-type
spin chains at a temperature above the emergence of long-
range antiferromagnetic order. This resonance shift is ex-
plained on the basis of the spectrum of spin excitations in
correlated XXZ chains and corresponds to theoretical simula-
tion of the spectra of spinon-type magnetic fluctuations in XXZ.
chains [P. Laurell et al. Phys. Rev. Lett. 127 037201 (2021)].

Keywords: spin chains, spinons, spin liquids, magnetic reso-
nance, antiferromagnets, quantum magnets

1. Introduction. Ground state
and excitations of one-dimensional S=1/2
antiferromagnetic chain

One-dimensional spin chains may be realized in many
dielectric magnetic crystals enabling one to investigate the
states of these multiparticle objects demonstrating purely
quantum properties, with their states being unexpected from
classical points of view. In this area, much theoretical work
has been done and experimental studies have been carried out
on many substances. In this review, we will present new
experimental results on the study of ground states and
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excitation spectra in one of the most simply formulated
models, S = 1/2 antiferromagnetic spin chains. A new result
is the observation of excitation spectra that are characteristic
of the Fermi liquid of quantum multiparticle excitations.

Let us first describe the basic concepts of quantum
S = 1/2 spin chains with an antiferromagnetic Heisenberg
exchange of nearest neighbors. The initial Hamiltonian of this
system has the form

H:ZJsfsf“, (1)

where J > 0 is the exchange integral, and S’ is the S = 1/2
spin operator at a lattice site.

In a theoretical study of this model (see, for example,
[1-3]), it was shown that the ground state of the chain is
disordered in the classical sense, i.e., the average values of spin
projections at all chain sites are zero: (S!) =0, o = x,y, z.
Nevertheless, this state turns out to be strongly correlated
with an infinite correlation radius, and the antiferromagnetic
correlations of the spins decrease in a power-law manner:

ieirky (=D
(SISIH) i (2)

This behavior of correlations allows this ground state to be
called quantum-critical. The temperature dependence of the
susceptibility has a maximum at a temperature of the order of
J/kg [4] but exhibits no critical features. Faddeev and
Takhtajan [2, 5] obtained an important result on the way to
understanding the structure of the ground state and elemen-
tary excitations in one-dimensional antiferromagnetic chains.
They showed that delocalized dynamic domain-wall-type
structures in an antiferromagnet are close to a solution to
the problem of eigenstates. An alternating series of ordered
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spins (up, down, up, down, etc.) fails on such walls. Such
excitations distinguish spin chains from ordinary three-
dimensional antiferromagnetic structures, where elementary
excitations are magnons, for the description of which one
flipped spin is considered one the background of an
antiferromagnetically ordered structure. In a spin chain, one
flipped spin generates an increase in the exchange energy on
two exchange bonds to the right and left of it. An excitation in
the form of one flipped spin in a spin chain splits into two
domain boundaries when each of the two spins in a pair
adjacent on the right or on the left to the already flipped spin
is rotated by 180°. In this case, the exchange energy and the
total spin of the chain do not change. The domain boundaries
can move without energy loss due to the described rotations.
Comparative schematic diagrams of such excited states are
given, for example, in [6] and in the Supplemental material to
paper [7]. Thus, two domain boundaries have the same energy
in the Ising approximation as an ordinary magnon and the
same total spin S = 1. On this basis, it was natural to assign
the S'= 1/2 spin to the elementary excitations of the chain
and to consider them to be fermions. They were called
spinons. This gave rise to the idea of the impossibility of
individual excitation of spinons in neutron scattering or
photon absorption processes, since, in these processes, the
change in the projection of the neutron or photon spin must
be equal to unity.

Energy transfer to spinons in two-particle or many-
particle processes results in a continuum neutron scattering
spectrum, where, for each value of the transferred momen-
tum, there is an extended interval of transferred energy
values. Let us consider the processes of energy transfer to a
spinon—fermion system at a qualitative level. We will use the
expression for the energy of a spinon with a wave vector ¢,
obtained by transforming the original spin Hamiltonian to
fermion S = 1/2 operators (see, for example, [3, 7, 8] and the
Supplemental material to paper [7]). In this case, a simplifying
assumption is made based on the mean field approximation to
take into account the correlations of spins at neighboring
sites, with the terms corresponding to the interaction of
fermions being ignored. The number of fermions is equal to
the number of spins in the chain. Thus, spinons in the ground
state fill half the Brillouin zone. The ground state consists of
delocalized spinons propagating along the chain. In the
approximation of free fermions, their dispersion law has the
form

é0(q) = —pJ cos (qa), 3)

where a is the chain period, and 7y is a dimensionless
parameter which, in accordance with the analytical
calculation of the lower boundary of the continuum [9],
should be taken to be y ==n/2. In the presence of an
external magnetic field, the states of spinons with opposite
spin projections are split, and fermions with positive and
negative projections of the magnetic moment have the
energies

ex(q) = —yJcos (qa) = pg H . 4)

Figure 1 shows these dispersion laws. To construct a
continuum of neutron scattering or photon absorption in
the free spinon approximation (Fermi gas approximation),
we should keep in mind the ground state with all states filled
below the Fermi level e = 0, with excitations being treated as
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Figure 1. Dispersion law of free spinons in magnetic field H = nJ/(8uy).
Solid arrows indicate transitions that form boundaries of excitation
continuum, and dashed arrows correspond to transitions within conti-
nuum (see text). Orange segments represent parameter o, with a change in
which transition moves along boundary of continuum shown in Fig. 2.

states of the ‘quasiparticle plus hole’ type when a spinon from
the filled part of the Fermi sphere undergoes a transition into
a free state with an energy above the Fermi level. Of all such
transitions, we will be interested in the transitions between the
branches ¢_ and ¢; or between ¢, and ¢_ for electron spin
resonance (ESR) experiments, because the spin projection of
the chain changes by £1 in them, as required by the selection
rules for the absorption of a quantum of the electromagnetic
field. These are transitions whose matrix elements are
provided by oscillations of the spin components transverse
to the field. The upper energy limit of such excitations on the
(ka, &) plane is obtained in transitions of type / (see Fig. 1)
between the states ¢_(n/2 — 6) — ¢ (n/2 4 0) and is shown
by curve / in Fig. 2. Hereinafter, ¢ is a positive parameter
shown in Fig. 1 as orange horizontal segments. When ¢
changes from zero, the position of the ends of the line with
the arrow changes, determining a change in the energy limit
value as a function of the excitation wave vector k. The lower
energy limit for transitions from the ¢_ branch to the ¢,
branch is set by the transitions indicated by arrow 2 in Fig. 1:
¢_(q2) — &4(q2 + 0). In Figure 2, this limit is demonstrated
by curve 2. Hereinafter, ¢, , are the wave vectors of spinons at
the Fermi level with the upward and downward projection of
the magnetic moment, respectively; they are shown in Fig. 1
by vertical lines. The upper energy limit for ¢, —¢_ transi-
tions is determined by &,(q; — ) — ¢_(¢2 + 0) transitions
(arrow 3in Fig. 1 and curve 3 in Fig. 2). The lower energy limit
for ¢, — ¢_ transitions is determined by transitions
e+(q1) — e-(q2 + 0) (arrow 4). The falling branch of zero-
width excitations is associated with the ¢ (—¢; —J) —
¢+ (—q) transitions (arrow 3'), 0 < ¢2 — ¢1. The frequencies
of the transitions falling inside the continuum are designated
by the letters A, B, C, and D in Fig. 2; in Fig. 1, these
transitions are designated by dashed arrows with the
corresponding letters.

Thus, the spectrum of transferred neutron energies or
absorbed photon energies has the form of the continuum
shown in Fig. 2; it is called a spinon or a two-spinon
continuum. For ESR spectroscopy (at k = 0) based on this
spectrum, we expect absorption only at the Larmor frequency
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Figure 2. Continuum of transverse spin fluctuations in magnetic field.
Right half of Brillouin zone is shown.
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Figure 3. Two-spin continuum in zero field.

oL = gugH/h, as in the case of ordinary paramagnetic
resonance. In the absence of an external field, the splitting of
the spinon spectra disappears and the form of the continuum is
simplified, which is shown in Fig. 3. This form of the
continuum has been repeatedly observed in experiments on
inelastic neutron scattering with quasi-one-dimensional anti-
ferromagnets (see, for example, [10—12]). Also, in experiments
on inelastic neutron scattering, a modification of the con-
tinuum in a magnetic field was observed. In a magnetic field,
soft modes of spin oscillations with AS, = 0 were detected on
wave vectors k = 2¢q, , on both sides of t/a [3], i.e., excitations
of the form &, (—¢1) — &1 (q1) and e_(—¢2) — £-(¢2).

In contrast to the purely Heisenberg case, in antiferro-
magnetic chains with a uniform Dzyaloshinskii-Moriya
interaction (DMI) [13, 14], the spinon nature of the con-
tinuum manifests itself in the ESR [15]. The Hamiltonian of
the chain in a magnetic field and in the presence of the
specified interaction takes the form

H=> (JS'S" +DS' xS 4 gupSH). (5)
Here, the vector D is the DMI parameter.

The authors of [15-17] showed that, in the presence of a
homogeneous DMI, spinons propagating in opposite direc-

tions acquire opposite shifts of their eigenfrequency, and the
degeneracy of the energies of these two spinons is removed.
As a result, instead of one value of the ESR frequency in the
form of the Larmor frequency, a so-called spinon doublet
arises, the splitting of which in frequency corresponds to the
distance between the upper and lower boundaries of the
continuum of the Heisenberg chain on the wave vector
gom = D/Ja. This result also follows from the fact that, at
H|| D, the spinon spectrum in the presence of a homogeneous
DMI shifts along the wave vector by + gpm [17], and the ESR
frequencies acquire values for the field orientations H|| D and
H L D having the form

D

2nhvy = ’gH,uBH:I: %' , (6)
2 nD 2

2nhive =4/ (gLppgH)™ + - (7)

Here, g, | are the values of the g-factor for H||D and H L D.
Relations (6) and (7) determine the ESR gap in a zero field,
2niv? = nD/2, and predict the presence of a soft mode for
H|| D in a magnetic field Hy = nD/(2g)up). This soft mode is
equivalent to the zeroing of the excitation frequency in the
continuum of the Heisenberg chain on the wave vector
k = g» — qi (see Fig. 2).

A doublet of ESR lines, v+ at H|| D, was indeed observed,
for example, in K,CuSO4Br; crystals and other quasi-one-
dimensional magnets [6, 18]. Figure 4a shows ESR lines at
three different frequencies. Figure 4b illustrates the above-
described scheme of the formation of a doublet of
resonance frequencies during DMI, which shifts the
spectrum in the k-space or, in other words, transfers the
ESR from the zero wave vector to the wave vector gpy. The
K,CuSO4Br;, crystal [19] is very suitable for studying the
spinon doublet by the ESR method, because it almost ideally
behaves according to the model of one-dimensional spin
chains (the intrachain-to-interchain exchange ratio is 600),
the magnetic Cu?* ions carry a spin of S = 1/2, and the
symmetry allows the presence of a uniform DMI in the
chains. The ESR experiments in K,CuSO4Br; [18] show
very good agreement with the results of the spinon doublet
theory in the Fermi gas of spinons. With decreasing
temperature, a doublet is formed, and a soft ESR mode is
detected in the field H =nD/2guy. The frequency-field
dependence of the components of the ESR spinon doublet in
low fields corresponds to the theoretical dependence (6). This
correspondence is shown in Fig. 5; the plot is constructed
without fitting parameters, using the value of D =0.27 K
obtained from the gap of the ESR spectrum in the H_L D field
orientation and the g-factor obtained from high-temperature
measurements of the ESR frequencies [18], g = 2.24.

However, one can see from the dependence representing
the resonant fields in a wide frequency range (Fig. 6) that in
stronger fields there is a significant deviation of the
experimental frequency-field dependence from the predic-
tions of the theory of noninteracting spinons, shown by
dashed lines. In the region of fields and frequencies
corresponding to this deviation, a significant decrease in
the intensity and disappearance of the upper component of
the doublet were also observed [18, 20], with the reasons
being unclear.

Thus, we can summarize the introductory part by
concluding that, in dielectric crystals with antiferromag-
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Figure 4. (a) Examples of dependences of microwave power transmitted through a resonator with a K,CuSO4Br; sample on magnetic field for three
frequency values. Symbols are experimental data and solid orange lines are results of fitting of spinon doublet lines by Lorentz resonance curves.
Solid gray lines are result of fitting parasitic impurity paramagnetic (pm) lines, and solid brown lines are sum of all fitting lines. Inset shows
arrangement of magnetic Cu’* ions forming spin chains extended along a@-axis and their surroundings; opposite directions of DMI vectors D in
neighboring spin chains are marked. (b) Boundaries of K;CuSO4Br; spinon continuum in free fermion model in region of small wave vectors in the
presence of a magnetic field at hypothetical value D = 0. In this case, ESR should be observed at Larmor frequency. Presence of D = 0.27 K leads to
observation of ESR at frequencies v, corresponding to wave vector gpy in Heisenberg chain continuum. (¢) Spinon continuum boundaries in spinon
model with Fermi-liquid interaction and u = 2.38Ja/h. Horizontal arrows show v, frequencies. ESR line intensities are shown in color. (©APS,

figure borrowed from [7].)
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Figure 5. Frequency-field dependence of components of spinon doublets
M1 and M2 for K,CuSO4Br; in low fields at H||D. Solid lines are
calculations using formula (6). (Based on materials from [18].)

netic chains of S = 1/2 spins, the formation of a spectrum
of spin fluctuations in the form of a two-spinon continuum
has been confirmed theoretically and in experiments on
inelastic neutron scattering and electron spin resonance,
based on transitions in the system of spin fermions filling
the lower half of the Brillouin zone in the ground state. The
boundaries of the continuum in the first approximation are
well defined in the approximation of noninteracting
fermions.

2. Fermi-liquid interaction of spinons

Next, we consider the issue of the interaction of spinons, the
influence of which in a one-dimensional system should be
expected, since collisions of delocalized quasiparticles in a
one-dimensional system are inevitable. The need to analyze
the interaction of spinons is stipulated by deviations from the
theory of free spinons. In particular, the results of numerical

experiment [21] demonstrate a discontinuity in the spectrum
near the energy of the Larmor precession, increasing with the
magnitude of the external field. In addition, in an experi-
mental study of the spinon doublet in strong fields
(H > D/gug) [18, 20], the coincidence with the spectrum of
the spinon doublet of free fermions is violated, and an
unexpected suppression of the upper component of the
doublet by a strong field is observed.

The influence of the interaction of spinons on the
spectrum of the continuum of excitations of the antiferro-
magnetic chain of spins has been recently analyzed by field-
theoretical methods in [22]. Keselman et al. [22] showed that
the backscattering processes lead to an additional shift of the
continuum boundaries, in particular, to the appearance of a
gap between the energy values at k=0, and the spin
oscillation mode with the Larmor energy 2gug H is separated
by a gap

hu

A=30s) (8)

from a higher mode with an intensity that disappears at k = 0.
The backscattering parameter », which has the dimension of
velocity, is introduced when writing the contribution Vi to
the Hamiltonian due to backscattering processes (see [7] and
the Supplemental material to [7]):

. /] Stoa atos AR AR
Vis = 7%[‘[ dx (l//,'nlﬁm‘pzl‘pm + WLWRT‘/’ZWM)

7hu

4 J dx (lpITQT'/’RT - l//;(u‘ﬁm)(l/’zﬂ//m - lﬁ;uﬁu) . (9)
Here, the operators ‘;R/L,T/l describe fermions with spin
projections T/| and wave vectors =+ kg near the right and left
boundaries of the one-dimensional Fermi surface.

A nonzero value of A appears when the chain is
magnetized ((S.) is the average dimensionless magnetiza-
tion). The effect of the spinon interaction on the con-
tinuum boundaries and the ESR frequency is illustrated in
Fig. 4c.

As a result, the frequencies of the spinon doublet for the
parallel orientation of the field and the Dzyaloshinskii—
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Moriya vector taking into account the interaction of spinons
are expressed as [7]

. nD\>
guupH + 4+ \/A2+(1 —02)(7) :

Here and in this section, ¢ is the dimensionless interaction

(10)

2nhvy =

parameter,
u
0= 4TC’()]: : (1 1)

it is related to the spin susceptibility per unit length of the
chain

_ 1 (S:)

" H a

b4

by the relation

o SUpd
L Dhop(1—9) (12)

which yields the relationship between the quantities 4 and ¢:

0
m gupH .

(13)

Relations (10) and (13) allow one to obtain theoretical
dependences of the frequencies of the spinon doublet (10) on
the magnetic field and to determine the interaction para-
meters of the spinons ¢ and u.

Povarov et al. [7] measured in detail frequencies and
intensities of the components of the spinon doublet in
K,CuSO4Br; for H||D|| b at temperatures of 0.5 and 1.4 K
and fitted the experimental data to the results of the described
theory, which is shown in Fig. 6. Figure 6a presents the
general view of the frequency-field dependence. It is evident
from the figure that the deviation from the simple dependence
characteristic of a gas of noninteracting fermions (dashed
lines) occurs at frequencies of about 50 GHz. Figure 6b shows
the experimental data and theoretical dependences for the
deviation of the resonant frequency from the Larmor
frequency. For a gas of noninteracting fermions, the
frequency deviations from the Larmor frequency should be
constant and are shown by dashed horizontal lines with
ordinates of +8.3 GHz. Theoretical fitting taking into

account the Fermi-liquid interaction [relations (10) and (13)]
shows excellent agreement with the experimental data for the
spinon interaction parameter fiu/a = 48.8 K, which corre-
sponds to the dimensionless parameter § = 0.12. This is the
only fitting parameter, since the value D =0.27 K is
determined in [18] from the magnetic resonance gap in the
H L D orientation. In the framework of the theory [22], taking
into account the interaction of spinons, the dependence of the
intensity ratio of the components of the spinon doublet was
also obtained, which explains the gradual disappearance of
the upper component with increasing frequency:

prH) ) CRve) + [(1 - 6%)(xD/2)] - 2w

U Jamnd) + [(1= 6%)(rD/2) + 2w
(14

Here, I;"(H ™) /I, (H ™) is the intensity ratio at frequency v
for the components of the doublet with resonant fields H*
and H~, respectively.

This dependence is compared with the experimental
results [7], shown in Fig. 6¢. Despite the fact that no fitting
parameters are used, there is good agreement. For noninter-
acting spinons, the ratio I,"(H*)/I; (H ™) should be equal to
unity and independent of the field.

Summarizing this section, we can conclude that experi-
mental studies of the spinon doublet in K,CuSO4Br,
demonstrate a significant interaction of spinons, which
explains the spectrum of the electron spin resonance and
shows that the spin-liquid state realized at a low temperature
in antiferromagnetic S = 1/2 chains is a state of a specific
Fermi liquid of collective states of spins in a dielectric crystal.

Note that the detected interaction of fermions is in a
certain sense analogous to the Fermi-liquid interaction in
ordinary Fermi systems such as the electron liquid in metals
and normal helium-3. For electrons in a metal, the Fermi-
liquid interaction leads to the appearance of Silin’s spin waves
[23, 24], which were observed in ESR experiments with thin
samples of alkali metals [25, 26]. In liquid helium-3 at
temperatures above the superfluid transition, effects of
spatial correlation of spins associated with the Fermi-liquid
interaction were also observed, leading to the formation of an
ordered dynamic structure in the form of a uniformly
precessing domain [27].

N
(=)

250 1 Spinon liquid

in DMI chains

%)
(=)
T

200

—_

wn

(=
33
(=]

Intensity, arb. units

100 P .
Paramagnetic
resonance

Frequency v, GHz
S

W
(=

Spinon gas
in DMI chains
| |

|
—_
S)
T

Reduced frequency v — yH, GHz
=

NS}

0 2 4 6 8 0 2
Magnetic field uyH, T

Magnetic field pgH, T

b ' c
+ D =0.26+0.01 K @« D =0.26K
1 S huja = 48812 K BT P U el i
)r'? ufa = 48. g hufa=0
g , 2 € 08
+ 45 =
|
D=026K Zx 061
S _
2% 04 D=026K
= ¢ﬁu/a:2A38J
=T 02t
1.
£
1 1 1 10
4 6 g 0 50 100 150

Frequency, v, GHz

Figure 6. (a) Frequency-field dependence of components of spinon doublet. (b) Deviation of frequencies of components of spinon doublet from Larmor
frequency. Symbols are experimental data, solid lines are theory, and ESR signal intensity is shown by changing line color according to intensity scale.
(c) Frequency dependence of intensity ratio of upper and lower components of 7/ /I~ doublet. Symbols are experimental results, and solid line is drawn

according to theory, formula (14). (©APS, figure borrowed from [7].)




July 2025

Fermi liquid of spinons in quasi-one-dimensional antiferromagnets 733

3. Study of excitation spectrum
of S=1/2 XXZ chains in quasi-one-dimensional
antiferromagnet Cs;CoCly

Heisenberg S = 1/2 antiferromagnetic chains are surely most
strongly affected by quantum fluctuations. Other systems, in
which anisotropy or a magnetic field suppress fluctuations,
exhibit spin structures that are intermediate between anti-
ferromagnetically ordered structures and quantum-disor-
dered spin-liquid states. Consider an antiferromagnetic
S =1/2 chain with anisotropy, in which the effective
exchange interaction has an anisotropic additive that distin-
guishes it from the canonical Heisenberg exchange. Let the
resulting symmetry of the system without a magnetic field be
uniaxial. This model system is called an XXZ chain, the z-axis
in spin space being easy-axis anisotropy. In the case of easy-
plane anisotropy and in a transverse (so-called noncommut-
ing) field H = H,, theoretical analysis [28-31] reveals a
variety of exotic ground states. In a zero field, it is a
quantum-critical spin liquid; in a magnetic field H = H,, it
is a flopped antiferromagnet with long-range magnetic
ordering; in a critical magnetic field, the antiferromagnetic
order is vanished and the state of the spin liquid for the
transverse components of the spins is restored; and, finally,
with a further increase in the field, magnetic saturation is
achieved only asymptotically in this ‘noncommuting’ orienta-
tion of the magnetic field, violating the axial symmetry of the
problem. In the ordered phase, the ordered components of the
spin are strongly reduced by quantum fluctuations. It seems
at first glance that the conditions of exchange anisotropy and
S = 1/2 are incompatible, since the spin-1/2 is not subject to
the action of single-ion anisotropy. However, in crystals with
magnetic ions of the S = 3/2 spin and strong single-ion easy-
plane anisotropy, the upper S. = +3/2 spin sublevels lie high
and are not populated at low temperatures. All magnetic
properties are determined by the lower doublet S. = £1/2,
and the system can be described in the representation of
s = 1/2 pseudospins. In this case, the anisotropic properties
of the system are effectively preserved and effective aniso-
tropy of the exchange interaction arises in the spin Hamilto-
nian. In particular, for Cs,CoCly crystals, the magnetic Co>*
ions have an S =3/2 spin, and the single-ion anisotropy
parameter is D = 7 K, while the exchange integral between
the spins in the chains is J3, =0.74 K [31]. The easy
anisotropy plane for different Co ions is directed differently
(see the sketch of the crystal structure in [32]), but the easy
anisotropy plane contains the crystallographic b-axis for all
ions, and this can be chosen as the ‘noncommuting’ direction
of the magnetic field H,. The spin chains with the largest
exchange integral are extended along the h-axis. The initial
S = 3/2 spin Hamiltonian of the chain has the form
H=> (J3S'S™ + D(S!)* + g3ou5HS’) . (15)
1
At low temperatures, we can make use of the representation
of pseudospins s, and Hamiltonian (15) takes the form [33]

H :Z (Jl/z(s,ésfl + S}{Sﬁl) + Asisih) + gl/z,zMBstci)
i
(16)

where s/ are the operators of the components of s =1/2
pseudospins on the lattice sites i, g5 , are the components of
the g tensor, and H, are the components of the magnetic field

vector. The exchange integral undergoes renormalization
Jijp =4J3p. In the limiting case D > J3,, the remaining
parameters are 4 =0.25, gi/5 . = 2g35. For Cs;CoCly
crystals, J3/, = 0.74 K, D =7 K, and the calculated values
of the above parameters are equal to [30, 31]

39735
A~025(1————)=0.12
025(1-222) o,

3J32
757) _3-3.

(17)
81/2,b = 2g3/2<

The XXZ chains in theoretical studies [28, 33] exhibit a
remarkable spectrum of S = 1 excitations. In the zero field, it
has the form of a continuum, practically identical to the
spectrum of the Heisenberg S = 1/2 antiferromagnetic chain.
In a magnetic field near k =0, a gap appears inside the
continuum, very similar to that described in Section 2 (see
Fig. 4). In this case, the continuum continues to exist in the
region of fields where the long-range magnetic order exists.
This type of spectrum allows one to assume that excitations in
the chains in question have a character close to the spinonic
one. In the critical field H. = 1.6J,/,/(g1/21p), resonant
branches of excitations arise, and an energy gap opens on
the wave vector k = m/a, increasing with magnetic field. Data
on the described spectrum were obtained by numerical
simulations using the density matrix renormalization group
(DMRG) method and are presented as a color image of the
structure factor on the wave vector—energy plane for different
polarizations of the transferred moment and a dense series of
magnetic field values (see Supplemental Material to paper
[28]). A comparison of the continua obtained by Laurell et al.
[28] and Bruognolo et al. [33] for 4=0.25 and 0.12,
respectively, shows that a change in the parameter 4 within
the specified limits does not significantly affect the spectrum
parameters. When studying the ESR spectra in Cs,CoCly
crystals, we set ourselves the task of checking experimentally
the formation of a system of pseudospins with a characteristic
value of the g-factor at temperatures below D/kg. With a
further decrease in temperature, the aim is to track changes in
the spectrum during the formation of a correlated state of spin
chains, and with even deeper cooling (below 0.2 K), we track
the formation of spectra of a three-dimensional ordered
phase. We will describe the results of the performed experi-
ments, following paper [34].

The ESR spectra in the temperature range from 7 to 0.1 K
were investigated using an original microwave spectrometer
integrated with a dilution microcryostat with an autonomous
sorption pump [35]. Figure 7 shows the temperature evolution
of the ESR signal at a frequency 0f 40.99 GHz for H|| b, i.e., in
a noncommutating, transverse orientation of the magnetic
field. In the temperature range 2 < T <3 K, a single
resonance line is observed in the field H; = 8.9 kOe,
corresponding to a g-factor of 3.3, in agreement with formula
(17) for a pseudospin state with a renormalized g-factor value.
Upon further cooling at a temperature below 2 K, a second
ESR line appears near the field H, = 12.5 kOe, the intensity
of which increases upon cooling and predominates at
T < 1 K. Below the three-dimensional ordering temperature
(0.3 K)in a field of 12 kOe [32], the ESR line narrows sharply,
and additional satellites appear (A, B, C, and D in Fig. 7).
This temperature evolution shows, first, the formation of a
pseudospin state with a specific value of the g-factor, then
reveals a smooth change in the spin state of the crystal at a
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Figure 7. Examples of ESR lines measured in Cs,CoCly at frequency of
40.99 GHz for H|| b. (Based on materials from [34].)
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Figure 8. Dependences of resonance fields H; and H, at frequency of
40.99 GHz on temperature for H|| » in Cs,CoCly samples. H; is ESR field
of uncorrelated pseudospins, and H, is ESR field of spin-liquid state. T,
and T, are critical temperatures for occurrence of ordered phases
according to [32]. (Based on materials from [34].)

temperature on the order of J, /ks, and, finally, shows a
change in the spectrum of spin excitations at a three-
dimensional ordering temperature of 0.3 K. The change in
the ESR fields with temperature is shown in Fig. 8, where the
transition from the resonance of uncorrelated pseudospins
with g = 3.3 to that of the correlated state of the chain is
clearly visible. To diagnose the state arising in the tempera-
ture range 0.3 < T <1 K, we traced the frequency-field
dependence of the ESR, for which absorption lines were
recorded at a number of frequencies in the range of 25—
120 GHz. Comparing the frequency-field dependences for the
ESR of disordered pseudospins (at a temperature of 3—4 K)

120 =
7
7 e
100 | Cs>CoCly HJ|b an
)
T 80
&}
B
5 60
=
g
a8 -
40 04-07K
3K
" A8 4K
, XXZ chain with g = 3.3 =33
P 4 J=0.23 meV
1 1 1 1 1 1
0 4 8 12 16 20 24 28

Magnetic field, kOe

Figure 9. Frequency-field dependence of spin resonances for H|| 5 in spin-
liquid phase of Cs;CoCly. Dashed line shows theoretical dependence
corresponding to g-factor of 3.3. Solid line is theoretical dependence
according to calculations [28]. (Based on materials from [34].)

and in the correlated phase (at a temperature of 0.3-0.4 K) is
shown in Fig. 9. For temperatures of 3—4 K, the frequency-
field dependence corresponds to a g-factor of 3.3 (dashed
line). To identify the ESR frequencies in the temperature
range of 0.3-0.4 K, we compare the experimental data with
the theoretical values (borrowed from [28] and Supplemental
material to that paper) of the lower mode frequency of the
XXZ chain spin oscillations at a zero wave vector. To this
end, we recalculate the magnetic field given in [28] in units of
the exchange integral into a real field using the above value of
Ji2 and the experimentally determined value of g = 3.3. The
resulting theoretical dependence, in which there are no
adjustable parameters, is shown in Fig. 9 by a solid curve.
The frequency of the upper mode of spin oscillations, which
also has a maximum of the structure factor in [28], is not
shown here, since this mode has almost a zero intensity at a
zero wave vector. One can see that, in the entire frequency
range, there is good agreement between the observed ESR
frequencies and the calculated values of the lower boundary
of the continuum for the XXZ antiferromagnetic chain of
S =1/2 spins.

Thus, we can conclude that the spin structure of the
ground state of the XXZ chain with a spectrum correspond-
ing to the spinon continuum calculated numerically in [28] is
realized in the chains in Cs,CoCly crystals in the intermediate
temperature range between the temperature of three-dimen-
sional ordering and that of the occurrence of intrachain
correlations T~ J,;/kg. In this case, interchain correla-
tions and three-dimensional order are still absent, since the
energy of the interchain exchange of pseudospins is very small
and is estimated to be 0.035 K [36]. Upon decreasing the
temperature below 0.3 K and evolving to a three-dimensional
ordered state, the ESR spectrum undergoes another
rearrangement, which will be described elsewhere, together
with the antiferromagnetic resonance of the ordered phase.

4. Conclusions

We have studied experimentally magnetic resonance in quasi-
one-dimensional Heisenberg and anisotropic S = 1/2 anti-
ferromagnets and have found the effect of the Fermi-liquid
interaction of spinons in the Heisenberg antiferromagnetic
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chain on the spinon spectrum. This effect manifests itself in an
additional shift of the spinon continuum boundaries in a
magnetic field. For an anisotropic chain antiferromagnet, a
crossover of the ESR spectrum of uncorrelated pseudospins
to the ESR of spinons in the XXZ chain has been observed.

This paper builds on the results of the work reported in
Refs [7, 34]. T sincerely thank all the coauthors of these
papers for our long-term close cooperation: A. Zheludev,
K.Yu. Povarov, T.A. Soldatov, O.A. Starykh, and
V.S. Edelman.

The work was supported by the Russian Science Founda-
tion (grant number 22-12-00259) and the State Order of the
P.L. Kapitza Institute of Physical Problems of the Russian
Academy of Sciences.
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