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Possible candidate for the realization of the floating phase in the S = g frustrated
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The frustrated spin-chain (FSC) systems exhibit exotic ground states and distinct quantum phase transitions.
The S = % FSC is known to exhibit the Kosterlitz-Thouless transition from a commensurate gapless phase to
a fully dimerized gapped phase upon the ratio of next-nearest-neighbor to nearest-neighbor coupling (o = %)
being tuned. On the other hand, the § = % FSC system is known to show transitions from a commensurate
gapless phase to partially dimerized and incommensurate floating phases [Chepiga, Affleck, and Mila, Phys.

Rev. B 105, 174402 (2022)]. While a large region of the floating phase has been theoretically predicted for
the § = % FSC model when « > 0.43, it is yet to be explored experimentally. Here, we have investigated a
compound K;Fe(MoOy),(Mo,05), having well-separated S = % FSCs. The electronic structure calculations
show that the o = % is close to 0.9, being similar to another FSC compound Bi;FeMo0,0;, (¢ = 1.1). No

magnetic long-range order is found down to 0.09 K, despite the relatively sizable Curie-Weiss temperature
Ocw = —18 K. The magnetic heat capacity shows the power-law behavior, indicating that the compound exhibits
gapless excitations. Based on the experimental results and the theoretical calculations employed by density

functional theory, we argue that the titled system is a possible candidate for exhibiting the floating phase.

DOI: 10.1103/PhysRevB.109.155130

I. INTRODUCTION

The physics of low-dimensional and frustrated quantum
magnets has attracted considerable attention to theoretical
and experimental fronts in condensed-matter physics due to
the realizations of novel states of matter [1-5]. The S = %
uniform Heisenberg antiferromagnetic (HAFM) spin-chain
system holds the quasi-long-range ordering (LRO) as a ground
state with gapless quasiparticle excitations [6], while the § =
1 spin chains hold the singlet ground state with gapped ex-
citations [7,8]. The studies on frustrated spin chains (FSCs)
with the competition between the first-nearest-neighbor (NN)
coupling (J;) and the second-NN coupling (J») are an excel-
lent platform for exploring exotic quantum phase transitions
(QPTs). The Hamiltonian describes the HAFM FSC models
as follows:

Hj_jy ==Y (1S;-Siz1 +5S; - Sia). €]

In the case of the S = % FSC or Majumdar-Ghosh (MG)
spin-chain model [9], it undergoes a QPT of the Kosterlitz-
Thouless type [10] from a gapless critical phase to a
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spontaneously dimerized phase with the opening of a spin
gap when the value of o = 5—: is greater than 0.241 [9,11-
15]. When o = 0.5, the model was exactly solved [9]. Recent
theoretical studies on FSC models for various spin values
provide diverse quantum phase diagrams with a wide variety
of QPTs [16-19].

In the case of the § = % FSC, the theoretical studies predict
a remarkable sequence of several QPTs as a function of «.
Those quantum phases are (i) a critical-commensurate phase
for small values of o less than 0.3, (ii) a narrow region of
partially dimerized and gapped phase for « ~ 0.3 to 0.43, (iii)
a broad region of floating phase when « is greater than 0.43,
and (iv) finally, a fully dimerized phase for large values of «
greater than 6 [19]. Here, the floating phase is a critical phase
in which the spins are incommensurately correlated. It is a
state with a quasi-LRO state exhibiting gapless excitations.
The name “floating” arises from the fact that the wave vector
of the dominant spin-spin correlation is not frozen, and it
changes its state continuously with respect to «. According
to the theoretical studies, the floating phase can be realized
inS = % and S = % FSC systems. However, S = % FSC can
form a more broad region of the floating phase than the S = %
spin system [18,19]. To explore the possibility of experimental
realization of the floating phase, we have chosen to study the
S = % FSC material.
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FIG. 1. (a) The unit cell of K;Fe(Mo00O,),(Mo,05). (b) The chains formed by the connected FeOg octahedral and MoOy, tetrahedral units
running along the b axis. (c) First NN (J;) and second NN (J,) of Fe-Fe bonds form the § = % anisotropic triangular chains. (d) [llustration
of the indirect exchange path, where the Mo and O atoms are active in the exchange. The values in parentheses are the strongest d-p orbital
hopping parameters, dominant along the exchange path. The black arrows show the direct magnetic path of J; and J,. The plot of maximally
localized Wannier functions (MLWF) shows the sizable overlap between the d,, orbital of Fe and the p, orbital of O as an example of active
orbitals along the exchange path (d,, lobes are bright blue and yellow, and p, lobes are bright green and orange).

A few examples of S = % FSC systems include
Bi,Fe(Se03),0Cl; [20] and BizFeMo,01, (BFMO) [21]. The
compound Bi,Fe(SeO3),0Cl; has zig-zag chains with o =
0.2. However, the magnetic data show a broad maximum
at about 130 K while it undergoes magnetic LRO at 13 K
due to interchain interactions. The BFMO system shows the
anisotropic triangular chains with & & 1.1 and no LRO down
to 0.2 K. Interestingly, the heat capacity [C,(T)] data show
the power-law behavior at low temperatures, indicating the
gapless excitations. Due to the significant frustration (f =
200) and negligible interchain interactions, the BFMO system
maintains a gapless spin-disordered ground state. To explore
various phases mentioned in the phase diagram of § = % FSC
systems, one needs to look for ideal materials with negligible
interchain interactions and strong magnetic frustration.

Herein, we have investigated the physical proper-
ties of an S = % anisotropic triangular chain system
K3;Fe(Mo0O4),(Mo,07) (KFMO) by means of magnetic sus-
ceptibility x(7T'), heat capacity measurements, and density
functional theory (DFT) calculations. The x(7") data show a
broad maximum at 5 K, indicating the presence of short-range
correlations. There is no splitting in the zero-field-cooling
and field-cooling x(7') data, indicating the absence of the
spin freezing and/or spin-glass phase. The Curie-Weiss
temperature is about —18 K, suggesting the presence of
antiferromagnetic (AFM) interactions in the system. The mag-
netic heat capacity [C,,(T)] data show a broad maximum at
2.7 K and no sharp anomaly down to 0.09 K. The C,,(T') data
are consistent with power-law behavior at low temperatures
and do not reach zero down to 0.09 K, indicating the presence
of gapless excitations. The electronic structure calculations by
DFT predict that the extracted exchange interactions are in
the AFM nature. This AFM exchange interaction is indirect,
mediated by oxygen and molybdenum atoms, as confirmed
by the Wannier diagram. The value of « is found to be about

0.9. According to the predicted phase diagram of the HAFM
model on FSCs with S = % moments, the system with ¢ ~ 0.9
falls into the floating phase region.

II. METHODS

Polycrystalline samples of the compound KFMO were
prepared using the solid-state synthesis method. The starting
ingredients of high-purity chemicals, namely, K,CO3, MoO3,
and Fe,03, were ground in a stoichiometric ratio and then
fired at temperatures from 200 to 550 °C with multiple in-
termediate grindings. The single phase of the polycrystalline
sample was confirmed using x-ray diffraction (XRD) at room
temperature [22]. The magnetization and heat capacity exper-
iments were performed on the polycrystalline pellets using
the physical property measurement system (PPMS) and CF-
150 dilution fridge (DF) (Leiden cryogenics) for varying the
temperature and magnetic fields. Using the PPMS, the mea-
surements were taken down to 1.8 K and up to the magnetic
fields of 160 kOe. In addition, the low-temperature Cp(T")
measurements were carried out down to 0.09 K in both zero
and applied magnetic fields. The DFT calculations were per-
formed using the generalized gradient approximation (GGA)
+ Hubbard U in the VASP software.

III. RESULTS AND ANALYSIS

A. Structural aspects of K;Fe(Mo0Q4),(Mo0,07)

The compound Ki;Fe(MoO,4),(Mo0,07) crystallizes in a
monoclinic structure with space group C2/c¢ (No. 15) with
large lattice constants: a = 32.88 /0\, b=5.72 A, c=15.85
A, and « =y =90° and B =91.11° [22]. The Rietveld
refinement on the powder XRD using the FULLPROF SUITE pro-
gram confirms the single phase of the sample. The refinement
parameters are ¥ =4.94, R, =16.7%, and R,, =17.7%
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TABLE I. The magnetic spin interactions with the exchange path and exchange energies of the § = % FSC compound KFMO. The relative
magnetic exchange energies are estimated from theoretical DFT calculations.

Interaction Bond distance (A) Exchange path Exchange energy (meV) Ratio
Ji 539 A Fe-O-Mo-O-Fe -2.22 1
J 572 Fe-O-Mo-O-Fe —2.04 0.91

[23]. The unit cell has four formula units (z = 4). A single
Fe atom is present in this formula unit, and it holds a Fe3t
oxidation state, leading to the magnetically active element
with § = % moments. The Fe* is in the distorted octahedral
0%~ coordination. The unit cell contains FeOg octahedral,
which is connected through MoO, polyhedral [see Fig. 1(b)].
The first-NN coupling between Fe-Fe distance is 5.39 A. The
zig-zag chains form by adding the second NN with Fe-Fe dis-
tance = 5.72 A (see Fig. 1). The chains are running along the
b direction. The possible exchange paths for the first NN and
second NN (see Table I). The large interchain separations of
7.92 A along the ¢ direction and 11.88 A along the a direction
suggest that interchain magnetic interactions are weak and
negligible.

B. Magnetization measurements

As shown in Fig. 2, temperature-dependent x(7') mea-
surements were carried out on the polycrystalline samples
of KFMO down to 1.9 K in a 10-kOe field. The x(T)
data show no sharp anomaly, implying the absence of

0.16 0.16 r
% O ZFC
g I FC
=012} § o012
g
£ s
“ xR0.08}
§0-08 H=100 Oe
< . .
0 20 40
0.04} T (K)
® Data
0.00 +
(b) ® Data
ool Fit to Curie-Weiss
g H=10kOe
L
© 40}
é 0
R
= 20t
0 L 1
0 100 200 300

T (K)

magnetic LRO in this system. They rather show a broad
maximum at a temperature (7™*) of about 5 K, suggesting
the presence of short-range correlations stemming from the
one-dimensional nature of the system [24,25]. The maxi-
mum value of magnetic susceptibility (x™**) at 7™ is about
0.16 cm?®/mol. The value of x™*T™* /g2 = (.2, which is
much smaller than the expected value of 0.38 for the S =
% HAFM uniform spin-chain model [26,27]. A similar fea-
ture is also noticed in other S = % HAFM FSC materials
such as BiyFe(Se03),0Cl; (x™*7T™max /g2 — (0.26) [20] and
BisFeMo0,0yy (™7™ /g2 = (0.17) [21]. The reduction of
the value compared to the § = % HAFM uniform spin-chain
model indicates the robustness of strong magnetic frustration.
From our experimental observation of the 7™* position, the
J/kg value is expected to be about —0.5 K [26,27].

The inverse-x(7) data fit with the Curie-Weiss law
(x = xo+ ﬁ) at high temperatures. The yielded Ocw =
—18 K suggests that the dominant couplings are AFM. The
effective magnetic moment is estimated from the Curie
constant C = AM, where N4 is the Avogadro num-
ber and kg is the Boltzmann constant. The yielded pe =

dM/dH (arb. units)

80 120 160
H (kOe)

0 40

FIG. 2. (a) Temperature-dependent magnetic susceptibility x (7') in the 10-kOe field. The inset of panel (a) shows the zero-field-cooled
(ZFC) and field-cooled (FC) x(T) data. (b) Inverse x(7') data with Curie-Weiss fit. (c) Magnetic isotherm at 1.9 K up to 160 kOe.
(d) Differential magnetization with respect to the magnetic field (dM/dH) as a function of H.
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5.80 up from the fit confirms the presence of S = % mo-
ments and a Land€ g factor of g = 1.99. The T -independent
susceptibility (xo) is —1.09 x 10™* cm?/mol, due to the
diamagnetism and Van Vleck paramagnetism [27]. The
individual Pascal diamagnetic constants in the chemical for-
mulaare K* = —14.9 x 107 cm?®/mol, Fe** = —10 x 107°
cm3/mol, Moft = —7 x 107 cm3/mol, and 0>~ = —12 x
10~® cm?®/mol, and the calculated diamagnetic susceptibil-
ity xgia turns out to be —2.58 x 107* cm? per mol [28].
The extracted Van Vleck susceptibility is xyy = 1.49 x 10~
cm?®/mol Fe. There is no difference in zero-field-cooling
(ZFC) and field-cooling (FC) magnetic data, ruling out the
glassy behavior (see the inset of Fig. 2). Magnetization M (H)
was also measured at 1.9 K up to 160 kOe. The absence of
hysteresis suggests that there are no ferromagnetic moments
in the compound. As shown in Fig. 2, the M (H) is linear at low
fields. The deviation from the linearity is seen at high fields.
The M value at 160 kOe is about 4 g, so a higher magnetic
field is required to get the saturated magnetic moment of
5 wp. To understand the ground-state properties of the system,
one needs to look at thermodynamic properties at further low
temperatures.

C. Heat capacity

The C,(T') measurement was carried out on the polycrys-
talline pellet of KFMO down to 0.09 K using a CF-150 DF
(Leiden cryogenics) in the zero magnetic field (see Fig. 3).
Interestingly, it does not show any anomaly in the C,(T)
data, implying that no magnetic LRO is observed down to
0.09 K. The frustration parameter f (:9;_W) is greater than
200, indicating that the compound KFMO is a highly frus-
trated magnetic system. As the KFMO is an insulator, the
C,(T) data do not have any itinerant electronic contribution.
To extract the magnetic part of the C,,(T'), we used the Debye
and Einstein model for estimating the lattice contribution. The
Debye and Einstein model for the lattice heat capacity can be
calculated by using the following equation [29]:

4

3 % X
C(T):9RZd,,<T)/O (exx_—el)zdx

9Dn

9

Or 2 é er
+3R2n:en< T) /0 i 1)2dT’ )
where x = 070 and O = %

Here, 6p is the Debye temperature, 6 is the Einstein tem-
perature, d, and e, represent the coefficients, and R is the
universal gas constant. The obtained Debye temperatures are
Op1 = 382K, 61 = 104K, and 0, = 651 K. The extracted
magnetic heat capacity C,,(7T) data show a broad maximum
at 2.7 K, suggesting that it is due to the low-dimensional
nature of the material; it has been observed in x(7) data
also. The magnetic entropy is estimated from the integration
of % data with respect to T, as shown in Fig. 3. This is in
good agreement with the calculated entropy (14.87 J/mol K)
for the S = % system. The total entropy released below the
Curie-Weiss temperature is a typical signature of frustrated
magnetism. The C,(T) data are fitted with the power law
C,, o< T#. The obtained exponent 8 = 1.66. The observation
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FIG. 3. (a) C, versus T measured under zero field from 0.09 to
300 K. (b) CTJ versus 7 on the left y axis and normalized entropy
versus T on the right y axis. (¢) C,, versus T fitted with the power-law
and exponential curves.

of power-law behavior at low temperatures indicates gapless
excitations in the ground state. In addition, we have also
compared the data with the fit to the exponential expression.
The fact that the C,,(T) data do not follow the exponential
behavior confirms the absence of a spin gap in the ground
state. Based on the C,, data analysis, it can be inferred that
the KFMO system exhibits a gapless ground state.

D. Density functional theory calculations

To understand the ground-state electronic structure proper-
ties, we have performed ab initio DFT calculations within the
GGA + Hubbard U approach using the simulation package
RSPT [30]. Brillouin zone integration in k-space uses ther-
mal smearing with 6 x 3 x 6 mesh dimensions. The on-site
Coulomb interaction (U) and the exchange term (J) for Fe-3d
orbitals are considered to be 4.0 and 0.8 eV, respectively
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FIG. 4. The total and orbital-decomposed density of states
(DOS) for the lowest energy magnetic state were obtained using
GGA 4+ U withU =4eV.

[31]. The partial and total density of states (DOS) have been
obtained using the plane-wave-based method as implemented
in the Vienna Ab initio Simulation Package (VASP) [32,33].
Figure 4 represents the total and partial DOS of the constituent
atoms. The total DOS clearly exhibits the insulating ground
states with a band gap of 2.29 eV. To understand the insulating
nature of the system, the projected DOS for Fe-3d and O-2p
states are also plotted. Since Fe-3d orbitals are half filled, we
can observe that the majority channel (spin up) is completely
occupied, lying below the Fermi energy, while the minority
channel (spin down) is totally empty, located above the Fermi
energy. The magnetic moment on the Fe site is 4.23 up.
Hence, the insulating nature of the system can be attributed to
the local moment formation and the correlation effect of the
Fe-3d orbital. The effective intersite exchange parameters (J;;)
were extracted from converged GGA + U calculations using
the magnetic force theorem implemented in the RSPT code.
The extracted exchange interactions are antiferromagnetic in
nature, and the « value is nearly equal to 1, suggesting that
the KFMO compound is an anisotropic triangular system,
as shown in Table I. The magnetic exchange path follows a
superexchange mechanism through Fe-O-Mo-O-Fe, as shown
in Table I. The theoretical estimation of interchain interac-
tion J can be found in Ref. [34], as shown in the following
equation:

2|7 4
exp( ">= an 3)
kpTy n

(CH,),NMnCl; Bi,Fe(Se0;),0Cl, K;Fe(M00,),(Mo,0,) Bi;FeMo,0,

a=0 a=0.2 a =091 a=1.1
Gapless Partial
commensurate | dimerized | Floating phase (Gapless incommensurate phase)
phase phase
0 0.3 0.43

a =J,lJ, ——

FIG. 5. Phase diagram of the § = % frustrated chain with respect
toa = % values [19]. The fully dimerized phase emerges for large

values of « greater than 6.

where 1 = 17 is the ratio of interchain to intrachain interac-
tion, and z is the number of nearest neighbors (z = 4). The
|J|/kg value is about 0.5 K, extracted from the 7™ position
[27]. Ty is the Neel temperature. Since there is no Ty for the
KFMO system, down to 0.09 K, we considered the value of
the lowest measured temperature in place of Ty for extracting
the minimum value of 17 Since the extracted ’7 value is
smaller than 0.01, the KFMO system is suggested to be a

well-isolated triangular chain.

IV. DISCUSSION AND SUMMARY

Low-dimensional quantum spin systems appear to be sim-
ple but exhibit interesting quantum phases of condensed
matter such as quantum spin liquid (QSL), valence bond solid
(VBS), and a few more novel phases [35]. The past few
decades have seen thorough investigations on the S = % AFM
FSC model theoretically. It is fully dimerized when the o
value is greater than 0.24. The scenario is different for the
FSCs with large spin values. For instance, the spin S =1
chain system exhibits a clear spin gap over the whole range
of « values, as per the Affleck-Kennedy-Lieb-Tasaki (AKLT)
model [36]. The recent studies on § = % and % FSCs predicted
the new phase of matter called the floating phase [18,19],
which holds incommensurate short-range correlations. Ac-
cording to the § = % FSC phase diagram (see Fig. 5), it
exhibits various ground states with different values of «. The
floating zone region starts with @ = 0.43 and ends at o = 6,
implying that it occupies a large region. This floating phase is
sandwiched between the two spin-gapped regions of partially
and fully dimerized phases.

A collection of the experimental candidates in the S =
% spin chains are mentioned in Table II. The nonfrustrated
spin-chain system is (CH3)4NMnCl;-TMMC having o = 0,
exhibiting the AFM ordering at Ty = 0.83 K [37]. It shows
commensurate gapless excitations above the AFM order, as
expected for nonfrustrated half-integer spin chains. In the case
of a weakly FSC system (% =0.2), the § = % FSC system
BiyFe(Se03),0ClI; shows the LRO at 13 K, which is probably
due to non-negligible interchain interactions [20]. In order
to get the highly disordered ground state, one needs isolated
spin-chain systems with significant magnetic frustration. In
Table II, the two S = % highly FSC systems are shown. Re-
cently, the results of the § = % FSC compound BFMO imply
the value of & is 1.1 [21], and it was predicted to be a candidate
for a floating phase system by the Chepiga, Affleck, and Mila
group [19]. Similarly, the results of KFMO hold the value of «
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TABLE II. The details of a few S = % spin-chain materials.

Compound o Ocw (K) T in x(T) Xma;T o Tv(K) B Possible ground state
(CH3)4NMnCl;(TMMC) 0 —-90 70 0.34 0.84 ~1 LRO
Bi,Fe(Se03),0Cl; 0.2 - 130 0.26 13 - LRO
K3Fe(Mo0QOy),;(Mo,07) 0.9 —18 5 0.2 No LRO down to 0.09 K 1.66 Floating phase
Bi;FeMo,0,, 1.1 —40 10 0.17 No LRO down to 0.2 K 1.25 Floating phase

is 0.9 and show gapless behavior, strongly implying the titled
compound might be a candidate material to exhibit a floating
phase in the class of § = % FSC systems.

In summary, we have investigated the compound
Ks;Fe(Mo00O4)>,(M0,07) having the well-separated S =§
FSCs through magnetic susceptibility x(7) and heat
capacity Cp(T) measurements followed by the DFT
electronic structure calculations. The electronic structure
calculations show that the o value of K3Fe(MoO,),(Mo,07)
is close to 0.9. No magnetic LRO is noticed even at 0.09 K
temperatures, despite the relatively large antiferromagnetic
Ocw = —18K. The T-dependent magnetic heat capacity
follows the power-law behavior, indicating that the compound
KFMO exhibits gapless excitations. According to the
S =% FSC theoretical model’s quantum phase diagram
(QPD) (see Fig. 5), the KFMO (@ =~ 0.9) system should
be a possible candidate for a floating phase with gapless
excitations, similar to that of BFMO («a ~ 1.1). However,
to understand the exact ground state with quasiparticle
excitations and confirm the floating phase, one needs to
explore other experiments employing local probe techniques,

such as muon spin rotation and inelastic neutron scattering
techniques.
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