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We present a detailed investigation of the lattice vibrations and magnetic properties of the spin-% a-Cu, V,04
system by means of x-ray diffraction (XRD), magnetic susceptibility, specific heat, x-ray absorption spec-
troscopy (XAS), x-ray photoelectron spectroscopy (XPS), and Raman scattering measurements along with
a phonon structure calculations by density-functional theory (DFT). Thermodynamic measurements show a
long-range ordered (LRO) state at Néel temperature 7y~33.4 K. From the molar susceptibility curves analysis
an effective magnetic moment of 1.83 up and an antiferromagnetic intrachain exchange coupling of ~62.13 K
(~5.35 meV) is deduced. Despite exchange coupling in 1D chains, the susceptibility, low-temperature heat-
capacity, and Raman spectroscopic analysis confirms that the antiferromagnetic order emerges from the mixed
dimensionality nature of the exchange couplings and interchain exchange coupling was found to be ~16.91 K.
Temperature-dependent Raman spectra has been performed in the temperature range 3.5 K to 300 K and
established the spin-lattice coupling below 50 K, which appears well above 7y and is attributed to short-range
magnetic ordering (Tsgp). The spin-lattice coupling constant has been calculated for various modes. Further, the
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detailed study of lattice dynamics by first-principle calculations on a-Cu,V,05 is presented.
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I. INTRODUCTION

The low-dimensional quantum magnets can show strong
quantum fluctuations in the lattice and are therefore interest-
ing because these quantum fluctuations significantly influence
the magnetic ground states. The Heisenberg isotropic spin-
% chain with antiferromagnetic exchange-couplings between
nearest neighbors (NNs) and next-nearest neighbors (NNNs)
is the simplest frustrated quantum system, which reveals a
collective behavior arising from the quantum fluctuations
[1,2]. The one-dimensional (1D) zigzag chains system offers
interplay between magnetic-lattice (geometrical) frustration,
quantum fluctuations, and long-range magnetic ordering and
is therefore one of the central research topics in both the-
oretical and experimental condensed matter physics [3—10].
Moreover, the 1D quantum magnets are crucial because these
quantum materials provide a unique opportunity to inves-
tigate both ground and excited states of existing quantum
models [7,11]. The competing 1D or quasi-1D interactions
due to quantum and thermal fluctuations favor a continuous
symmetry at zero or any finite temperature as explained in
the Mermin and Wagner theorem [12]. In such systems the
long-range magnetic order does not exist and the magnetic
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lattice may show a spin liquid phase [13]. However, the mag-
netic excitation of 1D chains system behaves differently for a
half-integer and an integer spin state. For instance, a quantum
antiferromagnet with spin-% 1D system exhibit gapless exci-
tations [5], whereas spin-1 systems exhibit gaped excitations,
which provide a possibility of Haldane gap formation [6].
The family of pyrovanadates M,V,0; (M = Cu, Ni, Co,
Mn) offers 1D chains and hence provide opportunities to
study enhanced quantum fluctuations and its effects on the
ground-state and magnetic properties. We chose «-Cu,V,07
as it offers competing 1D chains and quasi-2D helical-
honeycomb magnetic structure [14-16]. «-Cu,V,07 is a
quantum spin magnet, which offers to study mixed dimen-
sionality as 1D and quasi-2D magnetic lattices and involved
structural dynamics. The Cu,;V,07 compound have two dif-
ferent forms of phases (i) low-temperature (LT) phase known
as o with orthorhombic crystal structure and Fdd2 symme-
try and (ii) high-temperature (HT) phase known as § phase
with monoclinic crystal structure and C2/c symmetry. Fur-
ther, 8-Cu,V,07; compound is a member of the family of
transition-metal vanadium oxides M,V,07 (M = Cu, Ni, Co,
Mn), which have attracted much interest due to their rich
structural features and magnetic properties [14,17-25]. The
a-Cu,V,07 compound is composed of magnetic 3@° Cu’*
and a nonmagnetic 3¢’ V>* ions. The nonzero exchange
couplings of Cu®" ions interestingly forms both 1D zigzag
chains due to strongest Cu-Cu exchange coupling as first

©2024 American Physical Society
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FIG. 1. (a) The room-temperature x-ray diffraction pattern for «-Cu,V,0; along with fitting carried out using Rietveld refinement. The
observed and calculated patterns are shown by the filled circles and solid black lines, respectively. The difference between observed and
calculated patterns is shown by the thin line at the bottom. The vertical bars are the theoretical Bragg peak positions for «-Cu, V,0;7. [(b),
(c)] The crystal unit cell of «-Cu,V,05 having one copper (Cu) site, which forms local coordination CuOs (blue shaded pentahedral) and one
vanadium (V) site, which forms local coordination as tetrahedral VO, (gray shaded) in the lattice. (d) The Cu*" in the CuOs local environment
forms zigzag chains by strong exchange coupling (J;, NN) along the crystallographic direction [011]. (e) The two exchange couplings (J;:
NN and J,: Second NN) in the unit cell forms quasi-2D helical-honeycomb network of Cu** spins for a-Cu,V,0; at room temperature. (f)
Next-nearest-neighbors coupling (J3: NNNs) also present coupled helical honeycomb. (g) The detailed view of coupled helical-honeycomb
units in the ac plane, where J; can frustrate J, exchange interactions due to the presence of diagonal interaction between J, and J3. (h) Different

superexchange interactions present in the magnetic lattice.

NN (J; = 3.139 A) along [011] direction and quasi-2D
helical-honeycomb lattice arising from two Cu-Cu exchange
couplings as second NN (J; = 3.139 A and J, = 3.968 A)
in ac plane as shown in Figs. 1(d) and 1(e). In addition,
the next-nearest-neighbor (NNNs as J; = 5.263 A) interac-
tion is present in the lattice and these interaction couples
the helical-honeycomb lattice. The detailed view of coupled
helical-honeycomb units in the ac plane is shown in Figs. 1(f)
and 1(g). This NNNs exchange interactions J3 can frustrate
J> due to the presence of interdiagonal interaction between
J» and J3. However, the computed exchange interactions from
inelastic neutron scattering (INS), density-functional theory
(DFT), and quantum Monte Carlo (QMC) calculations sug-
gested that dominant interactions are J3 and the moment
in «-CuyV,07 compound is found to be along the crys-
tallographic a axis [26]. Moreover, the 1D zigzag chains
are running along the [011] direction [24-26]. Furthermore,
neutron diffraction study showed that «-Cu,;V,07 is an anti-
ferromagnet with a weak ferromagnetism, which arises from
the 3&° Cu®* spin canting due to the Dzyaloshinskii-Moriya
(DM) interactions [24,25,27,28]. The neutron diffraction
study also reveals a magnetically ordered state at Ty = 33.4 K
with a small saturation magnetization of ~0.04 ug [29].

The «a-Cu,;V,0; compound is a unique member in the
family of pyrovanadates to have a noncentrosymmetric or-
thorhombic structure at room temperature. Cu ions arranged
in the zigzag chains in [011] direction connected through two
asymmmetric Cu-O-Cu bonds forming a noncentrosymmetric

CuO, plaquette, which favors DM interaction as well as stabi-
lizes the ferroelectric polarization. «-Cu, V,07 is an improper
multiferroic system in which ferroelectric transition tempera-
ture (7;) coincides with long-range magnetic ordering 7'y ~
33.4 K. It showed giant ferroelectric polarization of value
0.55 uC/cm? that is attributed to symmetric exchange striction
mechanism. On applying very small magnetic field 0.9 T, di-
electric permittivity value increases by 3.5% at Ty ~ 33.4 K.
However, it shows sizable amount of magnetodielectric value
up to 70 K. XRD study also illustrated change in volume
below Ty ~ 33.4 K [22]. Further, INS reported by Banerjee
et al. [24] related the observed broadening in the linewidth
with the magnon-phonon scattering. This indirectly suggested
strong spin-lattice coupling in this compound and thus may
be the primary reason of multiferroic behavior shown by this
compound. In addition, the temperature-dependent Raman
spectroscopy and its detailed analysis across the magnetic
transition can indirectly reveal the signature of existing mag-
netic ordering through spin-lattice coupling [30,31]. Raman
scattering is a powerful and popular characterization tool to
study spin-lattice coupling dynamics for both effective in-
teraction between spins through lattice and additionally the
impact of dimensionality onto magnetism. However, the lat-
tice dynamics as well as experimental investigation of phonon
structure and coupling among magnetic and lattice degrees of
freedom is lacking in this compound.

Here, we investigate structural, vibrational, and field-
induced thermodynamic properties of o-Cu,V,0; through
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a combination of x-ray diffraction, magnetic susceptibility,
specific heat, and Raman spectroscopy studies. We present a
detailed Raman scattering measurements to explore its lattice
vibrations and presence of spin-lattice coupling. The experi-
mental result is also corroborated by the phonon calculations
based on density-functional theory (DFT).

II. METHODS

The single-phase polycrystalline samples of o-Cu,V,0;
compound is prepared by solid state method by firing sto-
ichiometric mixtures of high pure CuO (99.999%, Aldich),
and V,05 (99.999%, Alfa Aesar) at 550°C for 24 h and
subsequently at 650°C for 48 h. The progress of the reaction
was followed by powder x-ray diffraction (P-XRD). To ensure
the purity of the sample, P-XRD (Bruker powder diffractome-
ter and CuK, radiation, A = 1.54182 A) was performed at
room temperature. The measured diffraction patterns were
analyzed by Rietveld refinement using Fullprof suite program
[32]. Magnetic susceptibility x (7') measurements were per-
formed using MPMS SQUID-VSM (Quantum Design) and
heat capacity C,(T') measurements were performed using a
commercial Physical Property Measurement System (PPMS,
Quantum Design). Raman measurements were recorded by
using a Horiba JY HR-800 spectrometer equipped with
1800 g/mm grating and a charge-coupled device detector.
We used He-Ne laser (633 nm) as an excitation source,
which was focused onto ~2 um [50x objective [numerical
aperture (NA) = 0.50] diameter spot in the backscattering
geometry. The incident laser power was ~3 mW for 633 nm
excitation. Prior to the measurement the Raman instrument
was calibrated by the peak position of single crystal of «-
Si(111) substrate. The chemical valence state of the elements
present in «-Cu, V,07 were investigated by x-ray absorption
spectroscopy (XAS) and x-ray photoelectron spectroscopy
(XPS). XPS experiments were conducted using an Al K, (hv
= 1486.7 eV) laboratory source and hemispherical energy
analyzer (Omicron, EA-125, Germany) at angle integrated
photoemission spectroscopy (AIPES) beamline (Indus-1, BL
2, RRCAT, Indore, India). XAS experiment was carried out
with an experimental resolution of 0.25 eV in the total electron
yield mode at beamline BL-01, Indus 2 synchrotron source at
RRCAT, Indore, India.

The DFT calculations were performed using Vienna
based ab-initio simulation package (VASP) [33-35]. Projected
augmented wave (PAW) flavor of pseudopotential within gen-
eralized gradient approximation (GGA) parametrization by
Perdew, Burke, and Ernzerhof [36,37] with kinetic energy
cutoff of 600 eV is used. To integrate the Brillouin zone a 134
k-point mesh was generated using Monkhorst-Pack method
[38] and a convergence criterion of 103eVA'and 10-8eV
were chosen for ionic forces and total energy, respectively to
ensure to convergence of less than 0.1 meV in total energy
for precise calculation of phonons. We performed both non-
spin-polarized and collinear spin-polarized calculations. The
magnetic calculations have been carried out for the G-type
antiferromagnetic ordering in the Fdd2 phase. The zone center
phonon calculations were performed using density functional
perturbation method as implemented in VASP.

TABLE 1. Fractional atomic coordinates obtained from Rietveld
refinement of XRD pattern of «-Cu,V,0; at room temperature, the
site occupancies (Occ.) and isotropic thermal parameters (Bjs,) were
kept constant. The goodness of fit, x = 1.9.

Atom  Site x/a yv/b z/c B, Occ.
Cul 16b 0.1662(3)  0.3650(12) 0.750(14) 0.0 1.0
Vi 16b 0.1995(3) 0.4063(15) 0.2328(18) 0.0 1.0
o1 16b 0.1616(6) 0.3479(4) 0.45004) 0.0 1.0
02 16b 0.2449(5) 0.5611(3) 0.27003) 0.0 1.0
03 16b 0.1447(10) 0.4363(5) 0.0290(6) 0.0 1.0
04 8a  0.2500(0) 0.2500(0) 0.1620(3) 0.0 1.0

III. RESULTS

A. Powder x-ray diffraction and crystallography

Sample quality was checked by powder x-ray diffraction
and no impurity phases were found in «-Cu,V,0;. The Ri-
etveld refinement of the room-temperature x-ray diffraction
pattern [Fig. 1(a)] confirms that as synthesized o-Cu,;V,07;
compound crystallizes in an orthorhombic crystal structure
with noncentrosymmetric space group Fdd?2 (space group
No. 43). Refined lattice parameters are a = 20.680 (5) A,
b =8.405(12) A, and ¢ = 6.450 (10) A. These lattice pa-
rameter values agree well with the values reported by Calvo
et al. [14]. The refined values of various structural parameters
such as fractional atomic coordinates, and isotropic thermal
parameters are given in Table I for «-Cu,V,07. All atoms
occupy at the Wycoff sites 16 b and 8 a and all the atomic
sites are found to be fully occupied. The crystal structure of
a-Cu,; V,07 compound is composed of two different types of
Cu®* zigzag chains [Fig. 1(c)], which are mutually perpen-
dicular along with strong interchain exchange interactions.
The interchain interactions between Cu>" atoms are forming
helical-honeycomb lattice [Fig. 1(d)] in crystallographic ac
plane [24,25].

Furthermore, the magnetic lattice in «-Cu, V,07 is defined
by two types of geometrical arrangements of Cu>* ions hav-
ing the first NN exchange interactions (J; =~ 3.139 A) via
Cu-O-Cu and it forms quasi-1D zigzag spin chains running
along the crystallographic direction of [011]. The second NN
interaction (J, =~ 3.968 A) arises due to Cu-O-Cu superex-
change bridge as shown in Fig. 1(d). The J; and J, forms
a quasi 2D helical-honeycomb lattice geometry in ac plane
as shown in Fig. 1(d) [24,25]. The 1D chain and quasi 2D
helical-honeycomb lattice geometry are formed by the cor-
ner sharing polyhedra of CuOs pyramids and VO, tetrahedra
in @-Cu,;V,07 [Fig. 1(b)]. Along the b axis much weaker
interactions are expected as the distances between chains
are quite longer. A schematic exchange coupling of coupled
zigzag chains and helical honeycomb in «-Cu;V,07 is shown
in Figs. 1(e) and I(f) where J; and J, are the exchange
interactions.

B. Magnetic susceptibility and magnetization

The magnetic susceptibility x(7) data for «-Cu,V,04
measured at an applied magnetic field H = 1 T is pre-
sented in Fig. 2(a). At high temperatures T > 75 K, x(T)
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FIG. 2. (a) The magnetic susceptibility x (') of «-Cu, V,0; un-
der an applied magnetic field of H = 1 T. The solid thick blue line is
the fit as per the 1D Heisenberg spin-1/2 chain model as discussed
in text (left axis). The inverse dc-magnetic susceptibility x ~!'(7") of
«-Cu,;V,07 measured under an applied magnetic field of H =1T
(right axis). The straight solid red line is the linear fit to the x ~'(T")
data above 75 K. The dc-magnetic susceptibility x (T') of ¢-Cu, V,0;
(b) and its derivative (c) measured under several applied magnetic
fields H =0.05,0.1, 1, and 7 T.

follows a Curie-Weiss law. The susceptibility increases with
decreasing temperature, while a sharp long-range ordered
(LRO) transition is observed at 33.4 K, indicating the onset
of AFM ordering as shown in the Fig. 2(c) by the derivative
of susceptibility, which is characteristic of LRO. The mag-
netic properties and the transition observed for «-Cu,V,0;
are different from those of 8 and y phases [14,17,39]. The

B-Cu,V,07 phase is a 2D planner honeycomb lattice sys-
tem in which the magnetism can be described as a spin-%
Heisenberg system. However, the «-Cu,V,07 phase is bet-
ter described by two sets of mutually perpendicular zigzag
chains with reasonably strong NN and sizable NNN interchain
exchange interactions. Here, we have tested of 1D antiferro-
magnetic nature by fitting of temperature-dependent magnetic
susceptibility using 1D spin-% Bonner-Fisher model [40]. The
temperature-dependent susceptibility curve of a-Cu, V,07, is
well accounted by an AFM spin-% chain model (Bonner-
Fisher model [40]) with an exchange coupling of ~62.13 K
(~5.35 meV) and the g value of ~1.94 as shown by solid blue
line (above 50 K) in the Fig. 2(a). The first-nearest-neighbor
interaction J; (Jinra) Obtained from the fit of magnetic sus-
ceptibility is ~5.35 meV, which is in good agreement with
DFT calculations [29]. Furthermore, the interchain exchange
interaction J, in quasi-1D lattice can be estimate using the
Schulz’s calculation under the mean-field (MF) approxima-
tion [41]. The expression for estimation of 1D interchain
exchange interaction J, can be given as

Ty =Ty /(1.28 x \/(In(5.8 X Jinra) /T)). ey

From Eq. (1) we have estimated the interchain interactions
in a-Cu,;V,07, which is found to be J, ~ 16.91 K for the
mutually parallel chains under the MF approximation. The
actual sign of magnetic exchange coupling at the MF level
can be 4+ve (FM) or-ve (AFM) as these properties are deter-
mined by the mean of interchain exchange coupling constant
[41]. Calculated values of exchange coupling J; and J, from
the magnetization data are compared with the INS, QMC,
and DFT calculations obtained exchange couplings have been
listed in the Table V (see below). Moreover, we have calcu-
lated the ratio of the intrachain and inter-chain interaction
i.e. Jo/Jinra = 0.272, which is relatively much larger than
that found in quasi one-dimensional BaCu,Si,07 (J2 /Jingra =
0.011) [42]. The mean-field analysis indicates a less pro-
nounced 1D and significant 2D character (J; and J,) is present
in «-Cu, V,07. Further, we have also confirmed the suscepti-
bility data by fitting with different dimensionality describing
2D magnetic-lattices as triangular- and square-lattice spin
models [43—46], which are used for fitting the T-dependent
susceptibility (for details, see Sec. II along with Figs. S9 and
S10 within the Supplemental Material [47]). Therefore, the
magnetic lattice can be better explain by considering a mixed
dimensionality in «-Cu,; V,05.

In addition to this, a typical Curie-Weiss behavior is ob-
served above 75 K in the x ~!(T) for «-Cu,V,07, as shown in
the Fig. 2(a) (right axis) . From the Curie-Weiss fitting Eq. (2),
Curie constant C and the Weiss constant Ocw was obtained,

X=X+ @

T —bcw’
where o is the temperature-independent contribution that
accounts for core electron diamagnetism and Van Vleck (VV)
paramagnetism. The second term is the Curie-Weiss (CW)
law with Curie constant C (= NjuZ;/3kg, where N4 is
Avogadro’s number, u.g is the effective magnetic moment,
and kg is Boltzmann’s constant) and Weiss temperature Ocw .
The data above 75 K were fitted with the parameters xo =
8.690 (5) x 10~ cm?/mol Cu, C =0.420 (3) cm® K/mol
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FIG. 3. Magnetization as a function of applied field (H) mea-
sured at 5 K. The inset shows zoomed view of M(H) depicting weak
magnetic hysteresis loops.

Cu, and fcw = —57.56 (8) K. The effective magnetic moment
Wefr 18 calculated to be 1.83 (2) ug, which is in good agree-
ment with the Cu®* ions for a § = % and a g value of 2
(free-electron g value). The negative Weiss constant suggests
that the dominant interactions between Cu*? ions are AFM.
The temperature-dependent magnetic susceptibility x (7') data
for @-Cu,;V,07 measured as a function of temperature un-
der different applied fields are shown in the Fig. 2(b) and
there derivative are plotted in the Fig. 2(c). The temperature-
dependent susceptibility derivatives d(x)/0T versus T curve
at various fields clearly indicating LRO at Ty = 33.4 K at
lower field. The x (7") shows suppression on increasing mag-
netic field, which is attributed to decreasing in spin canting
angle.

Moreover, in order to further confirm the AFM correlation
and also to check about the existence of any field-induced
effect at low temperature, we measured M(H) below the order-
ing temperature 7y = 33.4 K. The isothermal magnetization
curve M(H) measured over all four quadrants below the LRO
at 5 K is shown in Fig. 3. A week ferromagnetic hysteresis
with a coercive field of the order of ~0.05 T and a remnant
moment of the order of ~0.035 wp is evident. This is not
related to any weak ferromagnetic impurity at low temperature
present in the sample, rather, the 1D chains of Cu’* spins
are having canted angel as experimentally found in neutron
study indicating the presence of the finite Dzyaloshinskii-
Moriya (DM) interaction in «-Cu,V,07 [24,25,27,28]. The
weak hysteresis loop and the resulting coercivity field is in
good agreement with the observed weak ferromagnetism with
small saturation magnetization of ~0.035 upg below LRO as
shown in the inset of the Fig. 3. Further, the linear change
of magnetization with field is indicative of a characteristic
AFM ground state. The M(H) curve did not show any sign
of saturation even at (H; ~ 7 T) as well as spin-flop transition
could not be observed at 6.5 T due to powder averaging effect
[25]. However, the value of magnetization at 7 T (M77 ~ 0.08
wg/Cu®") is quite far than the theoretically expected satura-
tion magnetic moment of M, = gSup = 1 ug/Cu*t (S = %);
this indicates that the saturation field H; is probably very high.
There is a slow linear increase in M(H) curve that is attributed

to the temperature-independent Van-Vleck paramagnetic con-
tribution, typical for a Cu?* jon in a CuOs environment [48].

C. Heat capacity

The low-T specific heat C,(T') measured using the thermal-
relaxation technique as a function of temperature at zero
field is presented in Fig. 4(a). At high temperatures, C, is
completely dominated by phonon excitations [49,50]. Be-
low 33.4 K, an increase of C, with decreasing temperature
indicates that the magnetic contribution of specific heat is
dominant in this temperature region. Here, C,(T') shows a
A-type anomaly at Ty =~ 33.4 K associated with the long-range
magnetic ordering in «-Cu,V,07 [see Fig. 4(a)], which is in
good agreement with the magnetization results. Below Ty,
C,(T') decreases gradually towards zero.

In order to estimate the phonon part of the heat capacity
Con(T) in a-Cuy V5,07, the Cy(T) data at high temperature
were fitted by a single Debye contributions. The Debye-type
heat capacity is given by

xexp(x) .
(exp(x) —1)*

where 0p is characteristic Debye temperature. In order to
simplify the fit procedure, a Padé approximant for the Debye-
type heat capacity, proposed recently by Goetsch et al. [51],
was utilized. The Debye fit is used to extract the phonon
contribution and it has been adopted for various condensed
matter systems [49,51-53]. Figure 4(a) shows the fit of Cp, (T)
by Eq. (3) (solid red line) resulting in Debye temperature
Op >~ 449 K. Finally, the high-T fit was extrapolated down to
2 K and Gy, (T) was estimated by subtracting Cyn(7') from
C,(T') as shown by blue solid line in the Fig. 4(a).

The magnetic part Cy,(T) verified by integrating
Cimag(T)/T to estimate the magnetic entropy is found to be
Smag = 41 J/mol K at 150 K. This is significantly higher
from the pure magnetic entropy as Smae = 2RIn 2 ~ 11.5
J/mol K expected for spin-% [Fig. 4(b)]. Enhanced value of
Smag =2 30 J/mol K was reported by Wang et al. [54]. Such
a high value of Sy, can be because of multiferroic nature
of @-Cu,V,07 and strong magnetolattice coupling, which is
not investigated so far. In order to gain additional insight into
the nature of magnetic heat capacity we use power law for
the analysis. We examine the Cp,, well below Ty in terms
of the spin-wave (SW) contribution to the heat capacity of
a-CuyV,07. At low temperatures the heat capacity follows
a power law due to magnon excitations [50], which can be
describe by the following equation:

Cunag(T) o T4/, )

Op/T
Co(T) = IR(T/Op)? / 3)
0

where d is the dimensionality of the magnetic lattice and
n =1 for AFM and n = 2 for FM magnons. To evaluate di-
mensionality of the magnetic lattice present in this compound,
we have fitted the curve using Eq. (4) by taking different
dimension (d = 1, 2, 3). An attempt is made to fit the curve
by letting d as variable, which resulted in d = 1.83. As seen
from Fig. 4(c), the curve can be well fitted using Eq. (4) at
low temperature [49,51-53]. It quantitatively agrees well with
the observations of mean field analysis as extracted from the
magnetization results. A reasonable fit resulted for d = 1, 2
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FIG. 4. (a) Temperature dependence of the specific heat C, of
a-Cu,V,0;7 measured under zero field. Open circles are the ex-
perimental data («-Cu,V,07), the solid red line shows the phonon
contribution C,;, estimated from the Debye model fit, and the solid
blue line indicates the magnetic contribution (Cnag). (b) The Cryae /T
as a function of temperature over the low temperature range (2—
150 K). The calculated magnetic entropy (Smag) (solid orange line)
as a function of temperature is plotted in the right axis. (c) The
low-temperature Cp,e/T? as a function of temperature represented
by open filled circles fitted using Eq. (4) for various d values.

and d = 1.83 while the fit was found to be poor for d = 3,
indicating quasi 2D type magnetic lattice and AFM magnon
excitation at low temperature rather than 3D type magnetic
lattice. The best fit x> values for various d are shown in Table

C, (J/(molK))

T (K)

FIG. 5. Heat capacity of of «-Cu, V,0; measured under different
applied magnetic fields. The low-field (zero-field) data shows A-type
anomaly at Ty 2~ 33.4K as shown by a downward arrow. The inset
of the figure provide zoomed view at low temperature showing an
additional new feature, which may be related to the another magnetic
transitions at Ty, = 2.3 K marked by the downward arrow.

S1 within the Supplemental Material [47], which is found to
be best for 1 and 1.83, respectively. Moreover, the low temper-
ature pronounced upturn is observed in Cy,e /T 2 as a function
of temperature around 2.3 K, indicating the possibilities of
magnetic ordering is discussed below.

To gain further information about the nature of magnetic
ordering under an applied magnetic fields, we have measured
Co(T) under different applied magnetic fields as shown in
Fig. 5. With increasing H from O T to 13 T, the A-type anomaly
broadens after certain applied field (H < 7T). This indi-
cates presence of magnetolattice coupling and multiferroic
behavior of this compound. Moreover, in our low-temperature
heat capacity data, an additional feature is observed, which
may be related to the another magnetic ordering transition at
Tnxo = 2.3 K as shown by the downward arrow in the inset
of the Fig. 5. This new low-temperature magnetic transition
anomaly at Ty, = 2.3 K is slightly shifting towards lower
temperature and it fully suppressed at an applied field of
H =~ 3T as shown in the inset of the Fig. 5. Similar type
of the low-temperature double AFM magnetic transition have
been observed in other magnetic materials [55,56].

D. XAS and XPS

We have performed x-ray absorption near edge spec-
troscopy (XANES) for a-Cu, V,07, which is a local probe and
can reveal crucial informations like oxidation state, coordina-
tion numbers of the absorbing atoms. One of the important
part for «-Cu,V,07 compound is to check the presence of
Cu®* oxidation state and for the same we have measured
XANES at room temperature. The V L3 5, Cu L3 » edge spec-
trum along with iso-electronic CuO and V,0s samples were
also measured at room temperature and shown in Figs. 6(a)
and 6(b) respectively. The V L-edge spectra consists of two
distinct peaks at 518 eV and 525 eV assigned to Lz (V 2p3;; -
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FIG. 6. The V L;,-edges x-ray absorption near edge spectrum
(XANES) at room temperature (a) and Cu Ls »-edges (b) spectrum of
the «-Cu,V,07 along with the V,05 and CuO as reference sample,
respectively.

3d) and L, (V 2p3,; - 3d) edges, respectively. The Position of
V L3 and V L, matches well with the reference V,05 sample,
which confirms V>* valence state [57,58] in the «-Cu,;V,0;
compound. Furthermore, the Cu Ls, L, peaks were emerged
due to the electronic transition of Cu 2p3,, to 3d interbands
at position 931.2 and 951.8 eV, respectively. The position
and the intensity ratio of Cu L3: Cu L, is found to be very
much similar with reference CuO as shown in the Fig. 6(b),
indicating that the Cu is in Cu?* valence state in ¢-Cu,V,0;
[59,60]. Interestingly, pre-edge structure at V L3 edge is found
to be drastically different in «-Cu;V,07 compound when
compared to V,0s. The peak at a, b, ¢ are absent in case of
a-Cu,; V5,07 and a feature a* at 515.6 eV is only evident as
shown in the Fig. 6(a). This is due to different crystal electric
field (CEF) and local structure in «-Cu,;V,0; compound as
compared to V,0s. The peak at a* is arising due to the
transition between V 2p3;; to 3d,,, . ». and the peak at d* is
arising due to the transition between V 2p3;; t0 3dy2_y .
further, the V L,-edge is broadened than that of V L3 edge by
a Coster-Kronig Auger decay process into a 2p3,, hole [61].

Intensity (Arb. units)

0—Cu,V,0, -

510 515 520 525 530 535 540
Binding energy(eV)

[ (b)  .Cu 2P, |

R Satellite

o r : Cu2Py,
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930 936 942 948 954 960 966
Binding energy(eV)

FIG. 7. The deconvoluted V 2p3,, and O 1s (a) and Cu 2p;3),
(b) core level x-ray photoelectron spectrum (XPS) of «-Cu, V,0;.

In addition, to check the chemical valence-sates, the core
level spectra of copper (Cu), vanadium (V) and oxygen
(O) have been studied by x-ray photoemission spectroscopy
(XPS). Figures 7(a) and 7(b) show the V 2p, O 1s, and Cu
2p, core level photoemission spectra of «-Cu,; V,07. The core-
level spectrum was fitted with a combination of the Lorentzian
and Gaussian functions to estimate the position of individual
features. The background of the spectrum is corrected by the
Tougaard inelastic method. The binding energy position of
V 2p3;» and V 2p;; are found to be 516.8 and 524.3 eV
respectively, with separation 7.5 eV as shown in the Fig. 7(a).
The separation is due to spin-orbit-coupling (SOC) interac-
tion, also confirms VT as a valence state in «-Cu,V,0-;
[62—-64]. The peak at 520.3 eV is due to an x-ray satellite of
Al K,3 source [65]. Moreover, the O ls peak at 530 eV is
seen, which is lattice oxygen in «-Cu,;V,07. An additional
feature at 532.3 eV as shown in the Fig. 7(a) is related to the
chemically adsorbed oxygen in the form of C-O(H). Similarly,
the fitted binding energy (BE) positions of Cu 2p3,, and Cu
2p12 are 933.2 and 953.2 eV, respectively as shown in the
Fig. 7(b), it is splitted by 20 eV due to the SOC interaction.
This further confirms the presence of Cu?T in the @-Cu, V5,04
[66,67]. Two strong satellite peaks (941.3 and 943.7 eV) in the
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TABLE II. The factor-group method is used for the calculation of the symmetry properties, and the selection rules as per the orthorhombic
crystal structure with space group Fdd2 (space group No. 43) for all types of vibrational modes of «-Cu,V,05. The factor group analysis of

total number of phonon modes are listed for «-Cu,V,0;.

Atom Wycoff Mode decomposition
mode position Raman active mode + IR active
Cul 16b (BA1 + 3By +3By)r 1k + (3A2)r
Vi 16b (3A1 +3B1 + 3B2)rir + (3A2)r
o1 16b (BA1 + 3By + 3B2)rr + (3A2)r
02 16b (BA; + 3By + 3By)g ik + (3A2)r
03 16b (BA1 + 3By + 3B2)r 1k + (3A2)r
04 8a (A1 + 2By + 2B2)gr 1k + (A2)r

Ftotal = 16 A] -‘r 16 Az -‘r 17B] + 17B2

higher binding energy side of Cu 2p3,, and one satellite peak
(962.1 eV) of Cu 2p;/, peak are the characteristics of Cu**
valance charge state [68].

E. Raman scattering
1. DFT calculations

The factor group analysis of the «¢-Cu,;V,05 is carried out.
It is noted that the Raman spectra acquired in a backscattering
geometry is a first-order process related to phonons present
at the Brillouin zone center. According to factor group anal-
ysis the irreducible representation of the zone center modes
resulted in 66 modes containing Raman, IR and silent modes
as [ = 16A; + 16A, + 17B; + 17B,, which are listed
in Table II. First-principles calculations based on density
functional theory (DFT) have been applied successfully for
extracting both IR and Raman active phonon modes. The
phonon calculations were done using DFT and the assignment
of IR and Raman active phonon modes were done using the
calculated eigenvector symmetry for a mixed dimensionality
lattice «-Cu, V,07. The predicted total IR and Raman active
modes are listed in the Table II. The position of Raman active
phonon modes as predicated using DFT along with experi-
mentally observed position of Raman phonon mode at room
temperature are listed in Table III. Moreover, the theoretical
values elucidated from DFT is reasonably in good agreement
with the experimentally observed values at room-temperature
(Table III). The eigen displacement vector along various crys-
tallographic direction and planes are shown in Supplemental
Material [47]. The eigen displacement vectors have been cal-
culated by DFT for different oxygen, vanadium and copper
atoms along with various polyhedral local environment dis-
tortion [CuOs and VOq] of the Raman and Infrared active
modes are presented (for details, see Figs. S1-S8 within the
Supplemental Material [47]).

2. Temperature-dependent Raman spectroscopy

The Raman spectra of o-Cu,V,07, acquired using exci-
tation wavelength A = 633 nm at different temperatures
is illustrated in Fig. 8. To understand the spin-lattice dy-
namics present in the compound, we performed the detailed
temperature-dependent Raman spectroscopy in the tempera-
ture range from 3.5 K to 300 K. Experimentally, at room
temperature, a total of 18 Raman modes are detected.

Further, we have fitted all the Raman spectrum by Lorentzian
function and obtained mode position and FWHM of all ob-
served modes. All the experimentally obtained Raman modes
have been labeled as Rg to Rj7. The Raman mode frequency
showed an anomalous change as a function of temperature at
and above Ty. The evolution of Raman mode frequency as a
function of temperature for selected Raman modes is plotted
as contour plots in Figs. 8(b) and 8(e). The intensity of the
Raman mode is represented by color code. It is observed that
for some modes the anomalous change is at Ty =~ 334 K
while for many it is well above Ty. These modes showed
softening upon decreasing temperature below 50 K. The Tsro
is depicted by a closed circle in Figs. 8(b)-8(e). The Raman
shift and FWHM of the various modes as a function of tem-
perature is plotted in Fig. 9. It is clearly evident from our
experiments over «-Cu; V,07 compound that most of Raman
modes (R, Rz, Rg Rjg, R4, Ri5 modes) showed a soften-
ing below 50 K well above the long-range antiferromagnetic
ordering (7y =~ 33.4 K). Generally softening below mag-
netic ordering temperature is related to spin-phonon coupling
[30,31,69,70]. The mode softening below 50 K thus most
probably related to the occurrence of the short-range ordering
(Tsro) in €-Cu,y V,07, and it is also consistent with the earlier
study of magneto-dielectric and inelastic neutron study on this
compound [22,24]. The FWHM of various modes also showed
anomalous changes below 50 K establishing spin-lattice cou-
pling in this system.

Furthermore, to explain the spin-phonon coupling behavior
below the magnetic transition temperature in «-Cu, V,07, we
have calculated phonon frequency and spin-phonon coupling
coefficient of each of the Raman modes. For this purpose, the
change in the phonon frequency can be written as

(Aw)total = (Aw)Lag- + (Aw)Mag. + (Aw)e—ph (5)

where w is the Raman phonon frequency. In the first term,
change in phonon frequency arises due to lattice contribution
originating from anharmonicity. It is noted that «-Cu,V,0;
does not shows any structural change in temperature range
3.5 K to 300 K. Thus, as temperature rises, atomic equilib-
rium positions and interatomic forces change, causing thermal
expansion due to anharmonicity. The second term repre-
sents the change in phonon frequency due to spin-phonon
coupling. In third term, frequency modulation arises due to
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TABLE III. The position of phonon modes [Raman mode (R) and infrared active mode (IR)] predicated by DFT along with experimentally

observed position of Raman modes at room temperature (300 K).

Mode Exp. (cm™") Symmetry Cal. (cm™") Vibration
Ry 147.69 B, 149.28 Cu-0O;-V bending mode.
R, 166.79 B, 162.00 CuO;s distortion via O; and O, displacement.
Ay 165.76 In phase O displacement along a axis.
R, 175.05 A, 174.67 VO, distortion via O3 and O, displacement.
A, 178.16 CuO:s distortion.
R; 208.10 A, 201.26 CuOs distortion.
A 202.28 CuOs bending distortion.
A, 204.57 CuO;s distortion via O, and O; displacement.
Ry 245.18 B, 233.79 In phase O, displacement along a axis.
A, 239.39 In phase O,, O, and O; displacement along a axis.
B, 250.83 Out of phase O; displacement along a axis.
B, 263.04 Out of phase O, displacement along a axis.
A 267.02 CuOs rotation around a axis.
Rs 292.67 A, 276.41 CuO;s distortion via O, and O; displacement.
A, 286.11 CuO:s distortion via Oy, O, and O3 displacement.
B, 289.15 O, and O, relative displacement along a axis.
B, 304.32 0O, and Oj; displacement along a axis.
R¢ 318.73 B, 313.38 0,4 and O, relative displacement in ab plane.
A, 315.67 CuO:s distortion via O, O, and O3 displacement.
R; 326.92 B, 336.65 05 and O, displacement in ac plane.
B, 338.78 CuO:s distortion via Oy, O, and O3 displacement.
A 341.78 VO, tetrahedral distortion via Oy, O, O3 andO, displacement.
Rg 357.09 A, 345.02 VO, tetrahedral distortion via O, and O, displacement.
A, 353.29 O; and O; relative vibration along a axis.
B, 363.80 O, and Oy relative vibration along a axis.
Ry 376.08 B, 383.18 0Oy, O, and O3 andO, displacement along a axis.
A, 391.40 CuO:s distortion via Oy, O, O3 and O4 displacement.
Rio 527.19 A 521.27 Relative displacement of V and O3, Oy.
A, 532.83 Relative displacement of V and O3, Oy.
Ry, 649.17 B, 682.25 In phase displacement of O3 and Oy4 along a axis.
B, 694.83 VO, tetrahedral distortion via O; and O, displacement.
13373 729.49 A 716.78 In phase O3 displacement along ac plane.
A, 745.34 Out of phase O; displacement along ac plane.
Ry3 789.38 B, 805.76 Relative displacement of V and O,, Oy.
B, 810.85 VO, tetrahedral distortion.
Ry 833.51 B, 843.14 CuO:s distortion via Oy, O, displacement.
Rys 863.48 B, 864.74 CuO;s distortion via Oy, O, displacement.
A, 870.03 Out of phase O, displacement along ac plane.
Ay 877.18 In phase O, displacement along c axis.
Ry 906.38 A, 898.98 Out of phase O, displacement along a axis.
A 905.16 Out of phase O, displacement along a axis.
B, 906.86 In phase relative displacement of O, and Oj.
Ry, 941.24 B, 916.63 Out of phase relative displacement of O, and O,.

electron-phonon coupling (neglected in «-Cu,;V,07 because
of its highly insulating character).

In periodic crystal, potential energy can be expanded using
Taylor expansion in terms of atomic displacement from their
equilibrium position. At absolute zero, the vibrations of atoms
in a crystal can be modelled as a linear harmonic oscillator.
However, at finite temperature, the vibrations become anhar-
monic, meaning that the higher-order terms in the periodic
potential become important. The anharmonicity of optical
phonon modes in the crystal is particularly sensitive to the

cubic and quadratic terms in the periodic potential,

du du?
U(r)= U(r())+r—dr r= r()+r2—dr2 r=rp
dus3 v
+V3WF:7‘0+7'4WV:7‘0+"' (6)

The first term in the periodic potential is a constant that
does not contribute to the temperature dependence of phonon
modes. The second term is linear and goes to zero under
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FIG. 8. (a) Temperature-dependent Raman spectra of a-Cu,V,05, the Raman spectra are shifted vertically for clarity. The Raman spectra
was acquired at a excitation wavelength A.,. = 633 nm laser wavelengths. Contour plots depicting evolution of Raman mode frequency as
function of temperature for selected Raman modes wavenumber as R, (b), R4 (c), Rg (d), R;s, and Ris (e), along with the their respective
symmetry elements. The intensity of the Raman modes is represented by color code (right-hand side). Anomalous change in the Raman mode
position is highlighted by the filled circle, whereas the dashed horizontal and vertical lines are the guide to the eye.

equilibrium conditions. The third term is quadratic and purely
harmonic indicating that it does not contribute to the anhar-
monicity of phonon modes [71]. The fourth term is cubic and
corresponds to the decay of an optical phonon mode into two
phonons of equal frequency, i.e., w; = wy = wy/2. This is
known as cubic anharmonicity. The fifth term is quartic and
corresponds to the decay of an optical phonon mode into three
phonons of equal frequency, i.e., w; = w2 = w3 = wp/3. This
is known as quartic anharmonicity. At temperatures below
300 K, the three-phonon processes are sufficient to explain the
observed behavior of phonon frequency and damping constant
[72,73]. According to three-phonon process the phonon fre-
quency variation with temperature due to cubic anharmonicity
is given by [72]

Aw=w0+A[1+ 7

)
wh .
exp(m) -1
Similarly, the temperature-dependence of Raman linewidth
can be written for three phonon process as [72]

2
Cann(T) = Fo[l + W] (®)

(87

The deviation of the peak position from the anharmonic
curve below the Ty confirms the presence of spin-phonon cou-
pling. The red solid curve, which represents the anharmonic
contribution, was obtained by fitting the peak frequency with
an anharmonic function above the magnetic ordering tem-
perature and simulating it to lower temperatures. Similarly,
the temperature-dependent FWHM was fitted by the Eq. (8).
The anharmonic fit of Raman mode and the FWHM fitted
Raman spectra is shown in the Fig. 9. Deviation between
simulated and experimental data as shown in Fig. 10 gives
the frequency modulation influenced by the magnetic ordering
and this frequency deviation (Awna,) can be described by the

equation below [74-76]:

2 8%
_@W<Si'sj> = —hpS?P(T)

Awmag = (9)
where A wy,, indicates deviation in frequency from the
anharmonic behavior, (S;.5;) is spin-spin correlation factor,

027 . . . .
)‘SP(:wz_,Lg_z;) is tl.le spln-Phonon coupling coefficient, J is
exchange interactions, @ is frequency of normal mode of
vibration and u is reduced mass, u is vibrational eigen dis-
placement, S? denotes average of adjacent spins (in our case

$2 =1 for Cut 34%),

— 3
T Y
om=[1-|7,,,] |

where Tsgo is short magnetic ordering temperature (50 K), y
is critical exponent. The value of spin-phonon coupling coeffi-
cient for various Raman active modes has been calculated and
are listed in the Table I'V.

The phonon lifetime were calculated via Raman mode
linewidth (FWHM) by energy-time uncertainty relation t =
h/AE =1/2 mcl’ =5.3078 ps/T", where AE is uncertainty
in phonon energy, 7 is phonon lifetime, c is speed of light, I"
is Raman linewidth (in cm™'), 7 is reduced plank constant.
It depends on the anharmonicity, impurities, crystal imperfec-
tion, and grain boundaries in the crystal. In a polycrystalline
materials, the grain boundaries disrupt the translational sym-
metry of the crystal lattice, which in turn shortens the lifetime
of propagating phonons. This is because phonons can be
scattered more easily at grain boundaries, which results in a
broader Raman linewidth. Additionally, as the temperature
increases, anharmonicity effects become more pronounced,
which also contributes to the broadening of the Raman
linewidth (Fig. 9). Hence the phonon lifetime t has been
calculated at lowest temperature as 1.04 + 0.014 ps, 1.27 +

(10)
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TABLE IV. Spin-lattice constant (A,) of the various Raman modes (R) determined by fitting parameters like phonon frequency (w,, A)

and FWHM (T'y) of «-Cu, V,0;.

Mode (cm™) wo (cm™h) A (cm™h) [y (cm™) Asp (cm™h)
R, (175.05) 179.4 £ 0.6 —1.73 £ 0.68 05.08 £+ 0.07 1.92 £0.21
R; (208.10) 2107 £ 1.8 —1.72 +1.88 04.17 £ 0.07 297 +£0.21
Rg (357.09) 361.7 £ 0.3 —0.92 +0.48 10.84 + 0.23 2.13 +£0.23
Ry (376.08) 3839+ 1.1 —4.62 +1.10 11.14 £ 0.20 1.45 +0.42
Ry (527.19) 533.24+0.5 —2.29 +£0.50 14.71 £ 0.21 1.76 £ 0.16
R;5 (863.48) 868.3 + 0.2 —2.05 4+ 0.31 11.31 £ 0.51 1.90 + 0.54
Ry (906.38) 912.7 £ 0.4 —2.77+£0.44 13.41 £0.41 1.55+£0.93

0.021 ps, 0.48 £+ 0.010 ps, 0.47 £ 0.008 ps, 0.36 & 0.005 ps,
0.46 £ 0.020 ps, 0.39 £ 0.011 ps for the Ry, R3, Rg, Ro, Ryp,
Rjs, and Rj¢ Raman modes, respectively. The Figs. 9(a)-9(1)
shows a clear deviation of FWHM as a function of tempera-
ture below 50 K. This is a clear indication that the lattice is
modulated due to magnetic ordering or a signature of strong
spin-lattice coupling.

Moreover, an interesting feature we have found in our
detailed Raman shift analysis as a function of temperature,
which shows a change in the slope in the temperature range of
25-32 K as shown by the blue arrow for the selected R, Rs,
Ry, and Ry modes in Fig. 9. This change in slope is indicative
of a lattice structural distortion. Previously, Wang et al. [54]
found that the thermal expansion coefficient showed weak
temperature dependence in the same temperature window, fol-
lowed by a linear behavior upon cooling. Since Raman is very
sensitive with any structural change, therefore, we strongly
believe that our detailed temperature-dependent Raman spec-
troscopy results further confirms that this anomaly is due to
local structure distortion around 25 K. However, no signature
of structural modification was found in the magnetization or
dielectric measurements [54].

IV. DISCUSSION AND CONCLUSIONS

Using our detailed investigations of thermodynamic prop-
erties of this compound along with our detailed Raman
measurements, we interpret that strong spin-lattice coupling
play a key role in «-Cu,V,05 and largely influence the physi-
cal properties of this compound. The compound hosts a Cu?*
with spin-% and is one of the rare experimental realization of
coexisting spin sublattices with mixed dimensionalities con-
sisting of 1D zigzag chains and a helical-honeycomb lattice
along with frustrating exchange couplings along the diago-
nal interactions between two conjunctive helical-honeycomb
units in the lattice, which appears to be complex 3D network
(Fig. 1). However, the analysis of magnetization, specific heat,
and temperature-dependent Raman studies suggested that the
magnetic properties of «-Cu,V,0; can be explained by J;
and J, exchange couplings as discussed later. Although J3 is
reported to be the leading exchange interaction but is found to
be less significant then J; and J, to explain the experimen-
tal magnetic susceptibility by using QMC simulation [29].
Furthermore, the broad maxima in x(7) is usually appears
for low-dimensional magnetic lattices and is clearly observed
for «-Cu,V,0;7 single crystal suggesting an evidence of the

low-dimensional nature [25,29]. Thus, o-Cu,V,07; can be
described as a quasi-2D system with anisotropic magnetic
interactions in the helical-honeycomb plane (J; # J;) in-
dicating the mixed dimensionalities of the magnetic spin
sublattices.

The CuP,Og is the only one known example, which shows
similar mixed dimensionalities and energy scales, where a
1D chains and square lattice are formed due to presence of
two spin sublattices [77]. Thermodynamic properties of this
CuP,04 compound are well explained by a superposition of
the 1D and 2D sublattices. Generally a low-dimensional sys-
tem is expected to show broad maximum in the susceptibility
due to absence of long range spin order in the other dimen-
sions. On the contrary CuP,Og¢ compound does not show
broad maximum and only showed a slight kink at the Ty.
Below the Ty it shows an increase in the susceptibility due
to the presence of DM interactions. It is worth mentioning
that the CuP,O¢ compound is proved to be a low-dimensional
antiferromagnet [77]. In both CuP,0¢ and «-Cu,V,07 poly-
crystalline compounds, magnetic susceptibility did not show
broad maxima due to powder averaging effects and the pres-
ence of DM interaction, which substantially suppresses the
feature of the broad maxima. The broad maxima due to short-
range ordering is usually absent along the direction in which
DM interactions are present—for instance in dc susceptibility
(x) of @-Cu, V, 05 single crystal a broad maxima were present
along b axis and were absent along ¢ axis [25]. Furthermore,
the 1D or 2D magnetic lattices without finite DM interac-
tions may renders pronounced broad maxima even on powder
samples [78]. Thus, having powder sample and finite DM
interactions in «-Cu, V07 similar to the CuP,Og, suggest the
presence of mixed dimensionality in this compound as dis-
cussed above in the magnetization and heat-capacity sections.

We have calculated NN intrachain interactions from the 1D
spin-1 chain model for &-Cu, V,07, which is found to be J; ~
62.13 K. Surprisingly, the calculated interchain exchange cou-
pling parameter J, also showed strong coupling and is found
to be J, ~ 16.91K for the mutually parallel chains under
the mean-field approximation. Based on the exchange cou-
pling constants, the nearest-neighbors-coupling constant J;
is approximately four times larger then J,. The extracted J;
interactions from mean field analysis closely matches with
obtained J; strength from DFT, INS, and QMC simulations
[22,24,29], whereas J, interaction reasonably matches with
J, deduced from INS and significantly different than that
obtained from DFT calculations as shown in the comparative
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FIG. 9. Raman shift and FWHM of various Raman active mode
as a function of temperatures for o-Cu, V,0; [(a)—(1)]. The vertical
light yellow filled rectangular box depicts deviation from anharmonic
behavior. Moreover, vertical two short-dashed lines are the respective
transition temperatures for 7y and Tsgo. Whereas, the blue arrows
depicts anomaly observed in the Raman Shift.

Table V. This difference in exchange interaction extracted
from DFT may be due to consideration of different effec-
tive Coulomb interaction (U). Therefore, the spin system has
major 1D character as coupled spin chains dominated by J;
along [011] direction; however, 1D zigzag chains and a 2D
helical-honeycomb lattice are coupled to each other, which

makes the system mixed dimensional in nature as shown in
Fig. 1 [22,24,29]. The magnetic structure is frustrated due
to presence of coupled J;, J>, and J; interactions. To further
confirm the mix-dimensional character of the magnetic lattice
in ¢-Cu,V,07, we have calculated the ratio of the intra-
chain and interchain interactions as J,/Jinga =~ 0.272, which
is relatively much larger than that found in 1D chains in
many condensed matter systems—for instance, a quasi one-
dimensional BaCu;Si,07; compound shows J/Jingra == 0.011
[42]. This suggests significant 2D character of magnetic lat-
tice along with a less pronounced 1D character present in
«-Cu,; V,07. As from the previous experimental and theoret-
ical studies along with QMC simulation [25,29], it has been
established that J3 is the leading magnetic interaction, and
when this is considered the broad maxima in the susceptibility
x (T) curve can be better fitted, which is observed along only
one direction (b axis). However, the experimental susceptibil-
ity data other than the broad maxima can be well accounted by
only considering J; and J;. This implies that the J; and J, are
the most important exchange couplings to explain the experi-
mental thermodynamic results. On the other hand it is worth
to be noted that in the INS spin-wave simulations, anisotropy
term is not considered [24], which is crucial as evident from
single-crystal anisotropy bulk results [29]. Moreover, in the
single crystal of a-Cu,V,05, the appearance of broad maxima
in magnetization measurements along the crystallographic b
axis is suggesting that it is a low-dimensional magnetic lattice,
similarly, our present result on power-law fitting of heat ca-
pacity at low temperatures indicated two-dimensional nature
and are well corroborated with Raman studies where the spin-
phonon coupling can be explained by considering only J; and
J as discussed in the next paragraph. The local probe nuclear
magnetic resonance spectroscopy (NMR) is required as it is
an important technique to resolve the dimensionality issue.
The temperature-dependent Raman spectra shows change
in the Raman active modes around the magnetic LRO state
suggesting that lattice vibrations are strongly coupled with
the magnetic ordering. Granado et al. [76] proposed that in-
teraction of phonon with the magnetic ordering is manifested
by the modulation of exchange integral with the vibrational
eigen displacement. In «-Cu,V,07, three exchange interac-
tion terms as J;, J», and J5 have the main contribution in the
mixed dimensional character in the magnetic lattice. J; ex-
change interaction is mediated by two different exchange path
ways as Cu-O3-Cu and Cu-O;-Cu, whereas J, is mediated by
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FIG. 10. The deviation of phonon frequency from the anharmonic behavior as function of temperature in «-Cu, V,0; for Ry, R3, Rg, R,
Ris, and R ;¢ modes, respectively. Solid red lines represent fit of spin-phonon coupling below Tszo using Eq. (9).

only single exchange path way as Cu-03-0,-Cu or Cu-0,-Cu,
mostly along the a axis. Finally, the J3 interaction is medi-
ated by exchange path way as Cu-O;-V-O,-Cu [22,79]. These
exchange path ways are shown and discussed in Fig. 1. It is
worth mentioning that according to x-ray diffraction results
[22], the change in the direct bond distance between first-
and second-nearest neighbor (related to J; and J;) is observed
to be 0.085(2) A and 0.159(2) A, respectively when cooled
down below 50 K, while the change in the NNN distance
(related to J3) is only 0.01 A. Therefore, the Ji and J, mostly
affect the spin-phonon coupling strength, while J3 plays minor
role. The eigenvector displacements of the phonon modes as
R,, R3, Rg, Ro, Rjo, Rys, Rj¢ are obtained from the DFT
calculation, which clearly suggest that the major contribution
of the vibrations are found to be from O, O,, O3 atoms and
therefore the eigen displacements of these atoms significantly
changes the Cu-O bond lengths as well as Cu-O-Cu bond
angles in the crystal lattice, which are affecting mostly J; and
J». Therefore, these bond length and angles further modify the
exchange interactions (J; and J,), which couples the phonon
modes with the spin degree of freedom as seen below 50 K,
resulting in spin-lattice coupling in this compound. Thus, our
Raman results support our low-temperature specific heat and
magnetization results of o-Cu,;V,0; magnetic lattice mainly
been driven by J; and J, and has mixed dimensionality char-
acter. Our detailed theoretical as well as experimental Raman
analysis under group theory suggest presence of spin-lattice
coupling and is found to be (highest value) 2.97 4 0.21 cm™!
for R; mode. The present study showed spin-lattice coupling
below 50 K, which is well above Ty ~ 33.4 K. This showed
that strong short-range magnetic interactions remain present
in the system up to 50 K. This affects the lattice and hence
explain the magnetodielectric behavior reported by Sanni-
grahi et al. [22], where the dielectric constant showed marked

changes under the magnetic field below 50 K and spin wave
excitations reported by Banerjee er al. [24] present up to 50 K.
Therefore, «-Cu,;V,07 is a peculiar mixed-dimensionality
lattice having strong spin-lattice coupling and could be a po-
tential candidate to further study under higher magnetic fields,
as it does not show full magnetic saturation up to 56 T [25].
Since our Raman measurements shows interesting spin-lattice
properties and to explore further investigation on this polar
antiferromagnet, one of the exciting branches could be the
high-field Raman studies under magnetic field above H,.

To summarize, our study provides a comprehensive de-
scription of isotropic exchange couplings in the spin-%
quantum magnet «-Cu;V,07. The structural and magnetic
properties of spin—% a-Cu,V,07 compound have been in-
vestigated by x-ray, magnetic susceptibility, magnetization,
heat capacity, XAS, XPS, and Raman spectroscopy. The com-
pound «-Cu,V,0;7 crystallizes in one of the polar symmetry
of orthorhombic crystal structure with space group Fdd2
and we interpret this compound as a mixed dimensionalities
where the 1D zigzag chains and a 2D helical-honeycomb
lattice forms an intricate crystal and magnetic structure. The
a-Cu;V,07 compound shows strong spin-lattice coupling
below 50 K. Our detailed experimental data show possible
signatures of pronounced spin-lattice coupling effects and call
for further investigation of «-Cu,;V,07 by means of polarized
Raman scattering measurements on single crystals in mag-
netic ordered state.
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