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Phonon frequency and linewidth as well as quasielastic scattering due to spin energy fluctuations are used to
evaluate the evolution of spin correlations in a spin chain system with considerable interchain coupling. In the
compound CuSe,Os these interactions lead to long-range order and a regime with enhanced classical critical
dynamics. The resulting anomalies include the observation of quasielastic scattering intensity in interchain

polarization, in addition to the usually reported intrachain polarization as well as the persistence of fluctuations to
temperatures down below Ty . The inverse of the spin correlation length shows a linear temperature dependence
with an offset at 7. Finally, the derived magnetic contributions to the specific heat are pronounced around Ty
while contributions due to one-dimensional fluctuations are hardly visible.
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I. INTRODUCTION

Quasi-one-dimensional (1D) § = 1/2 antiferromagnets
have attracted much interest due to diverse ground states and
pronounced quantum fluctuations.! Particularly, they provide
a playground for testing fundamental theories of quantum
magnetism.

An ideal S =1/2 spin chain system shows no long-
range ordering even at zero temperature owing to strong
quantum fluctuations, although the spin-spin correlations
decay algebraically along the chain.’> Quite often, copper-
and vanadium-based oxides with one hole (Cu’**t; 3d°) or
one electron (V4*; 3d") realize quasi-1D S = 1/2 spin chains
to good approximation. Remarkably, details of the crystal
structure are known to be decisive in stabilizing the particular
magnetic ground state of a transition-metal oxide. Prominent
examples are the spin-Peierls ground state in CuGeOs,? the
helical ground state in LiCuVOy,* and the nonollinear, incom-
mensurate long-range-ordered state in LiCu,0,.°> An accurate
description of these phenomena necessitates an inclusion of
correction terms to the isotropic Heisenberg Hamiltonian.
Interchain interactions partially restore long-range magnetic
ordering while intrachain frustration leads to a rich phase
diagram.5-13

The magnetic behavior of weakly coupled S = 1/2 spin
chains is largely described by a spin chain mean-field model,
which provides a dichotomy between classical dynamics of
the long-range-ordered state and critical dynamics of the
quantum disordered state.'®!! Irkhin et al.'* showed that
an inclusion of fluctuation corrections improves considerably
the spin chain mean-field theory. Inelastic light scattering is
widely recognized as one of the powerful experimental choices
in addressing the dynamics of critical phenomena in such
weakly coupled spin chains.! This is owing to an exceptionally
effective coupling of light to the spin energy density, leading
to a so-called quasielastic Raman response.'3~'° This coupling
permits us to obtain physical quantities such as the magnetic
specific heat, the spin correlation length, and the magnetic con-
tribution to a thermal conductivity, which is often impossible
to gain using other experimental techniques.
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In this respect, a light scattering study of the spin S = 1/2
Heisenberg spin chain compound CuSe,0Os will provide a
deeper understanding on the critical spin dynamics in quasi-1D
antiferromagnets and extend our knowledge of quasielastic
Raman scattering to a spin chain with sizable interchain
coupling.

The magnetic building block of the copper selenite
CuSe;Os is an isolated CuOy4 plaquette.’’->3 The neighboring
plaquettes are tilted with respect to each other and are arranged
to form a dihedral angle ¢ ~ 64°. They are bridged by
Se,Os polyanions, which are made of two SeOs; pyramids
sharing an oxygen atom. A structural chain is formed by an
alternation of CuQy4 plaquettes and Se,Os polyanion group
along the ¢ axis. Each spin chain is closely stacked in the
b direction, and well separated in the a direction. Here we
stress a structural peculiarity: The alternating arrangement
of CuQy plaquettes does not permit longer-range interactions
along the chain. Such interactions could have restricted and
frustrated the evolution of spin correlations along the chain.
In addition, further neighbor interactions are a prerequisite
for Raman spin-exchange scattering at finite energies. In
simple, nearest-neighbor-only spin chains the magnetic and
the Raman spin-exchange Hamiltonian commute and finite-
energy scattering is not observed.! Besides, from two short
interchain coupling paths only one is relevant. That is, the
interchain couplings are not frustrated. This leads to a simple
description of the magnetic behavior of CuSe,Os without any
complications related to magnetic frustration.

Janson et al.?® have extensively characterized the magnetic
properties of CuSe,Os by combining magnetic susceptibility,
specific-heat measurements with a microscopic model. The
magnetic susceptibility shows a broad maximum at Ti,.x &
101 K and is well described by the Bethe ansatz, confirming
one dimensionality. Band-structure calculations demonstrate
that the minimal spin Hamiltonian of CuSe;Os is captured
by two exchange interaction parameters: the nearest-neighbor
intrachain interaction of J. = 165 K, which is weakened by
a ferromagnetic Hund’s rule coupling, and the nonfrustrated
interchain interaction of J,;, = 20 K. Specific-heat measure-
ments evidence an antiferromagnetic ordering at 7y = 17 K
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and an additional distinct anomaly at 7 K of unknown
origin. Unfortunately, it was not possible to resolve the
magnetic contribution to the specific heat and respective
entropy. Nevertheless the importance of interchain interactions
is confirmed.

In our paper, we investigate phonon and magnetic excita-
tions of the spin chain compound CuSe,Os using inelastic light
scattering, which is supplemented by a well-established set of
arguments that should be relevant for quasi-1D spin systems.
Our interest is to examine the applicability of the known
theories to spin systems with a sizable, nonfrustrated interchain
interaction and to compare that with results of frustrated spin
chain and/or chains with much weaker interchain interactions.
This will allow us to get insight into the critical spin dynamics
of the studied system.

II. EXPERIMENTAL DETAILS

Single crystals of CuSe,Os were grown by using a
conventional chemical vapor transport method.??> For Raman
measurements, single crystals with dimensions of 5 x 0.5 x
0.1 mm?® were used. The samples were kept in the vacuum of an
optical cryostat which is cooled by a closed-cycle refrigerator
from room temperature down to 4 K. Raman scattering mea-
surements were carried out in a quasibackscattering geometry
with the excitation line A = 532 nm of a Nd:yttrium aluminum
garnet (YAG) solid-state laser. The incident power of 1 mW
was focused to a 0.1-mm-diam spot on the surface of the single
crystal. To fully suppress Rayleigh and stray light scatterings,
alow-energy cutoff of Raman spectra was settow = 10 cm ™.
Raman spectra were collected in arange of @ = 10-1000 cm ™!
by a DILOR-XY triple spectrometer and a nitrogen-cooled
charge-coupled device detector.

III. RESULTS AND DISCUSSION

A. Lattice dynamics and spin-phonon coupling

In quasi-1D spin systems Raman scattering experiments
provide valuable information on lattice and spin dynamics
through concomitant excitations of lattice vibrations and
magnetic modes. The coupling of lattice and spin degrees of
freedom might cause phonon anomalies, and the coupling of
light to the spin energy density leads to quasielastic scattering.
In the following we will address both aspects in the S = 1/2
Heisenberg spin chain compound CuSe;Os.

Figure 1 shows Raman spectra at 4 and 293 K in (cc),
(aa), and (ac) polarizations, respectively. In the (cc) and (aa)
polarization where incident and scattered light polarizations
are parallel to the ¢ and a axis, respectively, we observe
nine phonon modes, which have exactly the same energies
in both polarizations. In the (ac) polarization where the
incident (scattered) light is polarized parallel (perpendicular)
to the chain direction, we also observe nine phonon modes
whose energies are shifted systematically by 10-40 cm™! as
compared to those of the parallel polarizations. A careful
analysis of the spectra unveils that two phonon modes are
grouped either within the same polarization or with other
polarizations with the energy difference of 10-30 cm~'. For
example, the 156 and 173 cm™! modes in the (cc) polarization
are grouped together, the 308 and 336 cm™' modes in the (ac)
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FIG. 1. (Color online) Comparison of Raman spectra of CuSe,Os
at 4 and 293 K in (cc), (aa), and (ac) polarizations, in the respective
upper, middle, and lower panels. The numbers denote the energies
of phonon modes allowed in the parallel and crossed polarization,
respectively. The asterisks indicate weak forbidden modes. The
spectra are shifted for clarity.

polarization, and the 518 and 538 cm™! modes in the (ac) and
(cc) polarization, respectively.

According to the symmetry analysis of the monoclinic
space group, C2/c, oxygen atoms possess three crystallo-
graphically different sites. Two of them occupy the same
Wyckoff position 8 f and thereby give 34, and 3B, Raman-
active modes. In the present scattering geometry the A,
symmetry modes are expected in the (cc) and (aa) polarizations
while the B, modes are in the (ac) polarization. Since
copper atoms occupying the 4b position are not involved
in Raman-active modes, two oxygen modes with the same
Wyckoff position but with a different crystallographic site will
appear pairwise with an almost equal energy separation as
described above. Taking into account the Se (8f) atoms, we
expect a total of I'raman = 9Ag(aa, bb, cc, ab) + 9Bg(ac, be)
Raman-active modes. We were able to detect a sum of 18
phonon modes as predicted by the factor group analysis.
We note the observation of additional weak modes (see the
asterisks in Fig. 1). They are identified to show up due to a
leakage of a selection rule, and judging from that they have
corresponding partner modes with the same frequency and
strong scattering intensity in different polarizations.

For quasi-1D antiferromagnets, particularly with low lattice
symmetry, ionic displacements do not cancel each other
in modulating magnetic exchange paths, and thus optical
phonons can be used to probe a change of spin degrees of
freedom.! With this in mind, we carry out a detailed analysis
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FIG. 2. (Color online) Temperature dependence of the peak
position and the linewidth of two A, phonon modes at 173 cm™!
(left-hand panel) and 518 cm~! (right-hand panel). The solid lines
represent a fit to Eqs. (1) and (2), respectively. The characteristic
temperatures, which show anomalous phonon energy behavior, are
indicated by arrows. The insets focus on the low-temperature regime.

of the phonon frequencies and linewidths. Concerning the
temperature dependence of the phonon modes, we observe
a small hardening of frequency by 24 cm~! and a moderate
damping but no substantial change of the scattering intensity.

Figure 2 summarizes the temperature dependence of fre-
quency and linewidth of the 173 and 518 cm™' modes. The
error bars are smaller than the symbol size and thus are
hardly visible. Both modes with lower and higher frequencies
exhibit a frequency hardening by ~2 cm™' and a moderate
narrowing of linewidth by 3 cm™' with decreasing temper-
ature. Noticeably, a small but discernible softening is found
for temperatures below ~17 K, the antiferromagnetic ordering
temperature. This gives evidence for spin-phonon couplings.
Such spin-phonon interactions are very pronounced in low-
dimensional spin dimer systems, as reported in CuGeO; as
well as in two- and three-dimensional frustrated spin systems
SrCuy(BOj3), and ZnCr,Oy, respectively.z"‘26 Compared to
frustrated spin systems, however, the phonon anomalies caused
by spin-phonon coupling are marginal for the studied system.
Although these effects are small, we can still extract important
information about spin-spin correlation functions.

In order to differentiate any contribution of spin-phonon
coupling to the frequency shift, we have calculated the
anharmonic phonon contribution based on phonon-phonon
decay processes to acoustic phonons,?’

2
wph(T)=w0+A(1+m), (1

where x =hw/2kpT and constant A. Here, wy is the
frequency of the optical mode at zero temperature. The
high-frequency mode at 518 cm™! is well fitted by Eq. (1)
with values of wy = 519.9 cm™! and A = —2.08 cm™! except
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FIG. 3. (Color online) Temperature dependence of the spin-spin
correlation functions obtained by subtracting the frequency of the
173 cm™~! mode from the fitted value to Eq. (1). The line is a guide to
the eye.

for a small softening for temperatures below 17 K, as indicated
by the arrow. However, the low-frequency mode at 173 cm™!
is not reasonably well described in the whole temperature
range. Since in the high-temperature limit the temperature
dependence of the phonon frequency is approximated as linear,
wpn(T) o< T, we restrict the fitting range to temperatures above
110 K. The fitted curve with values of wy = 174.5 cm™!
and A =—0.72cm™! is denoted by the solid line. The
deviation is clearly visible for temperatures below 100 K.
The onset temperature coincides with the broad maximum in
the magnetic susceptibility, which heralds the development of
short-range correlations. This supports a coupling of the lattice
to spin degrees of freedom.! The temperature dependence of
the phonon linewidth is analyzed by using?’

B 2
1>, @)

e’ —

I(T) = Iy (1 +

where y = hwy/kgT with the frequency wy of the phonon
mode. We obtain an overall agreement between the experi-
mental data and the fitted lines, although there appear small
discrepancies at low temperatures.

The spin-induced phonon frequency shift based on the
Baltensperger and Helman model®® has been well established
and successfully applied to diverse magnetic systems to
explain renormalizations of phonon energy induced by the
magnetic energy of the system. According to them, the phonon
frequency shift is related to the scalar spin correlation function,
ie, Aw ~ A(S;S;), where A is the spin-phonon coupling
parameter. Here we note that A is given by the second
derivatives of the coupling energy with respect to the atomic
displacements. We obtain the spin-spin correlation function
by subtracting the estimated anharmonic shift given by
Eq. (1) from the frequency of the 173 cm™! mode as a function
of temperature. The result is shown in Fig. 3. Upon cooling
from 110 K the spin-spin correlation function slowly increases
and shows a kink at ~17 K. The onset temperature lies in the
temperature interval where the magnetic susceptibility shows
a broad maximum. The steep increase of (S;S;) seems to be
correlated with antiferromagnetic ordering.
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B. Quasielastic scattering and critical spin dynamics

In quasi-1D antiferromagnets, quasielastic light scattering
can probe the critical spin dynamics. Two different mecha-
nisms have been discussed. One is due to diffusive fluctuations
of a four-spin time correlation function.?’ In this case, the
quasielastic scattering is approximated by a Gaussian-like
spectral function.'®!® The other relies on fluctuations of the
magnetic energy density.!® It turns out that the latter is mainly
responsible for the low-energy scattering near a zero-frequency
shift region observed in LiCu,0,, CuGeO3, and KCuF;.>:3031
In the following, thus, we will summarize the well-established
theories before discussing the experimental data. According to
Reiter and Halley,'®!'” a two-spin process leads to scattering
intensity for temperatures above the critical temperature;

I(w) /OO e ' dt (E(k,t)E*(k,0)), 3)

o]

where E(k,t) is a magnetic energy density given by the
Fourier transform of E(r) = —(Zi>j JijSi - Sjé(r — r;)) with
the position of the ith spin r;. Applying the fluctuation-
dissipation theorem in the hydrodynamic limit,'” Eq. (3) is
simplified to

w CnT DK?

1 — e Pho g2 + (Dk2)?2’
where B = 1/kgT, C,, is the magnetic specific heat, and D is
the thermal diffusion constant D = K /C,, with the magnetic
contribution to the thermal conductivity K. Equation (4) can
be reformulated in terms of a Raman susceptibility x”(w),
X " ( w) D k2
X CpT ——r.
1) w? + (Dk?)?
In the high-temperature limit, Eq. (4) further simplifies to a
Lorentzian profile,

I(w)

“

&)

Dk?
w? + (Dk?)?

Equations (5) and (6) imply that the magnetic specific heat
and thermal diffusion constant can be obtained from either the
Raman scattering intensity /(w) or the Raman susceptibility
divided by the frequency x”(w)/w. Furthermore, we note that
both quantities have the same Lorentzian spectral function but
with different temperature-dependent proportional constants.

In the following we will analyze the low-energy Raman
spectra in terms of Eqs. (5) and (6) and compare these
results. Figure 4(a) shows the temperature dependence of the
quasielastic response. The scattering intensity is drastically re-
duced with decreasing temperature from 293 K. The observed
spectra are equally well fitted to both Eqgs. (5) and (6) at room
temperature [see Figs. 4(b) and 4(c)]. As can be seen from
Fig. 4(b), we observe also a substantial quasielastic response
in the interchain polarization, namely, in the (aa) polarization.
The ratio of the interchain to the intrachain scattering intensity
amounts to 1“9 /1) ~ 1/7. To the best of our knowledge,
for quasi-1D spin systems such a quasielastic scattering has
only been reported experimentally with intrachain light polar-
ization. The presence of the interchain quasielastic response
should be ascribed to a sizable interchain coupling. Noticeably,
the intensity ratio is very close to that of the calculated

I(w) & C, T? (6)
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FIG. 4. (Color online) (a) Temperature dependence of quasielas-
tic scattering in (cc) polarization at low frequencies. (b) Comparison
of the quasielastic scattering between (cc) and (aa) polarizations at
293 K. (c) The Raman response x”(w)/w at 293 K. The solid lines
are fits to Lorentzian curves given by Egs. (5) and (6).

interchain to intrachain exchange interaction J% /J¢ ~ 1/8.23
Besides, we find a nonnegligible spectral weight even below
Ty . In the magnetic ordered state one should take into account
the contribution to the scattering intensity due to magnetization
and possibly diffusive spin fluctuations as well.'® In this case,
the observed quasielastic scattering below Ty is made of
several different contributions and thus should be analyzed
by assuming either two Lorentzian lines or a sum of two
Lorentzian lines and one Gaussian line.>> We fail to obtain
a reliable set of parameters because the scattering intensity is
weak and the spectra are not available for frequencies below
10 cm~!. Therefore, our analysis is restricted to temperatures
above Ty.

As discussed above, quasielastic scattering provides two
important parameters: the inverse of the spin correlation length
£~! and the magnetic specific heat C,,. Figure 5(a) shows the
temperature dependence of I'(T) o< £~!, which is obtained by
the full width at half maximum of two Lorentzian profiles,
Egs. (5) and (6), respectively. Since the scattering intensity of
I(T) [x"(T)/w] is proportional to C,, T? [C,, T], the magnetic
specific heat is derived by exploiting the relation C,,
I(T)/T? [x"(T)/wT]. In Fig. 5(b) we show the temperature
dependence of C,, calculated by two different methods.

We will first discuss the detailed temperature dependence
of I'(T'). The linewidth obtained from x”(T")/w shows a close
to linear T dependence while that from Eq. (6) exhibits a
deviation from linearity at ~110 K. Assuming a mean-field
T dependence of C,, one expects a linear T dependence of
[(T) o (T — Ty).>3>* In our case, I'(T) still has a finite value
at Ty. This is explained by noting the relation I'(T") o« K/C,,,
where K is governed by short-range correlations while C,,
is dominated by long-range ordering.!” In a quasi-1D spin
system the specific heat will not diverge at a critical point so
that I'(T") will not go to zero at Ty. In this light, the deviation
from linearity at ~110 K implies a breakdown of the high-
temperature approximation. Therefore, one should be careful
in applying the simplified Eq. (6) to moderately coupled spin
chains in the low-temperature regime.
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FIG. 5. (Color online) Temperature dependence of linewidth I’
(a) and magnetic specific heat C,, on a logarithmic scale (b). The
full square (open triangle) symbols stand for the parameters extracted
from a fit to Eq. (5) [Eq. (6)]. The solid lines are guides to the eye and
the vertical dashed lines indicate the magnetic ordering temperature
Ty . Details are described in the text.

Next we turn to the temperature dependence of C,,. To
discriminate any difference between the two procedures, C,,
is plotted on a logarithmic scale. They show a similar behavior:
Approaching the critical temperature Ty the magnetic specific
heat increases steeply. However, we notice that C,, derived by
the high-temperature approximation tends to be systematically
underestimated for temperatures below 180 K. Although there
is some indication for an enhanced specific heat starting from
180 K, we cannot identify a discernible maximum in the
temperature range 0.48J,. ~ 80-90 K, which is expected for
a 1D Heisenberg chain.?>?*3% The same observation has been
made in the analysis of the specific heat using a conventional
thermodynamic method and attributed to a dominating lattice
contribution.”® For our analysis this argument does not hold.
Therefore we conclude that below 100 K the specific heat is
dominated by a classical spin dynamics, leading to long-range
ordering, and thus the maximum of C,, characteristic for a 1D
quantum critical dynamics is obscured by magnetic degrees of
freedom.?>-3¢

Finally, we remark on the specific-heat anomaly at
7 K reported by thermodynamic techniques.”? As mentioned
above, for temperatures below Ty we cannot calculate C,,
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unambiguously and thus cannot give quantitative arguments.
Nonetheless, the persistence of quasielastic scattering below
Ty suggests the presence of diffusive type of spin fluctuations
and/or spin-energy fluctuations in this ordered state. The
order at Ty is therefore not related to a total release of spin
entropy and further ordering phenomena, i.e., a transition
into a canted spin state, could take place. To fully resolve
this issue, quasielastic scattering should be studied near
the zero-frequency regime (w < 10 cm™!) using a Brillouin
spectrometer.

IV. CONCLUSIONS

We presented a Raman scattering study of the quasi-
one-dimensional spin compound CuSe,0Os. This system is
characterized by a moderate, nonfrustrated interchain coupling
J%/J¢ ~ 1/8 and a sizable magnetic ordering temperature
scale of Ty /J¢ & 0.1.2% With the help of the phonon frequency
renormalization induced by spin-phonon coupling, we extract
the spin-spin correlation function, which shows a slow increase
with decreasing temperature from 110 K and a steep increase
at ~17 K. In the quasielastic scattering channel we find several
distinct features: (i) an appreciable scattering intensity in the
interchain polarization in addition to the strong intrachain one,
(i) the persistence of the quasielastic scattering down below
Ty, (iii) the linear T dependence of I'(7T") with a finite offset
at Ty, and (iv) the predominance of classical critical spin
dynamics over spin chain correlations in their contribution
to C,,. To the best of our knowledge, these are not known
from previous investigations in weakly coupled or dimerized
spin chains. The key factor is a sizable inter-chain coupling
without frustration, which enhances the classical dynamics
with respect to the quantum disordered spin dynamics of a 1D
quantum magnet.
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