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Spin-gap mode in the charge-ordered phase of NaV,05 studied by Raman
scattering under high pressures
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By means of Raman-scattering measurement under pressures at low temperatures we study the “devil’s
staircase”-type phase of NaV,0Os. The spin-gap mode shows a drastic softening with increasing pressure up to
0.9 GPa in C; ;4 phase and disappears between 0.9 and 1 GPa. It appears again between 1 and 2.3 GPa in C,
phase, indicating that this phase is also a spin-gap state. Taking the charge ordering into consideration, we
discuss the spin-gap states and clarify that the spin-gap mode is created by the exchange-interaction Raman-
scattering mechanism and it comes from a gap between the spin-singlet ground state and the S, =0 spin-triplet
excited one. This model explains that the spin gap is almost independent of the applied magnetic field and it
vanishes at about 10° lower than the critical temperature in C;,4 phase.
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I. INTRODUCTION

Since Isobe and Ueda' reported that the magnetic suscep-
tibility of NaV,0j5 rapidly decreased below 7,.=34 K, many
experimental and theoretical studies on the phase transition
at T.. have been carried out. This compound contains the VOs
pyramids, two dimensionally connected in the ab plane, and
forms a quarter-filled ladder structure along the b axis. The
plains stacked along the ¢ axis are separated by Na ions. The
VOs pyramids in the adjacent ladder on the same plain are
pointing to opposite ¢ directions each other. At room tem-
perature, all V atoms have an averaged charge of V*3*. Be-
low T.=34 K, a zigzag charge order is formed>* and a spin-
singlet pair is created on the two adjacent rungs in a ladder,
resulting in an appearance of a spin gap between the spin-
singlet ground and spin-triplet excited states. The important
fact is that the charge ordering is not perfect, i.e., the charge
of the one side of a rung is V#>*? and that of the other side
is V#3579 where & is the charge disproportion parameter.>® It
was estimated as about 0.3 far below T,*® The low-
temperature lattice structure (C,,4 phase) was first reported to
be 2aX2b X 4c superlattice®> but later Sawa et al.* deter-
mined by a synchrotron-radiation x-ray-diffraction study that
C,/4 phase of this compound was monoclinic with a space
group Cg—Al 12 and the superlattice structure was
(a=b) X 2b X 4c. Ohwada et al.® determined the stacking
pattern along the ¢ axis as AAA’A’ by comparing the reso-
nant x-ray scattering results with model calculations. Here,
four types of possible in-plane configuration, A, A’, B, and
B’, can be considered.

Inelastic neutron scattering from the spin gap was first
reported using powder samples by Fujii et al.’> Yosihama
et al” observed the spin gap of about 81 cm’!
(=10 meV) at ¢=(3,1/2,0) in NaV,0s5 single crystal and
two branches with a weak dispersion along a* direction.
Grenier et al.® observed the detailed dispersion curves of two
branches of magnetic excitations along the a* and b* axes by
inelastic neutron scattering. One is at E;=66 cm™
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(=8.2 meV) and the other at E;=87 cm™' (=10.8 meV) at
q,,1=(0,0,0) and ¢,,,=(1/2,1/2,0), which are the magnetic
I point and equivalent to each other.” The E* spin gap was
also observed by electron-spin resonance (ESR) (Refs.
10-12) and far-infrared spectroscopy.'®!4

Meanwhile, a peak, which grows enough below T, and
coincides approximately with the E;,’ spin-gap energy, was
observed at about 64 cm™' by Raman-scattering
measurements.!5~1° Moreover, Konstantinovi¢ et al.?° found
another peak at 86 cm™!, which probably corresponds to the
E_, magnetic excitation, by means of Raman scattering using
the 647.1 nm light of Kr*-ion laser. Gozar and Blumberg?!
studied it by Raman scattering under high magnetic fields. It
splits into two peaks when magnetic fields are applied paral-
lel to the b and ¢ axes, strongly indicating that it is assigned
as a gap mode between the spin-singlet ground state and the
spin-triplet excited one. However, it neither shifts nor splits
when a magnetic field is parallel to the a axis. On the other
hand, the 64 cm™' Raman peak that coincides with the E;
spin-gap energy is almost independent of the magnetic field,
although a shift of about 1 cm™' was observed as the mag-
netic field was varied from 0 to 8.9 T,'”?! which suggests
that it might be spin-singlet two-magnetic-excitation bound
state or a phononic excitation rather than the one-magnetic
excitation. In the case of the bound state, however, it is dif-
ficult to understand why its binding is so large and equal to
the spin-gap energy. Then the assignment for the 64 cm™
Raman peak is still controversial.

Ohwada et al.?>?? also studied the crystal structure under
high pressures at low temperatures by synchrotron-radiation
x-ray diffraction. They obtained a temperature-pressure
(T-P) phase diagram between 0 and 2 GPa. It shows that the
critical temperature 7. decreases with increasing pressure.
The most characteristic feature of the phase diagram is an
appearance of many complicated superlattice structures with
c-axis modulations, i.e., “devil’s staircase”-type phase. The
high-pressure phase above 1 GPa has a (a—b) X 2b X lc¢ su-
perlattice structure (C, phase) at low temperatures. Kremer
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et al.** studied the pressure dependence of the folded phonon

appearing newly at 950 ¢cm™! in C,,, phase by Raman scat-
tering below 1 GPa but they did not observe the spin-gap
mode in the low-frequency region. To our knowledge, there
is no experimental study on the spin gap under high pres-
sures. Then we study the 64 cm™' Raman mode in the dev-
il’s staircase-type phase of NaV,05 by means of Raman scat-
tering under high pressures at low temperatures.

In this paper, we report that the 64 cm™' Raman mode
peak strongly depends on pressure and clarify that it is one of
the two spin-gap modes, i.e., the E; spin gap observed at the
magnetic I" point by inelastic neutron scattering.® It is acti-
vated by a mixing between the spin-singlet ground state and
the S, =0 spin-triplet excited one, which originates from the
charge ordering. It explains that this peak is independent of
applied magnetic field.

II. EXPERIMENTS

Hydrostatic pressures were applied by using a clamp-type
diamond-anvil cell together with Ila-type artificial diamond
crystals in order to avoid luminescence. We used 4:1
methanol-ethanol mixture as a pressure medium. Samples
were cleaved along the ab plane and put into the gasket hole
with a diameter of about 300 um. The cell was mounted in
a helium-gas-flow-type cryostat with temperature regulation
better than £0.3 K. Pressure was measured in sifu using the
ruby-luminescence method. Raman spectra with the
¢(b,b+a)c and c(a,b+a)c polarization configurations were
excited on the cleavage surface by using the 514.5 and 488.0
nm lines of Ar*-ion laser. The spectra were dispersed by a
Jobin-Yvon T64000 triple-grating monochromator equipped
with a microscope and detected by a liquid N,-cooled
charge-coupled-device detector. The magnetic field was ap-
plied nearly parallel to the ¢ axis using a split-type supercon-
ducting magnet (Oxford Instruments, Spectromag).

III. RESULTS

Figure 1 shows the pressure dependence of Raman spec-
trum below 330 cm™' at 6 K. A Raman peak observed at
64 cm™! at 0 GPa is strongly dependent on pressure. Here-
after, we call it the 64 c¢cm™' mode, whose assignment will be
discussed later. Moreover, we observed three strong phonon
peaks at 179, 234, and 305 cm™'. The 305 cm™' peak has a
shoulder of a weak phonon peak at 298 cm™!. Three weak
peaks at 90, 105, and 132 cm™! were assigned as a Raman-
active phonon in the normal phase, a folded phonon, and a
two-spin-gap Raman peak, respectively.!> With increasing
pressure up to 0.9 GPa the 64 cm™' mode drastically softens
together with a decrease in the intensity. The Rayleigh tail
strongly emerges instead of the disappearance of the
64 cm™' mode at 0.91 GPa, suggesting the existence of the
strong fluctuations in the vicinity of the phase transition.?>2
However, the 64 cm™' mode appears again at about 28 cm™'
above 1.15 GPa and vanishes at 2.71 GPa. The inset of Fig.
1 shows the pressure dependence of the frequency of the
64 cm™! mode. The dotted line is only guide for the eye.
This result suggests that the 64 cm™! mode is assigned as the
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FIG. 1. Pressure dependence of Raman spectrum below
330 cm™! in the c(b,b+a)c polarization configuration. The peak
pointed by an arrow is the 64 cm™! mode. The inset shows the
frequency of the 64 cm™' mode as a function of pressure. The
dotted line is only guide for the eye.

spin-gap mode or a soft phonon. Grenier et al.® observed two
branches of the spin-gap excitation, whose energies are E;
and E,, by inelastic neutron scattering. One is at
E;=66.1 cm™! (=8.2 meV) and the other at E,=87.1 cm™!
(=10.8 meV) at ¢,,,=(0,0,0) and ¢,,,=(1/2,1/2,0), which
are the magnetic I points and equivalent to each other.’ The
64 cm™' mode approximately agrees with the energy of E;
mode at the magnetic I" point. It should be noted that the
magnetic " points do not correspond to the lattice-
modulation wave vector ¢,=(1/2,1/2,1/4). This fact
strongly suggests that the 64 cm™' mode is assigned as it
because the spin-gap mode at the magnetic I' point can be
observed by Raman scattering when the spin-singlet ground
state is mixed with the spin-triplet excited state.?”-?® More-
over, we emphasize that the corresponding peak above 1.15
GPa is also assigned as the spin-gap mode.

On the other hand, the phonon peaks shift to higher fre-
quency (see Fig. 2), which has been frequently observed in
usual materials. Loa et al? studied many phonons in
NaV,05 by Raman scattering at room temperature under
high pressures up to 33 GPa and they reported a structural
phase transition near 25 GPa. Our result is consistent with
the result in their low-pressure region. The folded phonon at
105 cm™! and the two-spin-gap Raman peak at 132 cm™!
rapidly disappear.

We measured the temperature dependence of the 64 cm™
mode at each pressure and obtained the integrated Raman
intensity normalized by the phonon peak at 179 or
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FIG. 2. Pressure dependence of the frequencies of the 64 cm™
mode and the 179, 234, and 305 cm™' phonon modes. The frequen-
cies of the 64 cm™' mode at 0.91 and 1.04 GPa were not precisely
determined due to the strong Rayleigh tail.

305 cm™, as a function of temperature. For example, Fig. 3
shows the temperature dependence of Raman spectra from
the 64 cm™' mode and the 305 cm™' phonon at 0.108 GPa.
They were fitted by the following spectrum function:

2

I(w) = #{n(a)) + 1} + background, (1)
where w,, I, and k are the frequency of the 64 cm™' mode
(the 305 cm™' phonon), its damping constant, and the cou-
pling coefficient between it and the incident light, respec-
tively. n(w) is the Bose factor. The fitted curves are denoted
by solid lines in Fig. 3. The integrated Raman intensity of the
64 cm™' mode is normalized by the 305 cm™' phonon,
which appears at 302 ¢cm™!, and plotted in Fig. 4 as a func-
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FIG. 3. Temperature dependence of the (b,b+a) Raman spectra
from the 64 mode and 305 cm™! phonon at 0.108 GPa. The solid
lines denote the fitted curves calculated by Eq. (1).
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FIG. 4. Temperature dependence of the damping constant I,
intensity, and frequency of the 64 cm™' mode at 0.108 GPa. The
intensity is normalized by the 305 c¢cm™! phonon mode. The solid
line denotes a fitted line by the least-square method. The dotted line
is only guide for the eye.

tion of temperature. Later, we will discuss the temperature
dependence of the intensity in detail. Here we fit it
temporarily with a linear function, i.e., a function of
[1=(T/Tp)*#" with B'=0.5, by the least-square method, be-
cause the S/N ratio of the spectrum was worse near 7}, and
we were not able to determine the parameter 3'. We esti-
mated the temperature 7, where the normalized intensity
vanished. In this case it was about 24 K. Temperature depen-
dence of the frequency and damping constant of the 64 cm™!
mode at 0.108 GPa is also plotted in Fig. 4. The intensity is
rapidly reduced while the frequency is almost unchanged.
This result coincides with the behavior of the spin gap,
which was observed by ESR (Refs. 11 and 12) and by far-
infrared spectroscopy.'* The damping constant I" is almost
independent of temperature.

Figure 5 shows the 7-P phase diagram, which was deter-
mined below 2 GPa by means of x-ray diffraction.”> The
dielectric constant was studied under high pressures, sug-
gesting that C, phase is stable until 6 GPa.>* These data
above 1 GPa are also plotted but a little bit different from
those of x-ray diffraction. The hatched area denotes the com-
plicated superlattice structures with c-axis modulations in the
devil’s staircase-type phase but the precise feature is omitted
here. We plotted T|,, which was obtained from the spin-gap
mode, on the 7-P phase diagram. The T, obtained in the
present experiment is in agreement with the critical tempera-
ture T, of x-ray diffraction above 1 GPa, i.e., our result traces
the phase boundary between the hatched area and C,, phase at
low pressures and later that between the normal phase P and
C, phase below about 2 GPa. Here C, phase has no modu-
lation along the ¢ axis, i.e., the (a—b) X 2b X 1¢ superlattice
structure. However, our result deviates from that of the di-
electric constant above 2 GPa and the spin-gap mode could
not be detected at 2.71 and 2.74 GPa. We think that it was
difficult to detect the spin-gap mode under high pressures,
taking into consideration the fact that the anomaly of the
dielectric constant at the critical temperature became smaller
with increasing pressure in C, phase.’

It was observed by x-ray diffraction that the superlattice
reflections were rather weak and sometimes some of them
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FIG. 5. T-P phase diagram obtained by Raman scattering (open
squares) and that by x-ray (thick broken lines) (Ref. 23). Thin bro-
ken lines are only guide for the eye. Open circles show the tem-
peratures where the 944 cm™' folded phonon vanishes, which were
reported by Kremer et al. (Ref. 24). The result of the dielectric
constant (triangles, dotted line) above 1 GPa is also plotted (Ref.
30).

coexisted in the hatched area with complicated superlattice
structures, indicating that the long-range order did not grow
enough. Then we could not observe the 64 cm™' mode in the
complicated superlattice structures.

On the other hand, below 1 GPa, i.e., in C;, phase, our
result deviated largely from 7, of x-ray diffraction. The T,
obtained by Raman scattering is about 10° lower than T, by
x-ray diffraction. A similar result was obtained for the pres-
sure dependence of the 950 cm™' folded phonon below
about 0.5 GPa by Kremer et al.,* whose result is also plotted
in Fig. 5. However, their result is different from that of the
64 cm~! mode above 0.5 GPa. We also measured the tem-
perature dependence of the Raman spectrum of the
646 cm™! folded phonon at 0 GPa in order to confirm T}, as
shown in Fig. 6. It disappeared between 25 and 26 K, which
is in good agreement with the result of the 64 cm™' mode
and other Raman-scattering results,!3-1724

Figure 7 shows a comparison between the low-
temperature Raman spectra with (a,a+b) polarization at
1.43 GPa and those with (a,a) and (a,b) polarizations at O
GPa. In the (a,a+b) polarization, we can observe the folded
phonons in C, 4 phase.!> We observed the spin-gap mode at 0
and 1.43 GPa but did not observe the folded phonons at 646
and 944 cm~!' when the lattice modulation along the ¢ direc-
tion does not exist at 1.43 GPa. These folded phonons come
from the zone-boundary phonons probably at the Z point
(0,0,1/2). The 944 cm™' folded phonon is a pair of the
960 cm™' phonons, reflecting the flat dispersion curves
along the c direction due to the layered structure in NaV,0Os.
Since C; phase has no superlattice modulations along the ¢
axis, the 944 cm™! folded phonon was not observed. Similar
explanation may be applicable to the 646 cm™! folded
phonon.

Figure 8 shows Raman spectrum from the 64 cm™' mode
at 0 GPa when a magnetic field of 10 T is applied almost
parallel to the ¢ axis. The 64 cm™' mode neither shifts in
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FIG. 6. Temperature dependence of the (a,b+a) Raman spec-
trum from the 646 cm™! folded phonon at 0 GPa.

frequency nor splits. This result is consistent with those by
Fischer et al.'” and by Gozar and Blumberg.?!

IV. DISCUSSION

We studied Raman scattering in NaV,05 at low tempera-
tures under high pressures. As shown in Fig. 5, below 2 GPa
in C, phase, the two results by the x-ray diffraction and
Raman scattering are in good agreement, but in C;, phase
the T, obtained by Raman scattering was about 10° lower
than the 7, obtained by x-ray diffraction. Moreover, the tem-

Lo f'oldec'i phc;non'
— spin—gap mode

1.43 GPa b

"W 15 K

Raman Intensity (arb. units)

Raman Shift (cm™")

FIG. 7. Comparison between the low-temperature Raman spec-
tra with (a,a+b) polarization at 1.43 GPa and those with (a,a) and
(a,b) polarizations at 0 GPa.
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FIG. 8. Raman spectrum from the 64 cm™' mode at 0 GPa and
1.8 K when a magnetic field of 10 T is applied almost parallel to the
¢ axis in addition to that at 0 T.

perature T, where the 64 cm™' mode vanished at 0 GPa is in
good agreement with the result obtained from the tempera-
ture dependence of the folded phonon.

In Raman-scattering measurement, the incident laser often
heats the opaque sample. We carefully checked the rise of the
sample temperature and estimated that it was within 1°. The
charge-order phase-transition temperature 7. decreases dras-
tically with increasing sodium deficiency.!>?° However, we
checked T, at 0 GPa in our samples by measuring the mag-
netic susceptibility. Consequently, we think that the deviation
of T, from T, in C,,, phase is intrinsic.

The driving force of the phase transition of this compound
is considered as Coulomb interactions>’ and as a result a
zigzag charge ordering is formed. Raman scattering from the
magnetic excitations and the folded phonons is, therefore,
sensitive to the charge disproportion parameter &, which will
be later discussed in detail.

We focus on the 64 cm™ mode to study the devil’s
staircase-type phase transition under high pressures. Al-
though the 64 cm™' mode at 0 GPa coincides with the en-
ergy E; of the triplet excitation observed by inelastic neutron
scattering, the origin of this mode has been controversial
until now.?! The main points of the controversy is that the
64 cm™' mode does not show the magnetic field dependency,
as shown in Fig. 8. Moreover, the first-order Raman scatter-
ing from magnetic excitation by the spin-orbit interaction
mechanism is forbidden in the spin-gap systems.?®

The spin system above 7. can be modeled by two-

c

dimensional Hamiltonian in the ab plane

1
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oV’ ladder  ladder

i i+1

FIG. 9. The spin-ladder structure of V ions on the ab plane of
NaV,05 at room temperature. The shadowed area denotes the high-
temperature primitive unit cell.

H =J|\E SijSijl +J¢E (si,j St S si+1,j+1), (2)
ij ij

where s, ; is a spin on the jth rung in the ith ladder, and J,
and J, are the exchange interactions between two spins on
the adjacent rungs in a ladder and between those in the
nearest-neighboring ladders, respectively, as shown in Fig. 9.

The (a—b) X 2b X 4¢ superlattice structure is formed be-
low T.=34 K at ambient pressure. There are four rungs on
the ab plane in the low-temperature primitive unit cell,
which are labeled as rung €=1-4, as shown in Fig. 10. Gre-
nier et al.® studied the magnetic excitations by inelastic neu-
tron scattering and stated that for each ladder the distortions
in the exchange paths both within the ladder and via neigh-
boring ladder results in an alternation of the exchange cou-
pling J; in the b direction, J;; and Jy, (J;;>Jp), in the
charge-ordered state. This alternation of the exchange inter-

@ V5
@]

< .
V5 > VO; pyramid

. i+

42

FIG. 10. Zigzag model and monoclinic structure below 7. The
area enclosed by bold lines denotes the low-temperature primitive
unit cell. There are four rungs in a unit cell. The ellipses denote the
spin-singlet states.
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action in a ladder creates the spin-singlet pairs in the neigh-
boring rungs. Two kinds of this ladder are alternatively
formed along the a axis, leading to the creation of two
branches of the magnetic excitations. This magnetic structure
is approximately regarded as a weakly interacting zigzag-
chain system.

Although the spin-gap mode is originally Raman inactive
in the first-order (one-magnon) Raman scattering, it becomes
allowed at the magnetic I" point when the spin-singlet ground
state is mixed with the spin-triplet excited state in the mag-
non Bose-Einstein condensation phase?” of TICuCl; and the
impurity-doped spin-Peierls compound CuGeO5.?® This idea
is also applicable to the present case. Then we may consider
only the wave functions on these four rungs in the primitive
unit cell.

We should take into consideration that the spin gap opens
together with a zigzag charge ordering below T,. However,
the charge order is not perfect so that the charge dispropor-
tion parameter O plays a crucial role in the Raman-scattering
process. Damascelli et al.3! consider each rung as an inde-
pendent linear molecule of two V>* ions and the eigenstates
of the additional electron in between are bonding and anti-
bonding wave functions. Smolinski et al.*? studied the band
structure in the density-functional calculation and stated that
an antiferromagnetic superexchange interaction between the
spins on a doubly occupied rung of the ladder is working
through the oxygen ions. The electron hopping between the
left and right sides on a rung creates the kinetic exchange.
Moreover, the ground state is nonmagnetic even in the
charge-ordered state. Then we assume that the up-spin and
down-spin states are completely mixed in the V-O-V molecu-
lar orbitals of V#>* ions on rung ¢ above T, and the wave
functions of the nth electron in rung € may be written by

1
Xe(n) = ,—5{|€LT>n+i|€Rl>n}, (3)
\
possessing an energy of —F, and
- 1 .
Xf(n) = TE{|€LT>n - l|€Rl>n} (4)
\‘!

with an energy of E;, where Ey>0.

In the charge-ordered state below 7., the following addi-
tional crystal pseudopotential V(r) is formed on a rung by
choosing our origin of coordinates halfway between two V
ions in a rung,

V(r) = VL<r— g) + VR<r+ g) (5)

where 7 is the vector of rung in a ladder, as shown in Fig. 9.
The Hamiltonian is given as

- EO + VS VA ) (6)

7—{rung = <
V4 Ey+ Vg

Here
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Vs = ULVl + CRVOIRY, ()

Vo= SUELVlED) ~ CRIVIeRY. (®)

Probably, the additional symmetric pseudopotential Vg is
nearly zero in the charge-ordered state and the charge order-
ing originates from the antisymmetric pseudopotential
V4334 In rung €=1, as shown in Fig. 10, V,<0 and the
following low-energy states with an energy of —E,,, are
given as

$u(1LT) = u|1LT), +iv|IR]),. )

In this state, the electron stays mainly near the left-hand side,
i.e., u>v. The high-energy states with an energy of +E,,
are given as

&u(IR|) = u|lR |}, +iv|ILT),, (10)
where the electron favors the right-hand side. Here
Erung = VEG + V3 (11)

and (Eyug—Eo) <|V4|. In rung €=2, V,>0 and the low-
energy states are given by

¢n(2RT)=u|2RT>n_lv|2Ll>n (12)
while the high-energy state by

Here u and v can be rewritten as by using the charge dispro-
portion parameter & (0= 6=0.5),

1+26

(14)

v=\——. (15)

It is noted that ¢,(1L])=u|1L|),+iv|1RT), and ¢,(1LT) are
degenerate and so on because of the Krammers theorem,
when the orbital wave functions are real under the crystal
field.

Let us discuss the electronic states for two electrons on
rungs €=1 and 2 in a ladder, which form the zigzag structure
in a ladder, by Hubbard Hamiltonian given as

t i t
Her=— Erung E 2 Colo =1 2 (C114C2RK+ CoRAC1LI)
v=1L,2R k=T,| k=T,]

+ U(CTLTCILTCILLCIM + C;RTCZRTC;RLCZRL) (16)

because the electron staying at the left-hand side is in the
low-energy state in rung 1 and that at the right hand is in the
low-energy state in rung 2. Here v=1L and 2R means the
electronic states of rungs 1 and 2 written by Egs. (9) and
(12), respectively, CZT( 1) and ¢, are the creation and anni-
hilation operators of these states with an up (down) spin,
respectively, and —z, (<0) is the hopping energy between
two adjacent rungs in a ladder. U is the on-site Coulomb
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energy and E,,,> U>0. By using the following basis wave
functions:

x1=[le(ILT) 2RI, xa=[¢(1LT) (2R )

—s

x3=[6(ILD SRR, xa=lp(1L])(2R])

—

~2En, O 0
0 =2, O
0 0 —2E,
Ha= 0 0 0
0 - Ul
0 - Ul

When #,< U we obtain two degenerate excited states, x5 and
Xe With an energy of (=2E,,+U), and the following four
states. The charge-ordered spin-singlet state between rungs 1
and 2, whose energy is (—2Emng—4tﬁ/ U), is given as

1
®,(1,2)= E(Xz - x3) =1AD1]0) 12+ i|Bo) ),
\r

(20)
where
A=W’ ML) - MR20)., (1)
B )1 = uv{{[[1R)|2R)]|« + [[1L)2L))|} (22)
for the orbital wave functions and
1
|0'>12=${|T>1|l>2—|l>1|T>2}, (23)
1
|x>]2:\/_E{|l>l|l>2_|T>]|T>2} (24)

for the spin wave functions. The charge-ordered spin-singlet
state includes not only the spin-singlet dimer state |o);, but
also the S,=0 spin-triplet dimer state |x);,, i.e.,

(s15+ 520 |x)12=0. (25)

Meanwhile, the charge-ordered spin-triplet excited states,
whose energies are —2E,,,, are given as

1
d.(1,2)= E(Xl = Xa) = |AD) XY+ i[B) ] o)1, (26)

-2F
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Xs=[lp(IL LD x6=[p2RT)H(2R])

—

(17)
where
[#(1LT) 2R )|
1
= ${¢1(1LT)¢2(2RT) = ¢ (1LT) e (2R1)} (18)
and so on, we obtain
0 0 0
0 —1 -
0 dl dl (19)
rung 0 0
0 =2+ U 0
0 0 = 2En+ U

1
®(1,2) = i\r_E(Xl +Xa) = (A 12l)2 = B ol (27)

and
1
d(1,2) = _F(Xz +x3) =|A)1l1+ B )1aly) s (28)
V2
where
AN = W ID) 2R+ v*{[1R)2D)|-, (29)
IB")12 = uo{[[[1R)2R)| = [[[1L)[2L)]} (30)
for the orbital wave functions and
1
|y>12=i${|T>1|T>2+|l>1|l>2}, (31)
1
|Z>12=E{|T>1|l>2+ |1 1)} (32)

for the spin-triplet dimer state. The charge-ordered spin-
triplet state ®, contains the spin-singlet dimer state |o) but
®, and @, do not contain |o). Of course, the S,=* 1 spin-
triplet dimer states are written as

1
S, =+ 1>12=E(|)’>12+i|1>12) (33)

and
1 .
S, =~ 1>12=T§(|Y>12—I|Z>12)~ (34)
v

Then the superexchange interaction J; between the rungs is
given as
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417
Ji=— 35
=7 (35)

and the effective spin Hamiltonian can be introduced by Eq.
(2), taking the hopping energy #, between adjacent ladders
into account.

Hereafter, we discuss only the spin states. Then we re-
place the orbital wave functions |A )¢, |B+)eers |A")¢er, and
|B’)m by constant values A+, B+, A’, and B’, respectively,
of which magnitudes are given as

A.=A=u’-1v>=26, (36)
B.=B=2uv=(1-468)", (37)
A =ut+0%=1, (38)
B'=0. (39)

Under this assumption the electron spins are not localized at
V ions but distributed over the V-O-V molecular orbitals on
the rungs of the ladder.>> When T>T,, i.e., =0, A=0, and
B=1. When 6=0.5, i.e., the complete disproportion, A=1
and B=0. The relation of A+ B%=1 holds. Grenier et al.® and
Sawa et al.* estimated & as about 0.3 from their neutron-
scattering and x-ray-diffraction studies at low temperatures.
The whole spin wave function of the ground state below 7.
can be expressed as a direct product of the charge-ordered
spin-singlet states, W, in the primitive unit cell,

V,=d,(1,2)P,(3,4)
=
= A%10)15] 0)34 = B*x)12|x)34 + iN2ABl@)),  (40)
where

. 1
|<P;>=\’,_5(|<T>12|01>34i |a) 15| 0)34) (41)

for a=x, y, or z. The S,=0 charge-ordered spin-triplet states
are given as ®(1,2)®,(3,4) and ®,(1,2)P,(3,4). Taking
the exchange interaction J, between adjacent ladders into
account, they are written as

v %{¢U<1,2>¢x<3,4> + ,(1,2)D,(3,4)
AY

=(A’-BY)|¢h) + \EiAB(|fT>12|U>34 + [x)12])34)
(42)

and

V= %{¢o(1,2)¢x(3,4) -, (1,2)0,(3.4)} =g;)
N

(43)

because
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(Do(1,2)D,(3,4)ls - 55D, (1,2)D,(3,4))
== <(I)U(192)(Dx(394)|s1 . s4|(Dx(192)<Du'(3’4)>
== <(I)a'(1 »2)CD)¢(3’4)|S2 : s3|q)x(1 ’2)(D0(3»4)>

1
= <q)0(1’2)(1)x(374)|s2 . s4|q)x(1’2)q)0'(374)> = Z

(44)

They can be regarded as a Davydov pair.?! On the other
hand, we obtain

Vr=ley), WI=|el). (45)

Now let us consider the origin of the 64 cm™' Raman

peak. Fleury and Loudon® presented the theory of Raman
scattering by one- and two-magnon excitations. The first-
order (one-magnon) Raman scattering can be explained by
the spin-orbit interaction mechanism involving an electric
dipole coupling which proceeds through a spin-orbit cou-
pling in the magnetic ions. This mechanism does not work in
the spin-gap state because the total spin is quenched com-
pletely in the spin-singlet ground state.?® In the second-order
magnetic Raman process of magnetic materials, the ex-
change integral works between the pair of magnetic ions.
This mechanism plays an essential role in the spin-singlet
ground state because the total spin S, and its z component
S¢ . are conserved in this Raman process.”® The Raman
Hamiltonian in the photon-induced exchange-interaction
mechanism is fundamentally given as?%33-38

Hr= > Fk,k’(Ein'fk,k’)(Esc'fk,k’)sk‘sk” (46)
(k")

where E’in and E « are the unit vectors of the electric fields of
the incident and scattered lights, respectively. Here 7/ is a
unit vector connecting s; and sy, and F; ;s is the matrix
element for the Raman process accompanied by simulta-
neous changes in the spin components at kth and k’th spins.
Since the exchange interaction along the ¢ axis is very weak,
the Raman Hamiltonian in NaV,05 can be written as

Hyr=Fii(Eiy-B)(Eg-b)(s, -5, +55-54)
+ Fp(Ey b)Y (Ey - b)(s,-sy+53-55). (47

Here F; and F|, comes from the intradimer and interdimer
exchange interactions, respectively, in a ladder. There are
two kinds of ladder in the charge-ordered state.® However,
we assume that the coefficients F|; and F, for s;-s, are the
same as that for s5-s4, although they are slightly different
from each other. Moreover, the Raman Hamiltonian by the
interladder exchange interaction is omitted because the first-
order Raman-scattering probability from the spin-gap mode
by it becomes zero using the following matrix elements:

<‘P;|Sl : S4|q’a> = (‘If;|s2 : Ssl‘l’a>
=(Wls; - 55/ ¥,
=(Wlls; 54/ W) =0. (48)
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Then we obtain the Raman intensity / from the S,=0 charge-
ordered spin-triplet state W proportional to

2

in the first-order scattering process, where the Raman tensors
a,, (V) for W7 are given as

ap,(U7) = F (W (sy - 5o+ 83 59)|W,) = i\“EF\nAB
(50)

by using the matrix elements
1
(Wilsi -2 Wo) = (Wilss s W) =i=AB - (51)
N

in a dimer. On the other hand, we obtain that the Raman
intensities are zero for the other charge-ordered triplet states
v, ‘Iff , and ‘Ifzi . The S,=0 charge-ordered spin-triplet state
W neither split nor shifted in energy when the magnetic
field was applied parallel to the x direction. Therefore, we
assign the 64 cm™! peak as it.

The present selection rules indicate that the spin-gap
mode is Raman observable in the (bb) polarization. The
64 cm™! peak was observed strongly in the (bb) polarization
configuration and also weakly in the (ab) one." In the spin-
singlet dimer, the charge is partially distributed at the right
side of a rung while it is distributed at the left side of the
other rung, as shown in Fig. 10. Consequently, the zigzag
spin chains are formed in the charge-ordered state. Then the
unit vector 7 , (3 4) connecting s, (s3) and s, (s4) in Eq. (46)
cants toward the a axis from the b axis, resulting in appear-
ing of the a component. Therefore The 64 cm™' peak was
weakly observed in the (ab) polarization configuration.
Moreover, it was also detected in the (aa) polarization con-
figuration under the resonant condition'®* because this po-
larization is the weakest.

Since the Raman intensity from the S,=0 charge-ordered
spin-triplet state W is proportional to (AB)?=45*(1-44%), it
is zero not only when =0 but also when 6=0.5 in the com-
plete charge disproportion. It has a maximum at
6=1/2y2~0.35. Ohwada et al. studied x-ray diffraction un-
der high pressures in NaV,0s. They observed the tempera-
ture dependence of the intensities of the superlattice reflec-
tions under high pressures, which fit the relation of
Ix[1-(T/T,)]*#, where pB=0.16 in C,, phase and
B~0.08 in C; phase. Temperature dependence of the charge
disproportion parameter 6 has not been reported but /; re-
flects 6°. The fact that 8 in C,,, phase is larger than that in
C, phase, suggesting that ¢ in the latter phase grows more
rapidly than the former. Probably the formation of the super-
lattice modulation along the ¢ axis strongly retards the
growth of &. Then it was difficult to detect it just below T} in
C,,4 phase. Moreover, with increasing pressure in C;,4 phase,
the intensities I, of the superlattice reflections decrease,
which coincides with the fact that the spin-gap mode de-
creases in intensity on pressure.

However, only the above-mentioned reason cannot suffi-
ciently explain a large deviation of around 10 K between T,
and 7, in the phase boundary of C;,, phase. It is worthwhile
to note that the magnetic I" points at ¢,,,=(0,0,0) and
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qm=01/2,1/2,0) do not correspond to the lattice-
modulation wave vector ¢,=(1/2,1/2,1/4) in C;, phase.
Then we infer a following possibility. The Raman intensity
from the S,=0 charge-ordered spin-triplet state ¥} should be
directly coupled to the formation of § with ¢, i.e., 8q,).
They can be coupled with each other by replacing &(q,,;)
with 8(q,)8(—q,), where ¢,,;=(0,0,0). Then the Raman in-
tensity from the spin-gap mode is approximately propor-
tional to [ 8(q,) [ 8(—q,) 1> [1-(T/T,)]*# near T, and grows
slowly with decreasing temperature, and the temperatures T,
that the spin-gap mode vanished are about 10° lower than the
x-ray-diffraction result in C;,, phase. On the other hand, the
magnetic I' point, which is probably located at (1/2,1/2,0)
although it has not been observed yet in C, phase, corre-
sponds to the lattice-modulation wave vector g,. We, there-
fore, observed the spin-gap mode even just below 7. How-
ever, it was difficult to detect it above 2.7 GPa because &
decreases on pressure. It is inferred from the weakening of
the anomaly of the dielectric constant under high pressures.’”

This explanation can apply to the folded phonon modes at
646 and 944 cm~! in the present study, which lie probably at
the Z point, ¢=(0,0,1/2). This wave vector is 2 X g, in Cy4
phase, where ¢,=(1/2,1/2,1/4), suggesting that the Raman
intensities of the folded phonon modes are proportional to
{8(g,)}* and has a similar temperature dependence to the
spin-gap mode. It was observed at ambient pressure by
Kuroe et al."> We speculate that the T, obtained by the spin-
gap mode deviates from that of the folded phonon mode at
high pressures in C,,4 phase,?* as shown in Fig. 5, because
the appearance of the complicated superlattice structures af-
fects strongly the long-range ordering of the magnetic struc-
ture near 7.

From a point of view of a weakly interacting zigzag-chain
system, the second term of Eq. (47) having the coefficient
Fy,, which works between the adjacent spin-singlet dimer
states in a ladder, creates the second-order magnetic Raman
scatte:ring,28 i.e., two magnetic excitations with wave vectors
of ¢ and —q. It reflects their density of states when the inter-
action between them is weak.?®?%3 The peak at 132 cm™!
was ascribed to the second-order Raman scattering from
magnetic excitations by this mechanism. It has a tail extend-
ing to about 410 cm™!,'5-20 although we did not observe this
tail in the present experiment. The peak at 132 cm™' comes
from the large density at the bottom of the dispersion curves
of the magnetic excitations.

Next let us discuss the 86 cm™' Raman peak. Gozar and
Blumberg?! studied it by resonant Raman scattering under
high magnetic fields. It is very weak and detectable under the
resonant condition, and splits into two peaks when magnetic
fields are applied parallel to the b and ¢ axes, but it neither
shifts nor splits when a magnetic field is parallel to the a
axis. Valent et al.** theoretically studied Raman scattering in
quasi-one-dimensional antiferromagnetic spin chains consid-
ering the Dzyaloshinskii-Moriya (DM) interaction. They
concluded that a single magnon excitation probed by Raman
scattering should show no splitting in external magnetic field
parallel to the DM vector D and it should split into two
branches for a field perpendicular to the DM vector. The
86 cm~! Raman peak corresponds to this prediction if the
DM vector D is parallel to the a direction.?! Sakai et al.*!
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theoretically studied the selection rule of the ESR absorption
from the spin gap by taking the DM interaction into account
and they concluded from the experimental result'' that the
DM vector is parallel to the a axis in NaV,05. A similar
problem for the far-infrared absorption was discussed by
RoGm et al.'*

Recently, Sawa et al.* studied the detailed crystal struc-
ture in the charge-ordered state below 7. and stated that the
structure of C;,, phase consists of four inequivalent V sites
on the ab plane and the inversion symmetry is broken be-
tween the two rungs forming the spin-singlet state. Damas-
celli et al.’! also stated that a local charge disproportion on
each rung of the ladders destroys the inversion symmetry.
This suggests that the antisymmetric DM exchange-
interaction works between two spins in the charge-ordered
spin-singlet state,

HDM=D'(SIXSZ_S3XS4)7 (52)

where D is the DM vector. When D is parallel to the «
direction (a=x, y, or z), the ground state is changed by the
following matrix element:

<qf;|HDM|\I,(r> = lp’ (53)
where

D(Az—Bz)/\E for Dlla=x
p= 2 A (54)
DA“/N2 for DIl a=y,z.

And other matrix elements against the ground state W are
zero. This result indicates that the DM interaction mixes the
charge-ordered spin-singlet ground state ¥, whose energy is
replaced by zero, with the charge-ordered spin-triplet excited
state ¥, (a=x,y,z) possessing an energy of &_,

V,(g) = )2(wg+ ,-%r«p;), (55)

1
Ey
I+ (—
p
1
E\2
1+ (—e>
p
giving a probability of Raman scattering from the magnetic
excitations W_(e). Here the energies E,, of the ground state

W, (g) and E, of the excited state W (e) are, respectively,
given as

Wile) =

a

E, i
Y, +i—W¥ ) (56)
p

e —\el+ 4p°

E,=——7—7—"7,
2

2 2
e_+Ve_+4
E;=+l). (57)

When Dlla (a=x,y,z), we obtain
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(Wale)l(sy -55+ 53 59)|W,(8)) = - \—/2[14,)2 (A*-B).

(58)

Then the charge-ordered spin-triplet excited states W_(e)
(a=x,y,z) become Raman active using the Raman Hamil-
tonian given by Eq. (47).

Gozar and Blumberg?! studied the resonant Raman scat-
tering of NaV,0s and observed a spin-gap mode at
E,=E,-E,=86 cm™' in the resonant region of the incident
light. Moreover, they observed no change in this peak when
the magnetic field is applied parallel to the a axis but a
double splitting of this peak when the magnetic field is ap-
plied parallel to the b or ¢ axis, which indicates that the DM
vector D is parallel to the a crystal axis. Here, we always set
the applied magnetic field to be parallel to the x direction.
The DM vector D is parallel to the x direction, i.e., the mag-
netic field, when the magnetic field is parallel to the a axis.
Then the 86 cm™' Raman peak neither shifts nor splits.>! On
the other hand, the DM vector D is perpendicular to the
applied magnetic field, i.e., the x direction, when the mag-
netic field is parallel to the b or ¢ axis. The 86 cm™' Raman
peak splits into two peaks, taking Eqs. (33) and (34) into
account.?! Therefore, the 86 c¢cm~' Raman peak can be as-
signed as the charge-ordered spin-triplet excited states W_(e)
(a=x,y,z), which are activated by the DM interaction. Since
the DM interaction is probably weak, i.e., D| <J,,J), this
peak whose Raman intensity is proportional to D? becomes
detectable only under the resonant condition. When the DM
interaction exists, the Raman Hamiltonian with the same
form as Eq. (52) should be taken into consideration.*® How-
ever, the above result does not change, taking Egs. (53) and
(54) into account.

Meanwhile, another charge-ordered spin-triplet excited
state W7 with an energy of e, is not affected by the DM
interaction and it was observed at E;j:s .—E,=64 cm™ in
the present experiment at ambient pressure. The ground state
W, (g) includes a small quantity of the triplet states W, be-
cause the DM interaction is weak. Then the energy of W ,(g),
E,, is almost unchanged under magnetic fields. Therefore,
the 64 cm™' Raman peak neither shifts nor splits under the
applied magnetic fields. Other charge-ordered spin-triplet ex-
cited states ‘I’;’ and \I’;’, of which energies depend on mag-
netic field, remain Raman inactive.

V. CONCLUSION

In this paper we studied Raman scattering at low tempera-
tures under high pressures in NaV,05. We observed the spin-
gap mode, which appears at 64 cm™' at ambient pressure,
not only in C;, phase but also in C, phase of the devil’s
staircase-type phase structure, indicating that C, phase is
also a spin-gap state. However, we could not detect it above
2.7 GPa. In C;,; phase, the temperatures that the spin-gap
mode vanished are about 10° lower than the x-ray-diffraction
result. We discussed the selection rule of the spin-gap
mode, taking the charge disproportion parameter & into
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consideration. The incomplete charge disproportion in the
zigzag-chain structure plays an essential role in its activation
in the Raman-scattering process. The charge-ordered S,=0
spin-triplet state W mixes with the spin-singlet ground state
and becomes observable in the exchange-interaction Raman
process. Therefore, it neither shifts nor splits under magnetic
fields. We assigned the spin-gap mode observed in the
present experiment as this excited state at the magnetic I’

PHYSICAL REVIEW B 81, 054407 (2010)

point. This wave vector does not correspond to that of the
superlattice in C;,4 phase, leading that the spin-gap mode
could not be detected in the vicinity of 7,.. The DM interac-
tion introduces that another spin-triplet excited state W_(e)
(a=x,y,z) is mixed with the ground state. This mode split
when a magnetic field is applied perpendicular to the DM
vector. The 86 c¢cm~! mode, which was observed by the reso-
nant Raman scattering,?%?! is assigned as it.
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