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Structural relations between two ground states of NaV,05 under high pressure:
A synchrotron x-ray diffraction study
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Structural relations between two ground states of the axial next nearest neighbor Ising compound NaV,Os,
Cy,4 and C( phases below and above the transition pressure P-=1 GPa, were investigated by x-ray diffraction
and scattering techniques. The structure of the C, phase is well explained by the A (A’) pattern, which is one
of four layers (AAA’A’) of the C,, phase, however, the amount of the atomic shifts under the conditions
1.6 GPa and 6 K is 27% that under ambient pressure. On the other hand, resonant x-ray scattering showed that
the charges are disproportionated under high pressure. Based on these facts, it was concluded that charge
disproportionation corresponds to the Ising variable in NaV,0s, where the atomic shifts are regarded as
linearly coupled to the Ising spins. These results lead to the hypothesis that the competitive interactions
between the Ising spins may result from the Ising spin-phonon coupling.
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I. INTRODUCTION

The most exciting phase diagram in statistical physics—
devil’s flower—has been reproduced perfectly in a
temperature-pressure (7-P) phase diagram of NaV,0Os as
shown in Fig. 1.1'2 Application of high pressure changes the
lattice modulation along the ¢ axis of NaV,05 drastically.
Precise x-ray diffraction experiment makes it clear that a
large number of transitions successively take place among
higher-order commensurate phases with 2a X2b X zc type
superstructures,'?> where a X b X ¢ is the orthorhombic unit
cell under ambient conditions. The arrangement of the modu-
lation wave number along the ¢ axis ¢, defined by 1/z and
attached to “C” in Fig. 1(a), corresponds perfectly to that in
the devil’s flower in Fig. 1(b).

The devil’s flower [see Fig. 1(b)] was first modeled by
Bak and von Boehm in 1980. They proposed the simple
model which is now well known as axial next nearest neigh-
bor Ising (ANNNI) model.>* On the basis of the model, they
carried out theoretical calculations in consideration of two
competitive interlayer interactions between Ising spins [see
Fig. 1(b) inset], i.e., the nearest neighbor interaction J, =0
(ferro) and the next nearest neighbor interaction J, <0 (an-
tiferro), and finally obtained an interesting x-T (k=-J,/J)
phase diagram [see Fig. 1(b)], in which an infinite number of
commensurate phases appear as a function of « and 7. Such
a complicated phase diagram is named devil’s flower be-
cause it seems as if an infinite number of petals bloom from
the k=1/2 position. It is essentially important that there are
only rwo stable ground states as T—0, i.e., 111... (ferro, all
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PACS number(s): 71.27.+a, 61.10.Nz, 62.50.+p

up configuration, ¢=0) state for -J,/J;=1/2 and
1L . (up-up-down-down configuration, g=1/4) state
for =J,/J,<1/2.

In NaV,0s,> which is well described as a quarter-filled
two-leg ladder system,®%, all vanadium ions have an average
oxidation state of +4.5 (V#3*) at room temperature: one elec-
tron is distributed on one V—O—V rung. At T-=34 K,
NaV,05 undergoes a novel cooperative phase transition as-
sociated with its charge disproportionation (2V*3*— V*
+V3%).9 lattice dimerization (2a X 2b X 4c superstructure),'’
and spin-gap formation (A=9.8 meV).!%!! The complemen-
tary use of x-ray structural analysis and the resonant x-ray
scattering (RXS) techniques'>'3 led us to the unique solution
of the superstructure at ambient pressure. It was determined
that the structure of C|,, phase at ambient pressure is crys-
tallographically (a—b) X 2bX4¢ with the space group Cg
—-A112 (No. 5, monoclinic) (see Fig. 2).'%!7 An oblique
charge stripe pattern formed in each V,05 layer (ab plane) is
shown in Fig. 2 as A (A’) and its domains B (B'), respec-
tively, where a black pyramid represents V4*Os and a white
pyramid represents V>*Os. Atomic shifts coupled with the
charge ordering are not shown in this figure. The charge
ordering patterns called A (B) and A’ (B') are related by a
phase shift by 7 along the b axis. The stacking sequence of
the charge-ordered ab plane (A, A’, B, and B’) along the ¢
axis was unequivocally determined by RXS as AAA'A’
(BBB'B’) by focusing on monoclinic single domain.'3-13

In this way, a series of detailed structural studies gave us
a possible characterization of the true character of the Ising
variable in NaV,0Os. Since the temperature-pressure phase
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FIG. 1. (a) T-P phase diagram “devils flower” of NaV,05 (Ref. 1). The hutched area shows commensurate phases unequivocally
identified, while the shaded area indicates more complicated higher-order commensurate or incommensurate phases. (b) Devil’s flower
(k=T phase diagram) obtained from ANNNI model (Refs. 3 and 4). Fractions seen in the phase diagram show the modulation wave numbers.
Black regions are composed of more complicated commensurate and incommensurate phases.

diagram previously observed in NaV,0s (Refs. 1 and 2) very
closely resembles the «-T global phase diagram of the
ANNNI model, it is quite reasonable to understand that the
low-temperature structure of C;, phase with the AAA'A’
sequence corresponds to the phase of g=1/4 with an T7T/]
configuration of the ANNNI model. That is to say, Ising
spins T and | are equivalent to the charge order patterns A
and A'.1

In order to secure positive evidence supporting this con-
jecture, in the present study, we particularly focused on the
relationship between the two ground states of NaV,05 below
and above P-=1 GPa.”> The ground state below P (Cy
phase) is now well known, but the ground state above P (C,
phase) is not yet understood. If the structure of the C, phase
is explained by the A pattern, this will prove that the above
conjecture is correct. That is to say, if the ground state under
high pressure can be simply explained by the A pattern, we
can conclude that the A and A’ patterns make up all the Cq,
phases, for example, AAA’A’A’... (C,s phase),
AAAA'A’A’... (C,j phase), AAAA’A’AAAA'A'A’... (Cyyy
phase), and so on.

The present paper is organized as follows: The experi-
mental details are given in Sec. II. In Sec. III, we show the
result of model calculation for the structural determination of
the C, phase. We will demonstrate that the structure of the
C, phase can be explained as consisting of one layer (A or
A') extracted from the C,, phase on condition that the
amount of atomic shifts decreases under high pressure. In
Sec. IV, we will also show the result of our RXS study. The
present RXS study revealed the charge disproportionation

which occurs in spite of the decrement of the atomic shifts.
Discussion is presented in Sec. V. In Sec. V, we will discuss
Ising spin-phonon coupling, which may be a nature of the
competitive interaction J; and J, along the c¢ axis. It is al-
ready understood that an intersite Coulomb interaction be-
tween d' electrons on the V sites is essential for the charge
disproportionation in the ab plane,” but the origin of the
competitive interaction (J; and J,) which generates the long
periodic superstructure has not yet been found.

II. EXPERIMENT

A. Collection of intensity data under low temperature and
high pressure

In order to determine the structure of the C, phase, we
performed an x-ray diffraction experiment under low tem-
perature and high pressure (LTHP) on a four circle diffrac-
tometer installed at BLO2B1 (SPring-8). Intensity vs Q(hkl)
data at 6 K and 1.6 GPa were carefully collected by the
w-scan method using a scintillation counter. Wavelength was
tuned to 0.4292 A (28.89 keV) with a Si(111) double-crystal
monochromator. For the LTHP experiments, a conventional
He-gas-driven diamond anvil cell (DAC) was mounted on a
closed-cycle He-gas refrigerator. Pressure was generated in
the DAC using a 1:1 mixture of n-pentane:i-pentane pressure
transmitting media and was calibrated from a lattice constant
of NaCl single crystal'® enclosed with the specimen in the
DAC. The sample temperature was monitored with a Si-
diode sensor directly attached to the DAC. We used as-
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FIG. 2. Charge order patterns determined in ab plane, consisting
of two kinds of patterns A and A’, and their domains B and B’. A
and its domain B patterns coexist inevitably on the same layer be-
cause of the loss of a mirror symmetry perpendicular to the a or b
axis (m,,m,) by the phase transition (twin rule). Dotted and solid
lines represent the unit cells above and below T, respectively. The
vectors represent the direction and length of each axis, where f
denotes fundamental and s denotes superlattice. The black pyramid
represents V4*Os and white pyramid represents V>*Os (Refs. 16
and 17).

grown high quality and small single crystal of NaV,05 with
a typical size of 75X 150X 20 um? (a X b X c) grown by the
same method as previously reported.>® Finally, we could
access 18 fundamental Bragg points and 53 superlattice
Bragg points. No peak splitting originating from monoclinic
symmetry was observed at 1.6 GPa and 6 K. We confirmed
that the amount of split angle decreases as the pressure in-
creases. However, this is not a pattern contradictory to the
domain structure.

We mention here that the hydrostatic condition is realized
at room temperature at 1 GPa, while nonhydrostatic condi-
tion under low temperature at 1 GPa. The pressure distribu-
tion inside the DAC chamber is estimated as AP ~0.1 GPa.!
We have controlled the pressure change within 0.1 GPa from
room temperature (RT) to ~6 K, and no nonhydrostatic-
pressure effect has been observed. We also add that the
samples are from the same growth batch at a series of the
experiments.

B. Resonant x-ray scattering study under low temperature
and high pressure

Since the 5.47 keV (energy of the K-absorption edge of
vanadium) x-ray cannot penetrate the diamond anvils, we
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have, thus, developed a He-gas-driven DAC for RXS
(RXS-DAC).2% As shown in Fig. 3(a), 5.47 keV x rays come
into and out of the sample chamber through the Be gasket.
For the LTHP experiments, RXS-DAC was mounted on a
closed-cycle He-gas refrigerator. Experiments were per-
formed on a four circle diffractometer installed at BL-16A2
(Photon Factory). Sampling, pressure determination, and
other operations were carried out in the same way as in the
previous experiment shown in Sec. Il A. A typical size of
samples was 150X 350X 50 um? (aXbXc). We kept the
€;llc configuration all the time, where ¢; is the electric field
vector of incident x ray. Because the K-edge spectra from
NaV,05 exhibit linear dichroism,>'~23 the intensity at pre-
edge has a large azimuthal angle dependence (strongest when
€llc), while there is no dependence at the main edge. The
difference in the azimuthal angle dependence is caused by a
transition mechanism of core electron.?*

C. Fluorescence measurements under high pressure

Fluorescence spectra under high pressure (HP) at RT were
independently taken at the XAFS station of BL22XU
(SPring-8).%> A 19-element solid state detector (19-SSD) was
employed for precise measurements of fluorescence from a
small crystal of NaV,05 in a DAC. As seen in Fig. 3(b), the
19-SSD was set at 90° direction in a horizontal plane, where
the polarization of the incident x ray is ;. For a large cll ¢
component and for a large acceptance angle at the ab plane,
the sample was inclined by about 30° from k;|l5 as shown in
Fig. 3(b). The size of the crystal in the RXS-DAC was 100
X 50% 50 um® (aXbXc).

III. STRUCTURE DETERMINATION OF THE C, PHASE

Since the amount of collectable diffraction data from a
sample in the DAC is limited and they are less than the
number of structure parameters used for the present analysis,
we define a convergence policy: the present analysis will be
successful when the layer extracted from the C;,, phase can
describe the C phase with three adjustable parameters, « for
the amount of the atomic shift, 8 for the thermal parameter,
and v for the domain ratio. The details of the parameters will
be explained next.

As mentioned in Sec. I, the characteristic sequence of the
C,4 phase is AAA’A’. The space group is A112 with an (a
—b) X 2b X 4c unit cell.'®!7 Here, A and A’ patterns are con-
nected by an A lattice and 2; screw axis in the A112 space
group. Meanwhile, we hypothesize that the pattern in C,
phase is AAAA with an (a—b) X 2b X ¢ unit cell. This pattern
is easily introduced by eliminating the A lattice and 2, screw
axis from the A112 space group. That is, the space group is
P112 with an (a—b) X 2b X ¢ unit cell. The unit cell size and
symmetry operation in this space group are shown in Fig. 4.

We used one layer from the C,, phase (AAA’A’ se-
quence) determined by Ninomiya!” at ambient pressure, the
A pattern as shown in Fig. 4. The A pattern satisfies the
requirements of the estimated space group P112, where there
are four independent Na sites, four independent V sites, and
ten independent O sites. All independent atoms are labeled as

094113-3



OHWADA et al.

(a) RXS-DAC

NaV20s5
NaCl

Diamond an

RS T

i Load

N

(b) top view (fluorescence measurement)
19-elements SSD

($ \/ polarization (e j)
LN s xray (k)
\ " NaV20s5 /Gp
b
c

FIG. 3. (Color online) (a) The layout of RXS-DAC. 5.47 keV x
ray comes into and out of the sample chamber through the Be
gasket. Four windows opened on DAC jacket, each with 70° equa-
torial, allow the collection of high-angle diffraction of NaV,0s5
through the Be gaskets. Our target reflection (7.5,0.5,L) locates at
260~100° when the incident x-ray energy is 5.47 keV. (b) Geom-
etry (top view) of the fluorescence measurement under high pres-
sure. 19-SSD was set at the 90° direction in a horizontal plane,
where the polarizations of the incident x ray is ;. Sample was set
to give the clle; component and got the acceptance by the ac plane,
where the sample was inclined by about 30° (=6,) from k;l|b.

seen in Fig. 4. Next, we derived the atomic coordinates
(x,y,2)7 2™ and temperature factor BY; ¥ of the A pat-
tern from Ref. 17, where z is quadrupled to adapt to the
condition g.=0. For easy calculation with the model of the
C, phase, we separate the atomic coordinates (x, y,Z)(l)bl é‘ Fa
into two parts as follows:

0.1 MP. 0.1 MP. 0.1 MP.
(x,y,Z 10 K = (X,y,z 100 K a+ (AX,Ay,AZ 10 K a’ (1)

where (x,y,2)]5 %" is the atomic coordinate at 100 K
(above T, Pmmn) adapted to the PI112 setting and
(Ax,Ay,Az)") MP s the atomic shift of each atom at 10 K.
They are listed in Table 1. Finally, we define the atomic co-
ordinates (x, y,z)é'éKGPa and temperature factor Bé’f{(Gpa of the

C, phase as follows:

(6,,2)6 55 = (x,9,2) 00 o + a(Ax, Ay, Az) 0y P2 (2)
Bé.éKGPa= ﬁZB(l)()l ]g/IPa’ (3)

where a and S are the adjustable parameters for the present
model calculation.
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P112 (No.3)

A pattern
x 50 (shift)

FIG. 4. The structural model of C, phase based on the space
group C3-P112 (No. 3). This structure is pulled out from one layer
of C,;, phase, A pattern in Fig. 2. Black pyramids represent V4#Os
and white pyramids represent V>*Os. Determined shifts of the va-
nadium ions, which are 50 times longer than the determined ones,
are selectively shown by arrows.

Based on the structure parameters shown in Table I, we
obtained the structure factor F of the C, phase. Then we
calculated the intensity by taking the domain structures, the
A and B patterns grown in the C, phase, into account as
follows:

|I|cal= E ai|Fi|2L7 (4)
i=A,B

where F, and Fp are the structure factors of the A and B
patterns (see Fig. 2), and L is the Lorentz factor. a, and ag
are the existence ratios of each domain. The ratio is defined
as ay:ag="y:(1—1), where 7y is one of the parameters for the
present calculation. The final optimized parameter values are
a=0.274, B=0.63, and y=0.43.

Figure 5 displays the observed (black circles) and calcu-
lated intensities (vertical solid lines). The calculated intensi-
ties reproduce the observed intensity oscillations well. It is
especially important that there is no serious superlattice
Bragg spot which is observable, but is not reproduced by the
proposed model. We also show the plot of observed intensi-
ties |/|o,s versus calculated intensities |I|.,; in Fig. 6. All
points follow the line of |I|.y=|I|,p» Which shows that the
present model calculation goes well and the extinction effect
is negligible in the present study. Finally, we calculated that
the discrepancy factor [R factor: R(I)=2||1|gps— lcal /=1l gps]
for fundamental Bragg intensity was Ry(1)=12.7% and that
for superlattice Bragg intensity was Rg(/)=20.0%. Since the
temperature dependence of the superlattice intensity already
saturates at 6 K,2 the factor a=0.274 indicates the reduction
ratio of the atomic shifts by the pressure application P
=1.6 GPa. Incidentally, the factor $=0.63 also shows the
reduction ratio of the amplitude of the atomic vibrations.

Note that since it is impossible to separate the domains
experimentally at the C phase, the observed form factor of
each domain is not determined. We, therefore, adopted not
R(F) but R(I) as the discrepancy factor. Then the value of
R(I) is overestimated rather than that of R(F). In the case of
the fundamental Bragg reflections, we can derive F, and

094113-4



STRUCTURAL RELATIONS BETWEEN TWO GROUND...

PHYSICAL REVIEW B 76, 094113 (2007)

TABLE 1. Structure parameters used in the model calculation are shown. Basic crystallographic sites and

.1 MPa

initial atomic coordinates of each atom are used for structure determination of the Cy phase. (x,y,z)" % * are
the atomic coordinates at 100 K and ambient pressure (above T¢, P,,,,) (Ref. 17) adapted to P112 setting.

(Ax,Ay,Az)0) 2P is the atomic shift from (x,y,z)%

Pa

derived from the A pattern of the C,, phase. (Ref.

17) Shifts of vanadium ions can be visually seen in Fig. 4.

Atom Site (x, v, z (l)blol\l/l(l)a (Ax , Ay, Az)?olol\fl(l)a B(l)o1 IE/I Pa

Nala a 0 0 0.8572 0 0 -0.0024 0.36

Nalb b 0.5 0 0.1428 0 0 -0.002 0.46

Nalc c 0 0.5 0.8572 0 0 0 0.45

Nald d 0.5 0.5 0.1428 0 0 -0.0024 0.49

Vla e 0.15219  0.326095 0.39046 0.00159 0.000595 —-0.00394 0.18

V1b e 0.34781  0.173905 0.60954 -0.00249  -0.001195 0.00834 0.21

Vic e 0.15219  0.826095 0.39046 -0.00141  -0.000905 0.00486 0.21

Vid e 0.34781  0.673905 0.60954 0.00241 0.000905 —-0.00726 0.20

Ola e 0 0.25 0.5187 -0.002 0.0012 —-0.0069 0.38

Olb e 0.5 0.25 0.4813 0.0012 —-0.001 —-0.0091 0.24

02a e 0.17704  0.08852 0.5117 -0.00106  —0.00248 0.0025 0.26

02b e 0.32296  0.41148 0.4883 -0.00024 0.00148 -0.0025 0.49

02c e 0.17704  0.58852 0.5117 0.00084 0.00052 -0.0011 0.27

02d e 0.32296  0.91148 0.4883 -0.00214  -0.00252 0.0047 0.41

O3a e 0.13515  0.317575 0.0521 0.00085 0.002575 -0.0043 0.49

03b e 0.36485  0.182425 0.9479 0.00205  -0.001575 0.0067 0.32

03¢ e 0.13515  0.817575 0.0521 0.00155 0.005575 0.0041 0.49

03d e 0.36485  0.682425 0.9479 0.00155  -0.003575 -0.0061 0.31
Rp(F)=8.0%, because those are unrelated to the domain for- 40000 . . . .
mation. This factor is smaller than R;(I)=12.7%. This shows 35000 | NaV205 fundamental Bragg
that the discrgpancy factor using intensity gives worse values 30000 * Re(1)=12.7% ]
than those using the observed form factor.

Generally, the valence of an ion site under ambient pres- zgggg I cal ]
sure is empirically estimated using the info.rmqtion on atomic @ 150001 ° ObS. ]
parameters such as bond length and coordination number. In = )
the case of NaV,0s, the valence of all vanadium ion sites at % 10000 - 1.6 GPa, 6K
10 K and ambient pressure (C,, phase) was estimated as a 5000 - % ﬁ ]
seen in Refs. 16 and 17. Our present results show that the S 0 : - : ———
atomic shift decreases down to 27% under 1.6 GPa at 6 K. ‘; sl ° superlattice Bragg |
We wondered whether the valence at each vanadium ion site "5 al Rs(l) = 20.0% ]
decreases proportionally after the atomic shift reduces. To c &
clarify the relation of the charge and the lattice under HP, we "ch 3t
have investigated with RXS at LTHP around the — oL hd
V K-absorption edge (5.465 keV). RXS probes the charge
modulation well.!>!%!5 Experiments were performed on a r * I
four circle diffractometer installed at BL-16A2 (PF). 0 oo he JAEE 1IN0 €7 NN

5 10 15 20 25 30 35

IV. CHARGE DISPROPORTIONATION IN THE C, PHASE

We have focused on a series of the energy scans at 15/2
1/2 L (L=1/4 and 0). These superlattice spots are indexed
by using the orthorhombic unit cell of RT phase. It is well
confirmed that the energy profile of 15/2 1/2 L peak at
ambient pressure is realized by the dominant contribution
from the charge ordering with 2aX2bX4c super
structure.!>!413

FIG. 5. Observed fundamental Bragg intensities vs calculated
intensities (upper panel). Observed superlattice Bragg intensities vs
calculated intensities (lower panel). We obtained the discrepancy
factors for fundamental Bragg intensities as Rp(I)=12.7% and for
superlattice Bragg intensities as Rg(/)=20.0%. The adjustable pa-
rameters «, B, and 7y are obtained as 0.274, 0.63, and 0.43,
respectively.
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NaV20s : Co-phase

T T T T

1.6GPa, 6K
Fundamental Bragg

Superlattice Bragg

|I]cal.

FIG. 6. Plot of |I|oy versus |/|y,s taking into account the opti-
mized scaling factors «=0.274, 8=0.63, and y=0.43. The observed
intensities |/|os are well described by the present model.

The calculated off-resonant intensities at L=1/4 and O are
approximately equal when we posit the same amount of
atomic shift at the Cy,, and C, phases. Also, the energy pro-
file at 15/2 1/2 0 can be reproduced by making the contri-
bution from the charge order with 2a X2b X Ic¢ unit cell
dominant. Thus, the intensities at L=0 and L=1/4 are di-
rectly comparable with each other without a scaling factor.
The observed energy spectra at each pressure are displayed
in Fig. 7(a), where L=1/4 (C,,4 phase) at 0.1 MPa, 1/4 (C,4
phase) at 0.6 GPa, and 0 (C, phase) at 1.2 GPa, respectively.
For understanding the pressure dependence of the spectra,
we divide it into three regions as follows: (i) E4 (pre-edge)
the region around 5.468 keV with a single and sharp peak
structure, (ii) E;z (main edge) the region around 5.475 keV
with a double peak structure, and (iii) E. the region above
5.480 keV with a multiple peak structure. The regions ex-
hibit different pressure dependence patterns. As pressure in-
creases, the peaks at £, and E show a large reduction, while
the peaks at Ep are almost constant.

In the case of NaV,0s, the resonant spectrum caused by
the charge order is largely determined by the difference in
the anomalous dispersion of the ions V#* and V°*. The dif-
ference in the K-absorption energy of the two creates a large
resonant intensity at the absorption edge. When the charge
order develops, only the amplitude of the spectrum changes,
but the spectrum shape is similar. That can be seen in the
temperature dependence of the spectrum.!>?* However, the
present spectrum exhibits no similar change of the spectrum
shape as a result of the pressure application. This means that
the changes do not simply reflect the increase and decrease
of the degree of the charge order.

In order to confirm such crucial properties, we have also
studied the pressure dependence of the fluorescence spec-
trum of NaV,0s. Figure 7(b) shows the fluorescence spectra
taken at P=0.1 MPa, 1.4 GPa, and 1.7 GPa at RT. Data were
taken at BL22XU of SPring-8.2 The intensities decrease as
the pressure increases in the energy regions corresponding to
E, and E., while the intensity is constant at the energy re-
gion corresponding to Ep. As is well known, fluorescence

PHYSICAL REVIEW B 76, 094113 (2007)
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FIG. 7. (a) The energy scans at Q=(15/2 1/2 L) observed at
0.1 MPa (L=1/4, Cy;, phase), 0.6 GPa (L=1/4, C,,4 phase), and
1.2 GPa (L=0, C, phase) at 8 K. Note that the intensities above
5.47 keV are multiplied by 8. (b) Pressure dependence of the fluo-
rescence spectra from NaV,0s5 taken at 0.0, 1.4, and 1.7 GPa. Note
that 6,=30°.

intensity yields essentially the same results as more conven-
tional transmission experiments.’® That is, the present
change of the fluorescence spectrum corresponds to the
change of the x-ray anomalous dispersion of vanadium ions.

First, we discuss the resonant peaks at E of Fig. 7(a). The
intensities at E are dominated by the difference in the main-
edge energy of the V4 and V>* ions, which is a result of the
charge disproportionation. The intensities at Ez show directly
the degree of the charge disproportionation. From the pres-
sure dependence pattern in Fig. 7(a), we can conclude that
the intensities at Ep are not dependent on the structural
change caused by pressure, in other words, charges in all
vanadium sites become disproportionate, even though atomic
shifts are suppressed by an increase in the pressure applica-
tion. We could not reach 1.6 GPa in this work because of the
limited strength of the Be gasket, but our conclusion that
there is full charge disproportionation in spite of the reduc-
tion of the atomic shifts under HP is unchanged. Because of
this full charge disproportionation, the intensities at £, and
E. should not change if the amplitude and shape of the
anomalous dispersion are not changed by the pressure. How-
ever, the present results show large intensity reduction at E,
and E¢ under increased pressure. There should be some other
factors causing this.

Secondly, the reduction of the resonant intensity at E, of
Fig. 7(a) will be discussed. We calculated the ratio I,/15 as
shown in Fig. 8(a), where the intensities I, and I are defined
as shown in Fig. 7(b). This ratio clearly decreases as the
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pressure increases. We can understand qualitatively that the
intensity reduction seen at E, is due to the reduction of am-
plitude of anomalous dispersion f" and f” at the pre-edge. A
first principles calculation?* predicts this reduction of the
pre-edge amplitude of the absorption spectrum of V,Os. It
arises from deactivation of the 1s— 3d dipole transition due
to the reduction of antisymmetry around V ion
(O=V----0) along the ¢ axis. Such a reduction of the an-
tisymmetry is already realized by pressure application as
shown in Figs. 8(b) and 8(c).?” The V_O;pical distance (1)
of NaV,0js is known to be strongly compressible, while the
V—0,pica distance is only slightly affected by the pressure
application.””** Therefore, the Ogpic=V""*-O,,;., anti-
symmetry along the ¢ axis can be improved by the pressure
application.

The reduction of the RXS amplitude at E. of Fig. 7(a)
may be related to the reduction of the amplitude of the fluo-
rescence, however, we do not have a clear explanation for
this at present. If we can obtain the pressure dependence of
the anomalous dispersion of V# and V> ions, the nature of
the change at E.- will be clarified.

Finally, the results of the RXS and fluorescence measure-
ments led to two important conclusions. (i) The charges be-
come fully disproportionate under high pressure. (ii) The am-
plitude of the anomalous dispersion of the vanadium ions at
E, and E regions is also greatly changed.

Incidentally, this is a case where a first principles
calculation?* concerning the pre-edge amplitude of vanadium
ion has been confirmed by a pressure experiment.
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V. DISCUSSION
A. Ising spin-phonon coupling

Let us first discuss the Ising variable in NaV,0s. As dem-
onstrated in Secs. II and III, charges become fully dispropor-
tionate in spite of the large suppression of the atomic shifts
by the pressure application. The small reduction of the spin-
gap energy measured by neutron scattering was at most
—1 meV/GPa,*® which supports our findings that the charges
become fully disproportionate under HP. By taking these
facts into account, we postulate that charge disproportion-
ation is the Ising variable (=the primary order parameter) in
NaV,0s. Atomic shifts, which are observable by a conven-
tional nonresonant x-ray diffraction, are also regarded as lin-
early coupled to this variables.

Then, we can deduce that NaV,05 can be characterized
by a strong linear coupling of the Ising system (charge dis-
proportionation) to a phonon mode (atomic shifts), as can be
seen in the typical Ising systems NH,Br (Ref. 31) and A,BX,
(A=K, Rb, and NH,; X=Cl and Br).3> In such a linear
coupled system, the temperature dependence of the primary
order parameter and that of the coupled atomic shift exhibit
the same behavior. In the case of NaV,0s, the behavior of
each component is similar, which is shown by the tempera-
ture dependence of the intensities of the superlattice reflec-
tion both at energies reflecting the charge ordering (on-
resonant) and at those reflecting atomic = shifts
(off-resonant).!?

By the canonical transformation of the phonon coordi-
nates, the Hamiltonian of the spin-phonon linearly coupled
system can be expressed as a simple pair interaction Hamil-
tonian, where an effective pair interaction J is introduced.?!
Including the spin-phonon coupling term, the total micro-
scopic Hamiltonian for the spin-phonon coupled system is
generally set as follows:

1 « « 1
H= EE (pk,spk,s + wi,sqk,SQK,S) - EE ]ijo-io-j
k,s ij

Wk,s ikr;
-2 2 gk, (5)
~ < N k,s9k,sY i

where gy ; is the phonon coordinate with wave number k and
mode s, wy, is the characteristic frequency of the corre-
sponding phonon, N is the number of the unit cells in the
system, py , is a canonical conjugate of gy ,, J;; is the pair
interaction energy between o; and o; separated by the vector
rij» and gy is a spin-phonon coupling constant. Following
the canonical transformation given in Ref. 31, the Hamil-
tonian is expressed in a normalized form as:

1 # 1
Heir= 5 2 (PusPis + 04, QusQi) = 5 2 Jerroi, - (6)
k.s ij

where the effective pair interaction energy J.;; between spins
is given by

1 o
Jetr = kE X,gk,sgk,selk(r‘ ") + Jij- (7)
)
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Since the entire interaction is reduced to the J.y, which
contains the Ising spin-phonon coupling constants gy, the
Ising spin-phonon-coupled ANNNI model can be handled as
the usual ANNNI model. The important requirement of such
an Ising spin-phonon-coupled system is that the interaction
between the Ising spins can be mediated by a phonon mode
over a long range. Such a long range interaction is intro-
duced to describe the devil’s flower in A,BX, type dielectric
materials,>? where the third nearest neighbor interaction is
considered. This feature also makes it possible to introduce
pressure sensitivity to the interaction ratio —J,/J; in the
ANNNI system as observed in NaV,0s. It will be difficult to
explain a change in the positive and/or negative sign of the
interaction to J;=0, J,=<0, or a drastic change in the inter-
action ratio —J,/J; by the repulsive Coulomb interaction
only.

Since the Ising spins are constructed by the arrangement
of the charges, the attractive interaction J; is difficult to de-
rive from Coulomb repulsion alone. The present discussion
of the Ising spin-phonon coupling holds the key to generat-
ing the attractive interaction J; between Ising spins. Such an
attractive interaction between the Ising spins is seen in ferro-
electric LuFe,0,, where T when the unit cell is occupied by
the Fe?* ions and | when the unit cell is occupied by the Fe**
ions.3? In this case, the authors view the origin of the attrac-
tive interaction from a macroscopic view point, hypothesiz-
ing that a charge on the Fe site will induce polarization in the
surrounding dielectric medium which overscreens the core
charge at some distance. The charge placed at a distance
feels the attractive interaction. From a microscopic view-
point, the authors suggest that the excess charge on the Fe
site tends to induce displacement of the surrounding oxygen
ions so that small polarons are formed.??

In the case of NaV,0s, large pressure effects on some
phonon modes were found by Raman scattering at room tem-
perature by Loa et al.>** Raman scattering accurately re-
veals the phonon frequency at momentum transfer AQ=0.
For example, the electron-phonon coupled mode at 453 cm™!
(Ref. 34) is found to be particularly sensitive to pressure,
with a rate of 6 cm™!/GPa, while the V=0picq out-of-plane
stretching mode at 972 cm™! exhibits major softening,
—4 cm™'/GPa. The above results clearly reveal that there are
some phonon modes which are very sensitive to the pressure.
However, we do not know which mode couples to the charge
disproportionation and provides the competing interactions
J,=<0 and J;=0 at present. Precise study of the phonon
dispersions will be needed as seen in the neutron scattering
investigation of K,SeQ,.%

B. Complex behavior near T¢

Finally, we will discuss the remaining question of behav-
ior under ambient pressure (C;, phase), particularly the
complex behavior experimentally observed near 7. Képpen
et al. found out two adjacent phase transitions by thermal
expansion  measurement: 77=33.0+0.1 K and T,
=32.7+0.1 K.>” Moreover, by the 'V NMR and **Na NMR
measurements, Ohama et al. found coexisting resonance
lines of the uniform and charge-ordered phases between 33.4
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and 33.8 K.>* They have a temperature width similar to the
ones observed in the thermal expansion measurements. Since
NaV,0s is supposed to be an ideal ANNNI system, we pro-
pose that it is possible to describe the phenomenon which
happens in the temperature range A7~ 0.4 K with this sys-
tem.

Figure 9 shows the characteristic properties of (a) T, (b)
q. at T, and (c) g, at 0 K of the ANNNI system.>* One can
see from Figs. 9(a)-9(c) that the phase with g.=1/4 never
appears just below T without going by way of an incom-
mensurate phase with g.#0 when —J,/J;<1/4 (=Lifshitz
point). Namely, —J,/J; — (J; —0 or J, ——») is needed for
the appearance of the phase with g.=1/4 just at T.. When
we consider that the —J,/J; of NaV,05 has a finite value at
ambient pressure, NaV,05 will exhibit the incommensurate
phase just below T within the narrow temperature range
AT~0.4 K at ambient pressure, as observed in thermal ex-
pansion and NMR measurements. It is difficult to observe
such an incommensurate momentum transfer by the present
x-ray measurement because of the weak intensity and small
momentum transfer from g.=1/4 just below T at ambient
pressure, and it will be a challenging task for us to find such
an incommensurate phase.

We also show the pressure scale of NaV,0s5 in Fig. 9. It is
very surprising that the ratio of —J,/J; in NaV,05 can be
changed by as much as a factor of 10—10? by the application
of only about 1 GPa pressure. As discussed above, large ef-
fects of pressure on some phonon modes, and major soften-
ing of the V=0, out-of-plane stretching mode at
972 cm™! and the electron-phonon coupled mode at
453 cm™',>* may play a part in the large change in the inter-
action ratio of —J,/J; in NaV,0s.

VI. SUMMARY

We have studied the ground state of NaV,05 under HP,
which is the so-called C; phase. It has been shown that the
structure of such a C, phase can be explained by one layer,
the A pattern in Fig. 2 which is taken from the AAA’A’
sequence of the C;,, phase, on condition that the amount of
atomic shifts decreases under HP. The space group of C
phase was determined to be P112 monoclinic, which is a
subgroup of A112, the space group of Cy,, phase. From the
analysis of model calculation based on P112, the amount of
the atomic shifts at 1.6 GPa and 6 K is found to decrease
down to 27% under ambient pressure. To study the valence
states at each ion under HP, we measured a series of RXS
spectra under 0.1 MPa, 0.6 GPa, and 1.2 GPa at 6 K. The
intensity does not change with pressure at 5.475 keV, where
it is mainly dominated by the edge-energy difference be-
tween V4 and V>*, indicating clearly that there is full charge
ordering in spite of the suppression of atomic shifts by the
pressure application. Based on these facts, charge dispropor-
tionation is regarded as an order parameter and Ising variable
in NaV,0s. Atomic shifts are regarded as linearly coupled to
the Ising spins.

The existence of the Ising spin (charge arrangement)-
phonon coupling in NaV,05 has been demonstrated in the
present study. However, the detailed investigation of micro-
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scopic mechanisms on the interactions J; and J, remains an
important subject to be solved in the near future.

Finally, we would like to mention some interesting pre-
dictions of the ANNNI system. One is the ANNNI model in
external fields,® and the other is diluted ANNNI model.*° In
the former case, the devil’s flower under the external field is
expected to change drastically. However, an external field
affecting the Ising spin (charge ordering) in NaV,0s5 has not
been found as yet. High magnetic field*'~* is not the exter-
nal field for the present ANNNI system. In the latter case, the
Na deficiency can control the Ising spin density in the
NaV,05 system. The effect of the dilution of the spin density
to the ANNNI system should be interesting.
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