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We have investigated the structural properties of Nad/under hydrostatic pressure up to 38 GPa at
ambient temperature by high-resolution angle-dispersive x-ray powder diffraction. The compression is highly
anisotropic with thec direction being the soft axis. The pressure dependences of all three axes exhibit pro-
nounced nonlinearities including negative compressibility foralendb axes. A reversible structural phase
transition towards a pseudotetragonal monoclinic phase starts near 25 GPa and is completed at 35 GPa.
Full-profile refinements of the diffraction data provide the internal structural parameters for the low-pressure
phase, showing that the structure evolves from a pyramidal towards an octahedral coordination of the vana-
dium ions.[S0163-182809)50334-3

Sodium vanadate’-NaV,0Os was proposed to represent for the interpretation of pressure effects on the physical prop-
the second inorganic compound that undergoes a spin-Peieksties of low-pressurer’-NaV,05 and demonstrate a pos-
(SP phase transitioh. Magnetic-susceptibility measure- sible high-pressure phase-transition route of reldigDs
ments reveal typical features of a SP system: At high tem-compounds |1 denotes transition metahnd their interca-
perature the susceptibility as a function of temperature idated variants.
well described by the Bonner-Fisher mddelf a one- The structural properties o&’-NaV,05 under pressure
dimensional antiferromagnetic spir5=1/2 Heisenberg
chain! At a temperature oT~34 K, the magnetic suscep- (a)
tibility of «'-NaV,Os drops rapidly, indicating a transition
to a nonmagnetic spin-singlet ground state. The opening of a
gap in the magnetic excitation spectrum and the lattice
dimerization accompanying the transition were evidenced by
inelastic neutron scattering and by x-ray and neutron diffrac-
tion, respectively:®

The crystal structure of'-NaV,Os is shown in Fig. 1.
Double chains of edge-sharing distorted s/€quare pyra-
mids are running along thedirection. The chains are corner
linked within the ab layers. Sodium is intercalated in
between sheets which are stacked alongctdéection. Re-
cent redeterminations of the crystal strucfafdndicate the
space grouf®mmnwhich implies equivalence of all vana-  (b)
dium sites. In view of an average valence of 4.5 for the V
atoms, a formation o5=1/2 chains is not obvious. This
guestion triggered an active debate about the microscopic
origin of the one-dimensional magnetic properties and the
character of the phase transitibf*° Also, a number of ex-

perimental findinggsee, e.g., Refs. 4,11-Jldre inconsistent b
with or deviate from the expected behavior of a typical SP
system.

We report here an investigation of the structural proper-

ties of a’-NaV,0g at high pressures. The study was in part
motivated by the inherently close relation between elastic g, 1. Crystal structure of’-NaV,Os. () Sheets of VQ
and magnetic properties in SP systeth&Furthermore, this  gistorted square pyramids are stacked alongdhiirection with
study addresses the question of the stability of the layereghtercalated Na(b) Edge-sharing V@ pyramids facing up and
structure ofa’-NaV,0Os and the pyramidal oxygen coordina- down form double chains along thedirection. Chains are corner
tion of V atoms at high pressure. Our results provide a basisonnected within the layers.
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chosen as the pressure medium. The DAC was rocked by
+3° to improve the powder averaging. Pressures were mea-
sured by the ruby luminescence method using the calibration
of Ref. 18.

Crystals of Na\Os were grown by a self-flux method
from a 5:1:1 mixture of Nav@, V,0;, and \,0s.X® The
chemical composition of crystals from the same batch was

. et . determined as N&,0, with x=0.996(3) andy=15.00(6)

RN T e (cf. sample No. 4 in Ref. 24 The heat capacity,(T)
i e showed a single\-shaped anomaly afsp=33.2 K The
powder sample was prepared by grinding a single crystal at
liquid-nitrogen temperature.

Typical diffraction patterns of Na)Os in the pressure
range 0—38 GPa are presented in Fig. 2. Diffraction peaks
due to nitrogen, which becomes solid near 2.5 GPa at ambi-
ent temperatur& are marked by asterisks. From the patterns
depicted in Fig. &) it is evident that a structural phase tran-
sition starts near 24 GPa.

g Up to 19 GPa the diffraction patterns were suitable for
g N full-profile refinements of the lattice parameters as well as
38.4 GPa 2 p the atomic positions. The strongest dliffraction peaks were
A A e I wenr T excluded in the analysis. Refinements were performed using

4 5 6 7 8 9 10 the programcsp.® A correction for preferred orientation of
Diffraction Angle 26 (deg) the Na\LOs crystallites was taken into account. Typically,
the residuals for intensities and the full profile amounted to

FIG. 2. X-ray powder diffraction patterns of Na@s at differ- R =0.15 andRp=0.20, respectively. The results for the
ent pressuresT(=298 K). Reflections due to solid Nare marked — atomic coordinates and lattice parameters are summarized in
by asterisks(a) Low-pressure phase at 9.4 GPa. The lower curveTable | together with the zero-pressure single-crystal results
represents the difference between the observed and calculated piof Ref. 6 which are consistent with our lowest-pressure val-
file. (b) Transition from the low- to the high-pressure phase. Peakges. For pressures higher than 19 GPa the lattice parameters
marked by an H in the 24-GPa diagram are attributed to the highyyere determined directly from the positions of nonoverlap-
pressure phase. ping diffraction peaks.

Figure 3 illustrates the pressure dependence of the lattice
were studied up to 38 GPa by angle-dispersive x-ray powdegparameters in the low-pressure phase. The compression is
diffraction at the European Synchrotron Radiation Facilityhighly anisotropic with the soft direction being along the
(ESRF Grenoble, beamline ID9Monochromatic radiation axis. Thec parameter shortens by 24% at a pressure of 29
of A\=44.78 pm was used and the diffraction patterns were&sPa, whereaa andb show an anomalous pressure depen-
recorded on image plates. The images were integrated usirence on a much smaller scale-efl% (cf. inset of Fig. 3.
FIT2D (Ref. 17 to yield intensity vs 2 diagrams. For pres- Under pressure increasesy 1% up to 13 GPa and moder-
sure generation a diamond anvil céDDAC) was used. In ately decreases thereafter, adopting the zero-pressure value
order to produce nearly hydrostatic conditions nitrogen wasgain at 29 GPa. In contrastfirst decreases with increasing
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TABLE I. Structural parameters of Ng®@s for various pressures. Zero-pressure data are single-crystal
results of von Schneringt al. (Ref. 6.

Coord. 0 GPa 0.7 GPa 5.4 GPa 15.5 GPa
ZNa 0.35935) 0.36Q2) 0.3562) 0.4093)
Xy 0.097894) 0.09832) 0.09632) 0.094@3)
Zy 0.107733) 0.11116) 0.11547) 0.094210)
Xo1 0.11432) 0.11147) 0.10997) 0.094@9)
Zo1 0.44225) 0.4582) 0.4842) 0.5434)
X02 —0.0729(2) —0.0741(7) —0.0785(7) —0.0824(9)
Zo2 0.01215) 0.0142) 0.0082) —0.041(4)
Z03 —0.0189(5) —0.013(3) 0.021®) 0.0586)
aA) 11.3112) 11.29664) 11.28774) 11.2525%5)
b (A) 3.61056) 3.614%1) 3.63241) 3.65122)
cA) 4.80Q1) 4.68411) 4.23882) 3.85062)
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FIG. 3. Lattice parameters @i’ -NaV,0s5 (low-pressure phage

as a function of pressure. Solid lines are guides to the eye. The inset FIG. 5. Pressure dependence of the intra- and interlayer V—01
depicts therelative changes of andb. distance.

pressure up to 4 GPa, then increases up to 10 GPa, afi@uous change from a square pyramidal towards a distorted
finally decreases again at higher pressure values. octahedral coordination for V. In fact, from the refinement of
From the lattice parameter data we obtain the pressurge positional parameters we infer that up to 20 GPa the main
dependence of the cell volume shown in Fig. 4. &)  effect of pressure is to move the apex oxygé®d) into a
dependence is well described by a Birch relatfon more symmetrical position in between V ions belonging to
s ;s s, 5 neighboring layers. This is illustrated in Fig. 5 which com-
P(V)=3Bo(v'—=Vv>)[1-2(B'=4)(1-v)], 1) pares the distance between the V atom and the apex oxygen

wherev = (V/Vo)~ Y3 The volume at zero pressure was Setywthln the pyramid with that for the corresponding oxygen

to Vo=196.2 & in accordance with an independent struc-'on in the adjacent I.ayer. Whilg the intrapyramid distance is
ture determination? Fitting Eq. (1) to the experimental data hardly affected, the interlayer distance decreases strongly un-
yields the bulk modulug,=24+3 GPa and a pressure de- der pressure. An increased layer interaction becomes evident
rivative B' =12+ 3 at zero pressure. The large valueRdf also from our f|lrst Raman experiments Wh|chishow a pro-
(compared to typical values o'~4-6 for three- Nounced softening of the V-O1 phonon (970 Grat am-

dimensionally connected crystalis characteristic for mate- %Egtccoonqﬁ:ﬂgzis)é;—;sgs gfx Bﬁg;nc?nng‘?eﬂizrﬁi\(/aesal[oarnp?gsgl?és
rials with strongly.anisotropic compression properties Sucrl)elow 10 GPa that is closely related to the anomalous behav-

?;Gtgce% zfrchetypmal graph?f’e or the SP compound ior of the a and b axes. The refined positional pqrqmeters
The diﬁerence between the and c lattice parameters is suggest tha}t these effects are caused by a smaII. t!Itlng of the
reduced significantly under pressure, which implies a conyo5 pyramids at pressures ar(_)und 5 GPa. The tilting oceurs
' such that the small buckling in the O2-O3 atom planes is

200 = diminished and the O1 atoms give space to the Na ions.

R N:':IV IO i In the pressure range around 25—-30 GPa, where according
190 2¥5 | to an extrapolation of the data in Fig. 5 the V-O1-V chains
low-pressure phase .
- - alongc would become almost uniformly spaced, a new struc-
o 180 . tural phase evolves. This transition is sluggish and is com-
o I Birch-Fit 1 pleted only at a pressure 6f35 GPa. Near the onset of the
g 170 i /vo =196248° ] phase transitiof24 GPa two weak additional peaks were
% 160 1 By =24 £3GPa | seen[20=7.36° and ®=8.37°, not labeled in Fig.(®)],
> I B'=12+3 ] which cannot be attributed to the low- or high-pressure phase
8 150 | 4 and which indicate the possible existence of an intermediate
L . phase or a lattice modulation. Upon reduction of the pressure
140 | high-pressure phase“;;\_\\.: from 38 GPa, the ambient-pressure_ phase s_tarted to reappear
I at 20 GPa, and at zero pressure this phase is fully recovered.
130 oo b o e Diffraction patterns of the high-pressure phase at 38, 24
0 5 10 15 20 25 30 35 40 : P gnh-p P » &5

and 19 GPa can be indexed consistefftiging ~ 20 reflec-

tions) with a monoclinic celf® The unit cell of the high-
FIG. 4. Unit-cell volume of NaYyOs as a function of pressure. pressure phase is close to tetragonal, beandc differ by

The solid line refers to a fitted Birch relatidf). only 0.01 A and the monoclinic angle is close fo=90°.

Pressure (GPa)
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The cell volume changes discontinuously across the phase Nakaoet al?° recently reported the observation of a phase
transition as is shown in Fig. 4. The small volume differencetransition in NaOg at a pressure as low as 13 GPa. In none
[AVIV=-5(1)% at 30 GPhimplies that the number of of our diffraction experiments under quasihydrostatic condi-
atoms per cell remains unchanged. Furthermore, the unit-cefions (N, medium could we find an indication for a phase

parameters of the low- and high-pressure phase are closefyansition at such a low pressure. Only when using a less
related. This suggests an interpretation of the structural tramydrostatic pressure mediu(@sC) our Raman and optical

sition, where the orthorhombic lattice of the low-pressurerefiactivity experiments indicated a pressure-induced transi-

phase expands along thelirection, while the two other axes o starting at 18 GPa. This transition involves substantial

contract. The overall metrical changes are small. This 'nd"changes of the vibrational and electronic properties. It re-

lgatkez t(?a'; ﬂ:e dbastlchst(;uctur.?rl].mtorg:; Ille . edgt_at-hancli ﬁomerr'nains to be investigated if the transition induced under non-
Inked distorted octahedra within pianes with polyne- hydostatic conditions is identical to the structural change re-
dra in neighboring layers sharing corners, is preserved. Th

ratio a/3c is 1.084. Thus, the distortion of octahedra consist

mainly of an elongation along theedirection. The octahedral

voids in the proposed high-pressure structure can accomm

date the Na ions.

Several phases of N5 show a very similar arrangement
of distorted octahedrd:?® Moreover, the axial ratio of the
tetragonalP phase of NbOs is surprisingly close to that

orted here.
In summary, the compression of -NaV,Os is highly

S\pisotropic with thec axis being the soft direction. Further-

more, the compression is nonlinear for all axes with negative
compressibility of thea and b axes. With increasing pres-

sure, the coordination of the V atoms evolves from square
pyramidal towards a distorted octahedral one. This process is
intercepted by a reversible structural phase transition at

given above, except for a factor of 2 difference due to they5_35 Gpa, The structure of the high-pressure phase is pro-

formation of a superlattice iR-Nb,Os along the tetragona
axis (c/6a=1.085). Similar to interpretations of titandR
phases of NjOs, the high-pressure phase of Na&¥ can be
viewed as a distortion of thédealized V,0s structure?’
NaV,0s

ratio there is a small monoclinic distortion.

approaches such a highly symmetric three-
dimensional structure, but in addition to the nonideal axial

posed to be a distorted monoclinic variant of the “idealized”
V5,05 structure. It is also a possible candidate for a high-
pressure phase of,@s which was recently detected by Ra-

man spectroscopy’.
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