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X-ray-absorption spectroscopy of Ndf*-exchangedB-alumina crystal
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The results of x-ray-absorption spectroscopy investigations df'Nadns in a nearly fully exchange®3%)
sodiumB-alumina crystal are reported. The Ridlocal environment is reconstructed using a multishell best fit
procedure and is compared with existing structural models. The experimental extended x-ray-absorption fine-
structure(EXAFS) spectra are also compared with moedl initio FEFF6 calculations based on the x-ray-
diffraction data for the N&" ions located at the BRd) and interstitialA(6h) sites of3-alumina. Neodymium
ions are mainly found near the BRI) sites of the conduction plane, where they are strongly bonded to three
O(5) oxygens located in the same plane and shiftee-tily6 A from the crystallographic positions occupied in
sodium B-alumina. The atoms located at the spinel blocks below and above the conduction plane produce
negligible contribution to the total Nd; edge EXAFS signal due to the polarization effect and, mainly, to
thermal and/or static disorder. The similarity of the local structure around th¥ Nghs in the 8- and
B"-alumina crystals is also discussed.

[. INTRODUCTION mium is highly distorted: the () oxygen atoms are shifted
from their ideal crystallographic positions occupied in so-

Sodiumg-alumina is the parent material of a wide family dium g-alumina so that the Nd<B) distance turns out
of superionic conductors showing very interesting two-~0.56 A shorter.
dimensional transport properties even at moderate tempera- X-ray-absorption spectroscogXAS) can provide more
ture. Its crystal structureR6;/mmc space group exten- — accurate information than XRD about the local distortions
sively investigated since the early 1970s.consists of and correlations of atomic positions, especially in disordered
compact spinel-type blocks of AD; interspersed by low Systems: this is due to the different ways of averaging the
atom density layeréconduction plan@swhere the diffusion  structural informatiorf. Moreover, in complicated multicom-
of the mobile sodium cations occurs. Two adjacent spineponent compounds, XAS allows us to single out the contri-
blocks are held together by columnar A[ED)-Al bonds, with butions from atoms of different types by looking at different
the bridging oxygens () forming a honeycomb lattice, absorption edges. Therefore the use of XAS seems to be very
where the sodium ions can randomly occupy three different
sites (see Fig. 1 Beevers-RosgBR), anti-Beevers-Ross
(aBR), and midoxygen(mid-O) sites. Moreover, significant B—alumina
displacements of sodium ions along the conduction pathways
from the lattice positions to the interstitidl(6h) sites have
been observed by x-ray-diffraction techniqdes.

In the past years, the unique ability gfalumina to ex-
change the sodium content with a large variety of cations has
been exploited, aiming to incorporate in the conduction plane
a relevant amount of optically active ions. Although the dif-
fusion rate of trivalent lanthanide ions in this crystal struc-
ture is very low even at intermediate temperature, Tietz
et al2 were recently successful in exchanging neodymium in
sodium B-alumina crystals, thus opening the door to inves- aBR aBR
tigation of the optoelectronic properties of this material.

X-ray-diffraction (XRD) studies show that at high extent FIG. 1. Local structure of sodiung-alumina: the possible so-
of exchange, the Nt ions occupy preferentially BRd)  gium sites(BR, aBR, mid-O, and\) are indicated. The positions of
sites(95%); a small par{5%) of the Nd®* ions occupies the  oxygen atoms are shown:(® atoms(solid circles are located in
so-calledA(6h) sites which are locatee-1 A far from the  the conduction region; @2k) atoms(open circles in the spinel
BR site along the conduction pathwagsee Fig. 1 More-  blocks at 2.29 A above and below the conduction region forming
over, XRD suggests that the local environment of neody-a regular triangular prism.
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0163-1829/96/5@.7)/114447)/$10.00 53 11444 © 1996 The American Physical Society



53 X-RAY-ABSORPTION SPECTROSCOPY OF N&EXCHANGED ... 11 445

suitable to study the local structure around the Nd ions irratio than those provided by TEY: therefore we have used
disordered materials such gs and 8”-aluminas. the former in the further analysis.
In a recent paper, we have presented a detailed study of
the electronic and crystallographic structure around the
Nd®* ions in a 60% Nd-exchanged sodiysfi-alumina crys- Ill. DATA ANALYSIS
tal by the XAS technique applied to a powdered sarfipée The experimental spectra were analyzed by the EXAFS
have found that the neodymium ions are mainly located negjatq analysis software package ED&he analysis was per-
the mid-Q9d) sites in the conduction plane; they are formed in the same way as f@"-alumina crystaF.
strongly bonded to two (&) oxygens which are located in | gur previous work, we used two reference compounds
the same plane and are shifted from the crystallographic PQNdCo0; and NdNiO;) to test the reliability of the scatter-
sitions, eccu_pied in sodiug”-alumina crystal, towards the ing amplitude and phase shift functions for the Nd-O pair
neodymlum ions. ) calculated by thererr code® NdAIO;, whose chemical
In this paper we report on the results of XAS studies ateomposition is more similar to Ng-alumina, has been used
the Nd L; edge of a nearly fully Nd-exchanged sodium j, the present work as an additional reference compound:
B-alumina single crystajwith about 93% of sodium content this allows us to test also the data for the Nd-Al pair. The
replaced by neodymium structure of NdAIQ, crystal was generated using single-
crystal XRD dat&, and the total Nd_z-edge EXAFS signal
was calculated by theerre code® The calculations were
[l. EXPERIMENTAL DETAILS performed for a cluster of 7 A radius around the absorbing
Nd atom, taking into account all the single and multiple scat-
tering paths up to third order. The complex Hedin-Lundqvist
potential was used to approximate the exchange-correlation
term. Thermal disorder was introduced through a set of ex-
gonential terms exp(20*i2k2) [k is the wave vector of the
photoelectron defined as in Ref. 5; see also Fig)]3vhere
oiz were found for each scattering path through a best fit

dium B-alumina crystal at 298 K was characterized byprocedure. The results of the calcglation are presented in Fi.g.
single-crystal XRD: it was related to thie6,/mmc space 2. They are in good agreement W|th_t1he experimental data in
group with lattice parametersa=5.58488) A and the yvhole range p.f analysik {10 A and R<.7 A), sup-
c=22.4085) A, respectively. porting the re!labmty _of the _theoretlcz_il scattenng amplitude
X-ray-absorption spectra at the Nd; edge were mea- and phase Sh'lft functions utilized to fit the experimental data
%f the B-alumina crystal.

sured in transmission mode at room temperature using th Th X tal b i ¢ tth
standard setup of the DCI D2IEXAFS-2 beam line € experimental x-ray-absorplion Spectrgig,, at the
Nd L5 edge inB-alumina is shown in Fig. @). The region

(LURE, France. The synchrotron radiation was monochro- g )
corresponding to x-ray-absorption near-edge structure

matized using a $811) double-crystal monochromator. The ) N :
experimental spectra were recorded in the energy range fro ANES) is presented in Fig. (8) where also the previous

6100 to 6700 eV with an energy step of 2 eV and resolutiorpPECTUM of Nd-exchange(@o%) A"-alumina is shown for
of ~1.5 eV. Our sample had a thicknessorresponding to comparison. The EXAFS signal was extracted by using the

Co : : . dure of Ref. 7, as shown in Figs) &nd 3b).
an absorption jump\ ux=0.8 (u is the absorption coeffi- same proce S AT
ciend. It was oriented in such a way that the poIarizationThe b_ackground contributionpac [do_“ed line in Fig. %)]
vector of the incoming x-ray beam was parallel to thie was f'r?’t subtra_cteo! from the experlmental R The
plane. The rotation of the sample around theaxis (the atomiclike contributionu (“zero-line”) was subsequently

direction of the incoming beandid not show any detectable fO_””d by_a multlstepgl)proceduFegt th_e flrst step, a polyno-
polarization dependence of the extended x-ray-absorptiofftial of third order,uq” [dashed line in Fig. @], was least-
fine structurd EXAFS). The theoretical evaluation of the po- Squares fitted to the experimental sigpal,, above the ab-
larization influence on the EXAFS signal suggests that suckorption edgeu§" gives the first approximation to the zero
an effect should be enough small due to the symmetry of théne and is utilized for the normalization of the edge jump
structure. (see below. Further, the correction to the zero line was de-

The EXAFS spectra from a single crystal can be contamitermined by a combined polynomial-splice technidu@uch
nated by Bragg diffraction peaksTo check their possible @ sophisticated approach allows us to remove precisely the
presence in our case, we have done absorption experimer@V-frequency contributions in EXAFS and, thus, to mini-
in transmission mode at slightly different orientations of themize the distortion of the first-shell EXAFS signal. The total
c axis of the crystal in respect with the x-ray beam direction.zero-line functionx,, obtained within the multistep proce-
Transmission measurements were also compared with songkire, is presented in Fig(I3 by a dashed line. Finally, the
measurements performed using the total electron yieldXAFS signal x(k) was calculated asy= (expr— Mback
(TEY) detection technique. All measured spectra were simi— uo)/Ax WhereA u=u" is the edge-jump function. The
lar within the experimental error, indicating the absence ofextracted experimental EXAFS and its Fourier transform
any detectable Bragg reflection in the EXAFS spectra. (FT) are presented in Figs.(@ and 4b). Note that in all

In spite of the similarity, the experimental EXAFS spectrafigures the FT's are not corrected for the photoelectron phase
obtained in transmission mode had a better signal-to-noisghift; therefore the positions of peaks differ from the true

Single crystals of sodiung-alumina, with actual compo-
sition Na; »/Al 1101711, Were grown by flux evaporation. A
93% Nd®"-exchanged crystaNag ogNd g 3Al 11017 1) was
obtained by keeping a platelet in molten Nd@tt 760 °C for
16 h, as reported in Ref. 3. The extent of exchange wa
measured by &2Na radio-tracer diffusion technique. The
crystallographic structure of the 93% Rid-exchanged so-
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FIG. 2. (a) Experimental(dashed ling and calculatedsolid c 4 T T y T T
line) EXAFS x(k)k? of the NdL edge in NdAIO,. (b) Modulus 2
and imaginary part of the Fourier transformed spectra showa)in g 5 L
crystallographic values. As one can see, the EXAFS signals a
in both aluminas are clodéig. 4a)]; however, the EXAFS < 5 |
of B-alumina crystal has more intense fine structures in the o
range 3.0-5.5 AL NN T
As in the case of the Nd.;-edge EXAFS in a Nd- g tr
exchanged60% sodiumpB”-alumina crystal, we have found 5
here too the strong contribution due to the atomic x-ray- z L L

absorption fine structute(AXAFS) [see theu, peak in Fig. -40 -20 o0Eo20 40 60 80
4(b)]. It was determined and subtracted from the experimen-
tal signal as previously doreAfter elimination of the AX-

AFS signal, two main contributions, related to the first three
peaks, can be singled out by the back FT in the intervals
0.6-3.6 A and 3.6-5.1 A, respectivelfig. 5. A brief _ _ _
overlook of the amplitude behavior of these two signals al-  FIG: 3. () Experimental x-ray-absorption Spectrym (solid
lowed us to concluderemembering the different back- 'ne) at the NdL, edge in a Nd"-exchanged(93% sodium

scattering amplitude behavior of oxygen and aluminum at_ﬁ-alumina crystal. The initial stt_eps _of the EXAFS extractior_1 pro-
oms that the first signal originates from a complex cedure are shownu, (dotted ling is the background contribu-

. . (1) . . ot .
coordination shell, while the second one is mainly due to thd'On: Ao (daSh.ed .“nb Is the f|r§t step zero I!ne.related o the
aluminum atoms. The FT signal was back-Fourier transggomé;:(lﬁscc;ntnbptuon and usid 'r:jthe. noArma_hzakt]uon Erocgdure of
; ) b the unction(see text for detai is the edge-jum
formed in the extended rang®=0.6-5.1 A: in this way the ( I A gejump

. . o . unction. (b) Background-subtracted experimental spectrum
EXAFS signal related to the main contributions was single exor— iiback (sOlid line) and the total zero lingu (dashed ling

out and used in the final best fit procedure. Three peakgpiained by the multistep procedure described in tetNormal-
located at~2.0,~3.0, and~4.2 A in the FT of the experi- jzed experimental XANES spectra of the Nd, edge in a
mental EXAFS spectrurfFig. 6(b)], contribute in this range:  Ng3*-exchanged93%) sodium g-alumina crystalsolid line) and
therefore a three-shell model, containing oxygen atfims  in a Nd®*-exchanged60%) sodium 8”-alumina crystal(Ref. 5

the first peakand aluminum atomgor the outer two peaks  (dotted lin@. Eqqqeis equal to 6207.9 eV. The position of the pho-
was used as the first approximation. However, a detailetbelectron energy origifE,, related to the continuum threshold, is
analysis showed that the last peak-a#.2 A has a more shown by a dashed line. For clarity the dotted spectrum has been
complex origin, due to the groups of aluminum and oxygenupwards shifted.

Energy E-E.q4. (eV)
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FIG. 5. Experimental EXAFS(k)k? of the Nd L5 edge in a
Nd3*-exchanged93%) sodiump-alumina crystaldotted ling and
the same signal after Fourier filtration in the range from O to 8
A (upper solid ling. The AXAFS signal is shown by a dashed line.
The lower two solid lines correspond to the contributions from the
first three peaks extracted by the back FT in the intervals 0.6—3.6
A and 3.6-5.1 A. For clarity all the spectra have been vertically
shifted.

Fourier Transform y(k)k?2

Distance R (A)

FIG. 4. (a) Experimental EXAFS(k)k? of the NdL; edge in a
Nd3*-exchanged93%) sodium B-alumina crystalsolid line) and
in a Nd®*-exchanged60%) sodium 8”-alumina crystal(Ref. 5
(dotted ling. (b) Modulus and imaginary part of the Fourier-
transformed spectra shown (a). The position of the AXAFS con-
tribution (ug) is shown by an arrow.

atoms located in the outer shells. Finally, we found that the
use of a four-shell model gives the best agreement with ex-
periment. Note that the inclusion of the fourth shell, contain-

ing oxygen atoms, does not influence the structural param-
eters obtained for the first two shells and only slightly

modifies the parameters of the third shell.

The result of the best fit analysis of the EXAFS function
(performed in the rangk=1.5-10.0 A1) is shown in Fig.

6. A summary of the obtained results is presented in Table I.
We used 12 fitting parametefshree (,R,o?) for each
shelll, which is much smaller than the number of indepen-
dent data pointsNj,g=24 (Nj,go=~2AkAR/7 whereAk and
Ali{lare, respectively, the widths knandR space used in the
fit™).

Note that the values of the coordination numbers pre-
sented in Table | are not corrected for the polarization influ-
ence, and do not correspond to the true coordination num-
bers. In fact, EXAFS measured in single crystals should be

more carefully analyzed, because the polarization effects are
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not spherically averaged. In our case, the contribution of the g ¢ (@ The experimental EXAFS signaldashed ling

atoms in the conduction plane is amplified with respect tosingled out in the range 0.6-5.1 A and its bestsilid line). (b)
that of the atoms in the spinel blocks. On the contrary, therne FT of the best fit signal shown {a) (solid line) in comparison
rotation of the sample arouralaxis (i.e., the direction of the  with the FT of the total experimental EXAFS sigr@ashed ling
incoming beam does not show any detectable polarizationThe intervals corresponding to two contributions shown in Fig. 5

dependence of the Nd;-edge EXAFS.

are indicated.
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TABLE |. Structural data obtained from the best fit analysis of theLlNadge EXAFS(see Fig. 6 and
from x-ray single-crystal diffractionN is the number of atoms located at the distaRc&éom the neody-
mium, ando? is the Debye-Waller factor Note that the values of coordination numbers obtained by EXAFS
are not corrected for the polarization influence. The groups of oxygen atoms located in the conduction plane
are marked by an asterisk.

EXAFS XRD 2
95% Nd in the BR2d) site 5% Nd in theA(6h) site

N R (A) a? (R?) N R (A) N R (A)
o] 2% 2.33
0 4+1 2.63-0.02 0.0%*0.005 3 2.66 4 2.68
o 6 2.79
Al 2 3.25
Al 4 3.29
o] 2% + 2 3.30
o] 2 3.44
Al 6 3.57
Al 6+1 3.51+0.03 0.02-0.005 6 3.61
o 1* 3.64
Al 4 3.91
0 6 4.02
o] 4 4.27
o] 2 4.34
o] 2 4.45
Al 2 451
o) 2% +4 451
Al 4 4.63
0 32 4.7+0.05 0.0030.005 12 4.86 8 4.84
0 12 5.28 z 5.21
Al 10+=3 5.4+0.05  0.02:£0.005 12 5.33
o] 8 5.38
Al 4 5.57

The experimental EXAFS signal has been also comparethe difference between the calculated EXAFS signals for the
to the modekb initio calculations for the Nd ions located at Nd ions in the BR2d) and A(6h) sites.
the BR2d) and A(6h) crystallographic site$.The calcula-
tions were performed by theerrs codé using the same set
of parameters optimized for NdAIQ(see aboveand a fixed
set of atomic positions given by XRDRef. 3 for the The x-ray-absorption spectrum at the Ng edge ing3-
BR(2d) andA(6h) sites. The influence of thermal and static alumina consists of a prominent peak, the so-called “white
disorder was approximated by an average damping terrine” (WL), and the EXAFS above [Fig. 3(c)]. The WL is
exp(—20%k?) with ¢?=0.012 A%. Since we were interested located below the continuum threshold and corresponds to
in checking the correctness and accuracy of interatomic dighe transition from the core statgg,(Nd) to quasibound
tances given by XRD, a comparison between the frequenciestates having thedgNd) atomic charactet.The XANES re-
of the experimental and calculated EXAFS signals was a togion of 8- and 8”-aluminas is similar except that a small
priority. The polarization influence was correctly taken intodifference is present in the WL amplitudes, and the fre-
accourt for the orientation of the crystal in respect to the quency of the EXAFS oscillation above the WL is slightly
polarization vector of the incoming x-ray beam. The result ofhigher in the case oB-alumina[the position of the maxi-
the calculations is shown in Fig. 7. It is clear that the simplemum at~30-35 eV in Fig. &) is closer to theE, reference
use of the atomic coordinates provided by XRRef. 3  valugl. The WL amplitude, the first difference, depends
without any fitting parameters leads to the conclusion thastrongly on the experimental resolution, which was different
the location of neodymium ions in the BRI)-type site is for these two measurements, and on the polarization influ-
more likely than in theA(6h)-type site. Note that perform- ence on the XANES signal. The second difference indicates
ing a set of calculations at different orientations of the polarthat longer distances are present in the first shell of
ization vector, we observed that the influence of the polarf-alumina. This fact is in good agreement with XRD results:
ization effects on the EXAFS signals is much smaller tharthe average Nd-O distance in the first shell is 2.69 A in

IV. DISCUSSION
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3.0 best fit(see Fig. 6 and Table) bive the best agreement with
(a) Experiment the experiment and allow one to specify the XRD dafes a
1 result, one has that the shortest obtained distances, attributed
N 15 ] to the Nd-@5) and Nd-Al3) pairs, are slightly shortened by
> I BR(2d) site ] 0.03 and 0.10 A, respectively, compared to the crystallo-
= 0o | i graphic parameters of sodiugralumina®
i ' Note that some groups of nearest atoms located in the
§ Al6h) site spinel-type blocks above and below the Ndions were not
w -15r T detected. This might be due to the influence of the polariza-
1 tion effect and/or to the high disordé&hermal and/or stat)c
_30 L which increases the Debye-Walle(DW) factor. Our
"0 1 2 3 45 6 7 8 9 10 11 polarization-dependent calculations by #e=Fecodé show
- that even under the highest influence of the polarization ef-
Wave vector k (A7) fect, the contribution from the atoms of the spinel-type
o 3 Tt et blocks should be present in the total EXAFS signal. In fact,
5 [ (b) Experiment the complete disappearance, due to the polarization effect, of
= 2 | ViSAY S ] an atomic contribution can be observed only Koedge ab-
£ ] \/ \V ] sorption when the angle between the polarization vector and
5 Tr BR(2d) site ] the direction toward a group of atoms is equal to 90°. In our
@ 0 p case, we deal with ; edge absorption and no group of atoms
E \/ v \/ forming the 90° angle with the polarization vector is present
= 1 f Al6h) site | in the local surroundings of neodymium within the spinel-
5 . type blocks. Thus, we conclude that the main reason why
s T2r v v ] these atoms are not detectable is the high thermal disorder.
2 g b It is interesting to point out that also for th&’-alumina
0 1 2 3 4 5 6 7 8 the oxygen atoms (B), located in the conduction planes, are
) better detectable by EXAFS than the ones of the spinel-type
Distance R (A) blocks?® Previously, we attributed this effect to evidence of

the correlation in the vibrational motion of neodymium with

FIG. 7. (@) Comparison of the experimental EXAR&K)k? of  oxygens @5) and aluminums ABc) connected to them con-
the Nd L; edge in a Nd*-exchanged93%) sodium 8-alumina  trary to other outer groups of atoms. It seems that this expla-
crystal with the results ofb initio FEFFe6 calculations based on the pation also holds fopB-alumina crystal. A similar influence
XRD data for the Nd ions located at the BR) andA(6h) sites,  of the vibrational correlation was found by single-crystal
respectively(b) The FT’s of the EXAFS signals presented(a. XRD in potassiumg-alumina by Dernier and RemeiR&it

was suggested that definite correlations exist between the

B"-alumind? and 2.75 A ing-alumina® The small differ- O(5) atoms and the potassium ions diffusing in the plane.
ence between the positions of the first-shell peak at about 18ven larger correlation effects were also suggested for bigger
A in two aluminas is also visible in the FT's of their ions, like rubidium%s’ therefore the occurrence of a vibra-
EXAFS signalgFig. 4(b)]. tional correlation in Nd-exchanged sodiyBralumina is not

The best fit of the experimental EXAFS sign@ig. 6)  surprising.
allowed us to obtain a set of structural parameters describing Let us now consider the behavior of the displacement cor-
the local environment around the Nd iofiEable ). Four  relation function(DCF) a5cp, which is equal to the differ-
groups of atoms were found: the oxygens at 2.63 and 4.74 &nce between the thermal mean square relative displacement
and the aluminums at 3.51 and 5.39 A. The obtained atomiéMSRD) af,,SRDh and the thermal mean square displacement
positions.agree better with the Iocat!on of'ngodymiur.n at thG{MSD) UZMSD _t A good estimate of the correlation can be
BR(2d) site rather than at th&(6h) site: this is opposite to . h, 2 :
the case of3”-alumina where the N&' ions occupy prefer- the ratio y=o0pcd oysp,, With y=1 for completely corre-
entially the mid-@9d) sites® However, in both cases the lated motion andy=0 in the opposite casé.However, in
Nd3* ‘ions have similar local environments consisting of general case, thegggp Obtained from the EXAFS DW fac-
eight(or nine oxygen atoms: three oxygen ions up and threetor and theo?s, obtained from the XRD DW factor contain
down in the spinel-type blocks at the distane®.70-2.79 the contributions from both staticzrf,,SRDSI and ofASDSl) and
A plus two (or threg neighbors located at 2.46-2.66 Ain thermal @2sen.  and ol )  disorder,  with
the conduction plane. 2 2 th ‘h .

The difference between EXAFS spectra for neodymium?Msro, = msp,- Therefore, for the experimental data on
ions located at the BRd) andA(6h) sites can be seen from UfASRD and UfASD, one has
the results of thab initio EXAFS calculations shown in Fig. 5 )
7 (see Sec. Il for details of the calculation#t is clear that OMsDy,~ IMSRDy,
the calculated signals differ significantly both kinand R Y| 2 .2
space and that EXAFS of Nd-exchang@eélumina shows a
distortion of the local structure in comparison with that of For the Nd-@5) atom pair,ogrp is about 0.012 & (see
“true” crystallographic sites. The results obtained with the Table ) ando?gp is about 0.05 & (see Ref. Band thus the

()

2 2 .
OMsDy, ™ TMsD
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value of y=0.8 is high if static disorder is present. If static correlation of atomic motion of neodymium and oxygen at-
disorder is absento(,%,,SDSfO), the value ofy will be even oms in the conduction plane is the strength of the N&O
higher. Thus the comparison of the EXAFS and XRD Dw Short bond. _

factors allows us to recognize the presence of a highly cor- "€ absence in the Nid; edge EXAFS of any detectable
related motion. The reason for the high correlation of atomiccontribution from nearest atoms of the spinel-type blocks

motion of neodymium and @) oxygens located in the con- (located below and above the conduction plaisemainly
duction plane is the strength of the NdBD short bonds due to thermal and/or static disorder, which leads to very

This result implies a much tighter binding of Rd ions rapid amplitude damping of the EXAFS signals from these

compared to N& ions in B-alumina, which is consistent &t0MS.
with the result that sodiung-alumina is a much better con-
ductor than Nd-exchanged sodiyaalumina. ACKNOWLEDGMENTS
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