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Th e p hase e qui libria re la t ions a nd c rys ta l c he mi s try of portions of the Rb20-Nb20 5 a nd R b20-Ta205 sys te ms 
we re inves ti ga ted fo r s t ruc tures potent ia ll y use ful as ion ic condu cto rs . A hexago na l tungs ten bronze- type (HT B) 
s tructu re was found in bo th syste ms as well a s three hexago na l phases with mi xed HT B- pyroc hl o re type 
s truc tures . l Ull exchange e xpe rime nt s between vari o lls a lka li ions (.I re d esc ribed fo r severa l p hases . Unit cell 
di me ns ions a nd x-ray d iffrac ti on puwde r pa tt e rns a re reported . 

Ke y words : Crys ta l c he mi s try; ioni c condu c tiv it y; non- stuic hi ume try; phase eq u ili b r ia; rub idium Il iobale; rubid ium 
tan ta late. 

1 . Introduction 

Research in thi s labo ratory in the alkali n iobate a nd 
tantalate sys tems has been conduc ted for the purpose of 
determining the phase equi libri a di agrams of th ese syste ms 
and to observe if stru ctures were present whi ch might be 
favorable as ioni c condu ctors [1 , 2]. t In thi s paper th e 
results of the study of porti ons of the RbzO-Nb20 5 a nd 
RbzO-TaZ0 5 systems will be presented. Discussion of the 
remaining alka li niobate and alkali tantalate systems wil l be 
publi shed later. 

The phase equilibri a relati ons in the RbzO-Nbz0 5 system 
were firs t s tudi ed by Riesman and Holtzbe rg [3]. On the 
basis of unind exed x-ray d iffrac ti on patte rns and dens ity 
determinati ons, th e compos itions of 8 obse rved phases we re 
reported. These have the molar rati os, Rb2 0 :NbzOs, of 2: 15 
(11. 75 mol per cent RbzO), 1:4 ,4:11 (26 .67 mol per cent 
RbzO), 1:2 , 2:3, 1:1,4:3 (57. 14 mol per cent RbzO), and 4: l. 

l yer and Smith [4] reported th e preparat ion of phases 
suggested to have the molar ra tios, RbzO: NbzOs, 2:3, 1:2 , 
1:3 (Ries man and Holtzberg's 4 :11), 1:4 , and 1:13 (Ri esman 
and Holtzberg's 2 : 15). In the Taz0 5 ri ch portion of the 
RbzO-Taz0 5 system the only compoun d that was found by 
Iyer and Smith [4] was RbTa30 S. Gatehouse et al. [5] 
reported the unit cell dimensions and pa rti al s tru cture 
determ inations of two of the ni obate phases. One of th ese , 
"RbNb30 9", was reported to have a hexagonal tungsten 
bronze-type (HTB) structure and the othe r, " Rb3Nb540 146", 
had a new tetragonal stru cture with 7-s ided tu nnels called , 
in thi s pape r, a Gatehouse tetragonal-bronze (GTB). 

2 . Methods and Results 

The system Rb20 :Nbz0 5 was inves ti ga ted from the region 
of 73 .33 to 100 mol per cent Nb20 5. Ten compositions were 
prepared by dry mi xing RbzC0 3 and Nbz0 5 and calc ining in 

* This resenrch WlIS purtially supported by NASA- Lewis Researc h Center COil tract C-5082 1-C. 
I fi gures in brackets indicate the literature references at the end of th is paper. 

open Pt cru c ibl es at 500 °C for 120 hours and 600 °C for 90 
hours with intermed ia te grindings. Porti ons from each co m­
pos ition were hea ted at highe r temperatures in sea led Pt 
tubes in res is tance wound que nch-t ype furn aces a nd 
qu enched into water. Temperature was measured with a 100 
Pt/90 Pt-lO Rh th e rmocouple calibrated aga inst th e melting 
points of gold and pa lladium , 1064 a nd 1554 °C, res pec tively 
[6]. The te mpera tures report ed are cons idered to be accura te 
± 5 °C, up to 1500 0c. Sampl es we re ident ifi ed a t roo m 
temperature by x-ray powder diffrac ti on using Ni-filt e red Cu 
radiati on and a I /4° 20/ min scanning ra te . X- ray d iffrac ti on 
powd er palle rns of the quenched spec i mens were used to 
establi sh th e phase equi librium di agram shown in fi gure 1. 
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F,GURE 1. Phase diagram/or the system Nb20 5: 4Rb20:11 Nb2 0 5. 
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Table 1 details the experimental data for this system. Only 
the x-ray diffraction pattern of the phase oc;curring at low 

temperature at about 15 mol per cent Rb20 has not been 
indexed. No single crystals of this phase were obtained. 

Table 1. Experimental Data for the System Nb20S-4Rb20:11Nb20S' 

Composition Previous Heat 
Treatment 

Temp. Time 
°c hr 

500 
500 
600 

500 
500 
600 

500 
500 
600 

500 
600 

1000 

500 
500 
600 

500 
600 

1000 

500 
600 

1000 
1200 

500 
500 
600 

120 
120 

90 

120 
120 

90 

120 
120 

90 

120 

'A 
ill 

120 
120 

'a 

120 

'A 
111 

120 

'A 
111 
16.5 

120 
120 

90 

21.7 5Rh20: 78. 25Nb10S 500 

500 
600 

120 
120 

'0 

Final Heat!!/ 
Treatment 

Temp. Time 
°c h' 

500 12c#-1 
600 ,eft) 

800 66 
900 40 

1000 l~~S/ 1000 
1200 88 

500 12~1 
600 9rft-1 

800 60 
9 00 40 

1000 l~~.£/ 1000 
1075 60 
1200 88 

500 12()~j 
600 9rft-1 

800 60 
900 40 

lOaD 1~~.£1 1000 

1148 16 
1200 88 
1280 40 
1340 1.5 
1349 23 
1352 .25 
1355 .33 
1361 1 
1369 .5 
1375 1.5 
1380 2 

500 12~1 
600 ,rft-I 

1&=-' 750 
750 16~) 
800 66 
900 40 

1000 1~~E.1 1000 
1075 60 
1200 88 

1156 16.5 
1177 24 
1180 23 
1183 64 
1226 18 
1262 18 
1349 23 

1153 ::!?/ 1153 

500 12oE.' 
600 ,rJl.' 

800 66 
'00 40 

1000 l~~E/ 10aa 
1200 88 

500 120~j 
600 ,rft-' 
800 66 
'00 40 

lOaD 1~~£1 1000 
10'75 60 
1200 88 
1241 18 
1250 16 
1280 
1300 16.5 
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Results of 
Physical Observation 

Not melted 

Not melted 
Not melted 
Not melted 
Not melted 

Partial melted 
Completed melted 

Results of X-ray 
Diffraction AnalysiS 

H-Nb ° + 2:3 
H-Nb;O; + 3:17 

H-Nb10S + 3:17 
H-NbZOS + 3:17 
H-Nb10S + 3 :17 

H-NbZOS + GTB 

H-NbZOS + Z: 3 
H-NbZOS + Z: 3 

;;i~ : ~=~2gS 
3,17 + GTB ~ n-Nb205 
GTB + 3 : 17 + H-NbZOS 

~~: : ~=~z~s 
2 5 

H- NbZOS + Z: 3 
H-NbZOS + Z: 3 

GTB 
GTB 
GTB 

GTB 

GTB 

;~~~ + H-Nb 20 S 

3 :17 
3 :17 
3 :17 
3 :17 
3:17 
GTB + HTB 

3:17 
3:17 + GTB 
3:17 + GTB 
HrB + GTB 
HrB + GTB 

HrB + GTB 

GTB + 3:17 
GTB + 3:17 

3:17 + ll-L 
3:17 + ll-L 
3:17 + ll-L 

9L + GTB + HTB 

3:17 + ll-L 

3:17 + 9-L + ll-L 

3:17 + 9-L 
9-L + GTB 
HTH + 9-L 
HrB + 9-L 
HTB + 9-L 
HTB + ll-L + 16-L 



I ab Ie 1. 

500 120 
600 90 

1000 111 
1149 23 9 - L + 3 :17 
1169 18 9-L + 3:17 
1181 89 9-L + GTB 
1184 3.5 HTB + 9-L 
1313 64 HTB + 11-L 
1315 0.5 Not melted 
1320 0.5 Partially melted HTB + 11-L 
1320 22 Completely melted HTB + 11-L 
1328 1.5 Comp l etely melted 
1347 16.5 Completely melted 

23 . 19Rb20 ,76. 81Nb 205 
6}£.1 1000 

21£1 
9-L + HTB 

1200 9-L + UTB 
1255 18 9-L + HTB 
1290 18.5 9-L + HTB 
1306 22 HTB + 11-L 

25Rb 20 , 75Nb205 500 12oE.1 Nb 20 3 + 2:3 
500 120 600 9~1 Nb 203 + 2 , 3 
500 120 
600 90 

800 66 11-L + 3:17 
900 40 

1000 1~~£1 11-L + 9-L 
1000 
1200 88 9-L 
1280 1 9-L + HTB 
1300 40 9-L 

500 120 
600 90 

1000 111 
1290 18.5 
1300 16.5 11-L + HTB 

25. 5Rb20, 74. 5Nb 205 500 6#.-1 
500 63 600 24E.1 
500 63 
600 24 

6g£1 1000 9-L + ll-L 
1249 22 9-L 
1258 67 9-L + l6-L 
1262 16 9-L + l6-L 
1265 17 9-L + 16-L 
1275 117 l6-L + ?tr 
1284 41 16-L + 7tr 
1285 18 l6-L + 11-L 
1287 67 16-L + l1-L 
1291 21 16-L + l1-L 
1294 16 16-l + 11-l 
1297 22 16-L + ll-L 

26. 67Rb 20, 73. 33Nb205500 500 12oE.1 H-Nb 20 S + 2 : 3 
120 600 9~1 H-Nb 20 S + 2: 3 

500 120 
600 90 

750 60 11-L 
800 66 ll-L 
900 40 11-L 

1000 1~~£1 ll-L 
1000 ll-L 
1075 60 ll-L 
1200 88 ll-L 
1241 18 ll-L 
1280 40 ll-L 
1300 40 H-L 

500 120 
500 90 

1000 111 
1290 18.5 ll-L 
1306 22 ll-L 
1316 0.5 Not melted 
1316 16 Partially melted 
1320 0 . 5 Partially melted 
1330 1.5 CompletelY melted 

~'Except as indicated by a footnote the samples were quenched into water from the temperature indicated. 

lIThe samples were calcined in open Pt crucibles and pulled from the furnaces at the temperatures 
indicated. RbZO may have been volatilized during these calcines thereby changing the composition 
to one greater in mole percent Nb 2OS' 

.£.lThe sample was in a large sealed Pt tube and pulled from the furnace at the temperature and cooled 
rapidly on a chill block . 

.!!,'The sample was removed from the furnace at the temperature indicated and immediately dunked into a 
beaker of water" 
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This phase can be identified by its major diffraction peaks 
occurring at d = 6.92,3.97,3.92,3.54,3.44,3.27,3.16, 
2.779, and 2.472 A. X-ray powder diffraction patterns of all 
other phases are given in tables 2-6. Intensiti es listed in 

dabs 

19.53 
13 . 82 
12.34 
9.72 
8.71 
7.64 
6.67 
3 . 964 
3.886 
3.811 
3.672 
3.610 
3.520 
3.435 
3.409 
3.333 
3.238 
3.217 
3.194 
3.131 
3.071 
3.033 
2.980 
2.914 
2.790 
2.778 
2.748 
2.735 
2.669 
2.632 
2.597 
2.585 
2.552 
2.510 
2.500 
2.4886 
2 .4199 
2.4087 
2.3822 
2.3474 
2.2822 
2.2586 
2.1726 
2.1661 
2.1592 
2.1077 
2.0887 
1. 9836 
1. 9628 
1. 9434 
1. 9383 
1. 9328 
1. 9194 
1. 9053 
1. 9005 
1. 8867 
1. 8482 
1. 8267 
1. 8030 
1. 7997 
1. 7666 
1. 7375 
1. 7140 
1. 7039 
1. 6911 
1. 6874 
1. 6752 
1. 6659 
1. 6631 
1. 6601 
1. 6510 
1.6393 
1.6130 
1. 6090 
1. 5915 

Table 2 

X-ray Diffraction Powder Pattern of the "Gatehouse­
Tetragonal-Bronze"-Like Phase Occurring at the 
Composition 11.5Rb20: 88 . 5Nb20 S .~../ 

hki 290bs 28 !!../ 
lobs calc 

110 4.52 4.54 5 
200 6.39 6.43 7 
210 7.16 7.19 6 
220 9.09 9.09 8 
310 10.15 10.17 8 
320 11.58 11.60 9 
410 13.27 13.27 6 
001 22 .41 22.40 100 
111 22.87 22.87 11 
640 23.32 23.32 6 
221 24 .22 24.22 5 
730 24.64 24.65 28 
650 25 .2 8 25.29 19 
800 25.92 25.91 28 
740 26 .12 26.12 32 

820/421 26.72 26.73/26.73 41 
660 27.52 27.52 52 

830/431 27.71 27.71/27 .72 55 
750/511 27.91 27.90/27.91 8 

521 28.48 28.48 4 
840/441 29.05 29.04/29.04 

910 29.42 29.41 22 
760 29.96 29.95 36 
850 30.66 30.66 25 

940/701 32.05 32 . 05/32 .05 8 
770 32 . 20 32.22 8 

10,0,0/860 32.56 32.55/32.56 10 
10,1 , 0/721 32.72 32.72/32.72 7 

950/731 33.55 33.54/33.55 9 
1 0,3 , 0/651 34.03 34.04/34.03 6 

801 34.51 34.51 
870/741 34 .6 7 34.67/34 .67 9 

10,4,0/821 35.14 35.14/35.14 15 
661 35.74 35.76 9 

11,0,0/831 35.89 35.91/35.92 9 
11,1,0/751 36.06 36.07/36.07 5 

901 37.12 37.13 3 
970/911 37.30 37.27/37 .28 6 

761 37.73 37 .72 7 
11,4,0/851 38.31 38.30/38.31 10 

980/941 39.45 39.45/39 .45 6 
12,2,0/10,0,1 39 . 88 39.87/39.88 6 

12,4,0 41.53 41.53 6 
871 41.66 41.67 3 
990 41. 80 41.80 3 

11,7,0/11,1,1 42.87 42.87/42.87 4 
13,2,0/10,5,1 43.28 43.26/43.27 4 
12 , 0,1/002 45.7 0 45.71/45.72 26 

14,0,0/12,2,1/202 46.21 46.20/46.21/46.22 4 
10,10,0/222 46.70 46.70/46.72 5 
12, 3,1/302 46.83 46.83/46.84 4 

312 46.97 46.96 5 
11,6,1/322 47.32 47.32/47.33 9 

12,8,0/12,4,1/402 47.69 47.68/47.69/47.70 7 
412 47.82 47.82 5 

14,4,0/10,8,1/422 48.19 48.17/4€.17/48.18 13 
11,10,0/13,2,1/522 49.26 49.25/49.25/49.26 14 

532 49.88 49.85 7 
622 50.58 50.56 7 

13,8,0/11,8,1/542 50.68 50 .66 /50.66/50 .67 10 
11,11,0/13,5,1/552 51. 70 51. 70/51. 70/51. 71 5 
13,9,0/11,9,1/732 52.63 52.61/52.61/52.62 9 

742 53.41 53.41 4 
14,8,0/14,4,1/822 53.75 53.73/53.74/53.75 10 

662 54 .19 54.19 6 
12,11,0/832 54.32 54.29/54 .30 8 
13 ,10, 0/11, 10,1 54 .75 54.73/54.74 6 
14,4,0/842 55.08 55.06/55.08 3 
12,9,1/902 55.18 55.18/55.19 3 

15,7,0/15,1,1/912 55.29 55.28/55.29/55.30 7 
14,9,0/15 ,2,1/762 55.62 55.61/55 . 62/55.62 4 
16,5,0/13,8,1/852 56 . 05 56.04/56.05/56.06 11 

772 57.05 57.03 4 
16 ,6,0/12,10,1/862 57.20 57.23/57.23/57.24 4 
17,3,0/13 , 9 ,1 /952 57.89 57.87/57.87/57.88 5 

",,/ This powder diffraction was obtained from material heated in a 
sealed Pc tube at 1280°C for 40 hours and quenched into water. 

!!..i This diffraction pattern was indexed with the aid of single crystal 
precession patterns on the basis of a tetragonal unit cell with 
~""?? . GR4±. 003A and c=3. 9656±. 0004A. 

tables 2-6 are given relative to the strongest peak height 
above background. The phases were found to have the 
structures (in order of increasing alkali content) of the 
Gatehouse tetragonal bronze-type (GTB), an orthorhombic 
distortion of the hexagonal tungsten bronze-type (HTB), and 
three hexagonal phases with c axes approximately 3.9 A X 

9, X 16, and X 11 which were called "9-layer" , "16-
layer", and "l1-layer" phases in the K20-Ta205 system [1,7]. 

6.53 
3.900 
3.348 
3.262 
3.251 
2.706 
2.501 
2.4966 
2.0868 
2.0810 
1. 9494 
1. 8998 
1.8926 
1. 8880 
1. 8784 
1.8077 
1. 6990 
1.6923 
1.6737 
1. 6709 
1. 6434 
1.6396 
1. 6359 
1. 6319 
1. 6239 
1. 5054 
1. 4999 
1. 4002 
1. 3941 
1. 3556 
1. 3525 
1. 3396 
1. 3371 
1. 3325 
1. 3277 
1.2994 
1. 2743 
1. 2508 
1. 2476 
1.2313 
1. 2283 

Table 3 

X-ray Diffraction Pattern of tne Hexagonal Eronze-Like 
Phase From the Composition 21 .75Rb20:78.25Nb205'~/ 

hk£ 

110 
001 
111 
220 
400 
311 
221 
401 
131 
421 
002 
331 
601 
040 
620 
530 
04 1 
621 
222 
402 
241 
0 31 
711 
440 
800 
441 
150 
151 

731/821 
042 
622 
351 
641 
911 
242 

003/lO,O , O 
113 
442 
802 
840 

023/lO,2,O 

290bS 

13.55 
22.78 
26.60 
27.32 
27 .41 
33.07 
35.85 
35 .94 
43.32 
43.45 
46 .55 
47.84 
48.03 
48.16 
48.42 
50.44 
53.92 
54.15 
54.80 
54.90 
55.90 
56.04 
56 .18 
56.33 
56.63 
61. 55 
61. 80 
66.75 
67.08 
69.25 
69.43 
70.20 
70.35 
70.63 
70.92 
72.71 
74.38 
76.02 
76.25 
77 .45 
77 . 67 

28 !!..I 
calc 

13.55 
22.80 
26 .61 
27 . 30 
27.44 
33.09 
35.86 
35.96 
43 .32 
43.44 
46.56 
47.84 
48.03 
48.17 
48.42 
50.44 
53.93 
54.16 
54.82 
54.89 
55.90 
56.03 
56.18 
56.33 
56.63 
61.56 
61.80 
66.77 

67.04/67.13 
69.24 
69.44 
70.23 
70.38 
70.64 
70.95 

72.72/72.73 
74.38 
76.00 
76.26 
77 .47 

77 .66/77.66 

16 
25 
61 

100 
85 
44 
15 
15 

6 
8 

67 
14 
12 
21 
40 

2 
5 

II 
22 
17 

5 
6 
8 

17 
8 
5 
4 
4 
4 
6 

13 
3 
4 
4 
2 
3 
2 
4 
3 
2 
4 

""I This powder diffraction pattern was obtained from ground single 

~:~~~;;l~~~l::t~:~~ a melt of 21. 7 5Rb 20: 78. 25Nb 20 5 by the 

'E . .I This diffraction pattern was indexed with the aid of single c rystal 
precession patterns on the basis of an orthorhombic unit cell with 
a=12.991±.004A, b=7.550±.00lA and c=3.8978±.0008$.. 

The system Rb20-Ta205 was investigated from 73.33 to 
100 mol per cent Ta205' Eight compositions were prepared 
by dry mixing Rb2C03 and Ta205, and heating at 500 °C for 
120 hours and 600 °C for no hours with intermediate 
grindings. Portions from each composition were heated at 
higher temperatures in sealed Pt capsules in resistance 
wound quench-type furnaces and quenched into water. 
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18.16 
9.11 
6.515 
6.058 
5 . 378 
4.852 
4.561., 
3 . 728 
3 . 1.,73 
3 .1. )3 
) . 252 
) . 245 
) .195 
) .1 71., 
) .14 2 
3 . 061., 
3 . 027 
~ . 969 
2 . 896 
2 . 868 
2 . 758 
1 . 732 
2 . 61.6 
2 . 613 
2 . 597 
2 . 535 
2 . 1.602 
2.4557 
2 . 1.124 
2 .3581 
2 . 2181 
2 . 1696 
2 . 1110 
2 . 1026 
2. 0800 
2 . 0429 
2 . 0)2 1 
2 . 0200 
1. 9580 
1 . 01.,)8 
1. 9 102 
1.8790 
1 . 86) 1 
1.81.09 
1.8356 
1 . 8054 
1 . 7872 
1 . 761.] 
1. 716t. 
1 . 6726 
1 . 652 1., 
1 . 61.88 
1 . 636t. 
1.6271 
1.61 35 
1 . 6019 
1. 5971 
1. 5888 
1 . 5693 
1. 5513 
1 . 5329 
1. 5281 
1.5226 
1 . 5140 
1 . 5098 
1.4931. 
1 . 1.,826 
1.4786 
1 .4627 
1.1.,3)8 
1.1.21 5 
1.4187 
1 . 4038 
1 . 4001. 
1 . )980 
l. ) i93 
1.)759 
1 . )557 
1.)188 
1. 302t. 
1. 2950 
1 . 2674 
1.2411 
1 . 2299 
1 . 224) 
1.2158 
1.2131 
1 . 1858 
1.1696 
1.1530 
1 . 1353 
1 . 1216 
1.0894 
1.0792 
1 . 0662 
1 . 0582 
1.0505 

Table 4 
X- r ay Of ffraction Powde r Pattern o f the "9-L" Phase 
Occurring at the COll'position Rb 20:3!>."b20 5 .!./ 

002 
004 
100 
006 
103 
10' 
008 
108 
114 
109 
200 
201 
116 

I , O.lO 
203 
204 

0 . 0 . 1 2 
205 
118 
206 
207 

1 , 0 . 12 
~08 

1,1.1 0 
0 , 0 ,11. 

209 
210 
211 

1, 0.11./213 
1,1 . 12 
2 . 0 . 12 
2. 0 . 13 

304 
219 
30' 
306 

1,0 , 17 
0 , 0 , 18 

308 
2 , 0 .1 5 
2 ,1.1 2 

220 
3 , 0 ,10/2 , 0 , 16 

221. 
1. 0 , 1<1 

31 0 
2 , 0 , 17 
3, 0 ,12 
2 ,O, HI 
1. 0 , 21 
0 , 0 , 22 

319 
1 ,1. 20 

400 
403 

404/1 , 0 . 22 
2 , 2 ,1 2 

405 
3, 0 ,16 
3,1,1 2 
408 

2.0 , 21 
2 , 2 ,1 4 
0 , 0 , 24 
40' 
320 

3 ,1, 11.,/323 
3 , 0 , 18 

l25 
1. , 0 , 12 
2 , 0 ,2 3 

J28 

329 
0 ,0 , 26 
3 ,1,1 7 
2 , 2 .1 8 
418 

1 , 0 , 27 
500 

3 , 2 , ll./50 3 
4 , 0 ,18 

334/2 , 2 , 22 
421 
423 

2 , 1 , 26 
42' 

4 , 0 , 21 
'10 

4 , 2 , 11 
2,0 . 30 
2 , 2 , 26 

600 
),1,27 

514/433 
3. 0 , ]0 
1. , 2. 18 

2eobs 

i. . 86 
9 . 70 

1). 58 
14.61 
15 .4 3 
18. 27 
19 . 5 1 
23 . 1:15 
25 . 03 
25 . 93 
27 . 40 
27 . 46 
27 .90 
28 . 09 
28 . 38 
29 . 12 
29 . 48 
30 . 07 
30 .8 5 
31.1 0 
32 . 1.1. 
32 . 57 
33.85 
34.29 
31. . 51 
)5 . 38 
36 . 1.9 
36 . 56 
37 . 21. 
38 . 13 
1.0 . (.1. 
1.2 . 50 
1.2.80 
1.2 . 08 
l.J.l.7 
1.4. 30 
1.t..55 
l.4 .e] 
46 . 33 
1.6 . 69 
l.7 . 5e 
l.S . I.C' 
f.8 . 84 
1.° . 47 
1.9 . 62 
50 . 51 
51. 06 
51 . 76 
53 . 3) 
5t. . 84 
55 . 57 
55 . 70 
56 . i6 
56 . 51 
57.03 
57 .1. 8 
57 . 67 
58 . 00 
58 . 79 
5° . 54 
no . 33 
60 . 54 
60 . 78 
61 . 12 
61 . 35 
62 . 10 
62 . 60 
62 . 79 
63 . 55 
6l. . 99 
65 . 62 
65 . 77 
66 . 56 
£.6 . 74 
66 . 87 
67 . 90 
68 . 09 
69 .25 
71.46 
72.52 
/3 . 00 
71. . 86 
76 . 73 
77 . 56 
77 . 0 8 
78 .6 3 
78 .84 
81. 02 
82,39 
8] . 8f. 
85 .45 
86 . 75 
90.47 
91. 09 
92 . 52 
93.43 
94.32 

'(1 "E../ 
- calc 

I. . 86 
9 . 72 

13 . 59 
11. .61 
15.1.,1. 
18. 28 
19.52 
23 . 86 
25 . 62 
25 . 94 
27 . 37 
27 . 1.09 
27 . 91 
28 . 09 
28 . 37 
29 . 11 
29 . 46 
30 . 05 
30 . 85 
31 . 1fi 
32 .4 3 
32 . 57 
33 . 88 
31. . 29 
31. . 51 
35 . 38 
36 . 1.8 
36 . 57 

3i . 25/37 . 25 
38 .1 2 
1.0.65 
42 . 5° 
42 . 80 
43 . 00 
43 . 48 
lot. . 30 
lot. . 56 
1.t. .81.o 
46 . 32 
4fi . 69 
1.07 . 57 
48 . 39 

1.8.8 3/1.8 . 84 
1.9 .1. 8 
49 . 62 
50 . 50 
51 . 0£. 
51.78 
53 .31.0 
51. . 83 
55 . 57 
55 . 71 
56 .16 
56 . 49 
57. 04 

57 .4 7/57 . 40 
57 . 67 
58 . 02 
58 . 79 
59 . 55 
60,36 
60 . 53 
60 . 79 
fLU 
61 . 36 
6 2 . 09 

62 . 61/62 . 61 
62 . 80 
63 . 51. 
61., . 99 
65 . 61 
65 . 76 
66 . 56 
66 . 71 
66 . 86 
67 . 88 
68 . 09 
69 . 2) 
71 . 50 
72 . 51. 

73 . 02/73 . 0) 
74.86 

76 . 72/76 . 7l. 
77 , 57 
77 . 99 
78 . 64 
78 . 8) 
81.02 
82 . f.l 
8) .83 
85 . 1.,2 
86 , 73 
90 . 1.6 
91.06 

92 . 52/92 . 52 
93 .1. 5 
94 . 29 

3 
100 

25 
I' 

6 
4 

40 
7 

" '0 

" 36 

" 8 

" J) 

68 

" 38 

14 
14 

7 
7 

16 
3 
4 , 

10 
3 
6 

12 
II 

6 
10 

8 

" 17 
12 , 
41 

5 , 
4 

4 
20 , 
18 , 
6 

12 

12 
5 

12 , 
5 
5 
; 

" II 

II 
4 

1 7 

!!/ This po ... ·der dif frac ti on pattern was ob tained from material heated 
in a sealed Pt tube at 1200·C for 88 hours and quenched into water . 

~/ This diffraction pattern .... as indexed on t he basis of a hexagonal 
unit cell with a-7. 5179! . 0002A and c-36 . 35)!.00U. by comparison 
with si ngl e c ry s ta l patterns o f an apparentl y isos uuctu ral phase 
in the K20:Ta 205 sys t em, 
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ft • .' !. 
10 . 11<, 

'> . t'.' 
". ')~ 
t. . p')') 

4 . U 7 
J . 7)7 
I . (i 6 1 

1 . 5')0 
J . 4!oQ 

J . 41.J 
1 . ]0 1 
.1 . 250 
3 .19 1 
3 . 156 
3 .11 5 
3 . 070 
] . 020 
2 . 96A 
~ . 960 

2 . 922 
2 . 796 
2 . 761 
2 . 712 
2 . 693 
2 . 68] 
2 . 667 
2 . 603 
2 , 540 
2 . 503 
2 . 4595 
2 . 1111 
2 . 1055 
2 . 0957 
2 . 0788 
2.0581 
2 . 0342 
1. 9766 
1.9658 
1. 9267 
1. 8779 
1 . 8304 

1 . 8048 

1 7876 
1 . 7645 
1. 7599 
1. 7496 
1. 6943 
1 . 6868 
1 . 6587 
1.6570 
1 . 6500 
1 . 6329 
1.6279 
1.6261 
1.6222 
1.61 22 
1.6092 
1. 5956 
1. 5863 
1 . 5594 
1 . 5480 
1. 5442 
1. 5356 
1. 5233 
1 . 5149 
1 . 5109 
1.50 27 
1.4927 
1.4888 
1.4794 
1.4217 
1. 41 52 
1. 40 78 
1.4044 
1 . 4009 
1. 3801 
1. 3 760 
1. 3171 
1 . 3012 

Table 5 

'(- r. t V IIlf f l'ac ti o n Powd"r rn lL " rn flf t hc' " 16- / ." l' I' ;Hw 
Ikcu r r l nf". 01 1 til<" ("oltll,,,!;iti{J1l ?~) ,1\ h / I :7 I,. <"I I> :,I\.<I/ 

11(1 /, 

1\(\4, 

0\11\ 

n , n , ln/ I OO 
1111 

1111 

111/, 

10 ') 
I{II ' 

11 . (\ ,1 1, 

1 , 0 . 11 
110 
\]1. 

11 0 
I . Cl , lf' 

liB 
1 , 0,17 

1 ,1 , 10/200 
:' 04 
2ns 
206 
107 
'08 
209 

0 , 0 , 22 
1,1 , 11. 
1 , 0 . 21 
1 ,1 , 16 
0,0 , 24 
l,O . n 
1 , 1 , 17 
2 ,0 ,14 

0 , 0 , 25/2,0 , 15 
2 , 0 , 16 

0,0 , 2611 , 0 , 24 
210 
307 

2 , 1, 16 
308 
309 

3 , 0 ,10 
2 ,1,18 
1 , 1,28 
3, 0 ,14 

1 , 1 , 29/2 , 1 , 21 
220/22 1 

228 
2,0 ,30/3,0 , 20 } 
2,2 , 10/310 

2 , 1 , 25/315 
2 , 0 , 31 
0 , 0 ,37 
3 , 0 , 22 
3 , 0 , 24 

2 , 0 , 33/2 , 2,17 
2,1 , 29 
1 , 0,38 
3 , 1,16 
3 , 1 ,1 7 
0 ,0 , 40 

401 
403 

3 , 0,27 
406 
408 

3 , 0 , 28/2 , 2 , 22 
1 , 1 , 38 
2 . 0 , 37 
2 , 2 , 24 
4 , 0 , 14 

L, 2 ,25/4 , O,15 
0 , 0 ,43 

2 ,1,)4 / 4, 0 , 16 
2 , 2 , 26 /3 ,1, 24 

320/321 
323 

0 , 0 , 44/326 
3 , 2,1 4 
0 , 0 , 46 

416 
1 , 1,43 
3,2,16 

2, 2 ,32/ 3 ,2 , 18 
1,1 , 44 
4, 0 , 29 

500/ 501 

'II . II I ,:; 

, . f,O 

tl .tl 
lO.H I 
1 1.','1 
I I.f ,l, 

I f • . I 'I 
I f • . (, 1 

1' ,. ! 1 
r ~, . Hf, 

19 . ()f, 

:'0. !7 
/ LM, 
24 . 29 
1') . Oh 
2') . Rl 
Lh. O~) 
1.(, . ';11) 

!.7 .4 2 
27 .9 /, 
28 . 25 
28 6J 
2 Q . Ob 
29. SS 
30 . 08 
)0.17 
)0 . 57 
J1 . 9 /:i 
J2 . 40 
33 . 00 
13 . 24 
)3 . 37 
33 .57 
34 . 42 
)5 . 31 
)5.85 
)6 . 50 
4 2 . 80 
42.92 
43 . 13 
43 . 50 
1.3 . 96 
1<4 . 50 
45.87 
46 . 14 
1<7 . 13 
1<8 . 43 
1<9 . 78 

50 . 53 

51.05 
51. 76 
51.91 
52. 24 
54 . 08 
54 . 34 
55 . )4 
55 . 40 
55 . 66 
56 . 29 
56 . 48 
56 . 55 
56 . 70 
57 . 08 
57 20 
57 . 73 
58 . 10 
59 . 20 
59 . 68 
59 . 84 
60 . 21 
60 . 75 
61. 12 
61 . 30 
61 . 67 
6 2 . 1 3 
62 . 3 1 
62 . 75 
6 5 . 6 1 
65. 95 
66 . 3 4 
66 . 52 
66.71 
6 7 . 85 
68 . 08 
71. 58 
72 . 59 

10 h/ 
,;,If ' 

~) .t12 
11.1/, 

IO. Hf, 
1 1.','1/11. f,/) 

II./, f , 
II, . / 0 
1/, ./ ,', 

1' •. .'1 
) ';.¥.7 
1'1.0 7 
:! O.2h 
/ 1.l>h 
g . 21} 
r ).fl6 
;>'; . 8{) 
"/6 . In 
"l6.'J9 

27 19/27 39 
27 . 94 
28 . 2'; 
28 . 62 
29.05 
29 . 54 
)0 . 09 
30 . 17 
)0 . 56 
) 1 . 95 
32 . 41 
)2 , 99 
)).23 
)3 . )8 
33.'9 

) 4.40/)4 . 4 2 
35 . 29 
)5 . 83 
)6 . 50 
42 . 77 
42 . 93 
4 ) .13 
1<3.52 
43.96 
44 . 51 
45 . 85 
46.14 

1. 7 . 11/47 . 13 
48.42/48 . 44 

49 . 78 

{ 50 . 51/'0 . 52 
50.5)/50.5) 
51. 0) / 51. 05 

51. 76 
51. 91 
52 . 24 
54.09 

54 . 33/54 . 35 
55.36 
55 . 40 
55 . 67 
56.30 
56 . 48 
56 . 54 
56 . 70 
57 . 06 
57 . 21 
57 . 75 

58 . 11/58.11 
59 . 22 
59 . 69 
59 , 84 
60 . 22 

60 . 74/60 . 75 
61. 15 

6l. 30/6l. 32 
61.67/61.68 
62 . 13/62 .15 

62 . 29 
62 . 7)/62 . 78 

65 . 63 
65 . 94 
66 . 34 
66 , 52 
66 . 68 

67 . 85/67 . 86 
68.03 
71.57 

72 . 58/72 . 60 

1,,\0 :; 

/ 1, 

:1 1 

" 

" 21 
7 
7 
6 

" 79 

3' 
20 

JOO 
2 1 
1 5 
, I, 
20 

" '0 
4 8 

" /4 , 
7 
7 
4 
7 

1 3 
21 

6 
6 
9 

10 
12 

8 
20 
39 
6 

10 
6 

48 

18 

19 
9 
8 
8 , 
6 

4 
11 

4 
8 

10 
6 
4 

11 
15 
10 

, 
10 

" 1 2 
9 

H 
4 
5 

10 
12 
11 , 
14 

~/ Thi s powder diff r a c tion pa t t ern was ob t ai ned f r om ma t e r ial heated 
in a s ea l ed Pt tube at 1 275 °C fo r 117 hou r s and q ue nc hed in t o water . 

'E../ This pattern was indexed on the bas i s o f a hexago na l un i t cel l wi t h 
a- 7. 5 138! . 00 05i{ an d c-65 , 1l5:t . 009X. 



Table 6 

X-ray Diffraction Pattern of the "l1-LI! Phase Occurring 
a t the Composition 4Rb 20: 11Nb 20 5 .!'./ 

dobs hkR. 260bs 26 b/ 
lobs calc-

14.41 003 6.13 6 .14 8 
7 . 19 006 12.30 12.29 23 
6.44 101 13.74 13 . 74 21 
6.23 012 14 .17 14.19 4 
5.58 104 15.86 15.88 9 
4.792 009 18.50 18.48 6 
4.160 018 21.34 21. 36 4 
3.759 110 23 .65 23.64 2 
3 . 639 113 24.44 24.44 9 
3 . 599 1,0,10/0,0,12 24.72 24.72/24.72 10 
3 .361 0,1,11 26.48 26.49 61 
3 . 334 116 26.72 26 . 72 71 
3 . 247 021 27 .45 27.44 22 
3.212 202 27.65 27.67 6 
3 . 117 024 28.62 28 . 60 19 
3.049 205 29 . 27 29.28 100 
2.958 1,0,13 30.19 30.18 16 
2.877 0,0,15 31.06 31.04 68 
2.789 208 32.07 32.07 8 
2.601 0,2,10/1,1,12 34.45 34.46/34.47 22 
2.4921 1,0,16 36.01 35.99 5 
2.3983 0,0,18 37.47 37.46 3 
2.2851 1,1,15 39.40 39.38 5 
2.1461 1,0,19 42.07 42.07 4 
2.0855 1,2,11 43.35 43.34 12 
2.0797 306 43.48 43.50 20 
2.0554 0,0,21 44.02 44.00 71 
2.0227 1,1,18 44.77 44.77 5 
2 . 0024 2,0,17 45.25 45.23 7 
1. 9788 309 45.82 45.83 8 
1. 9240 1,2,14 47.20 47.19 4 
l. 8817 220 48.33 48.36 52 
l.8653 223 48.78 48.80 4 
l.8189 226 50.11 50.09 12 
1 . 8034 1,1,21/0,1,23 50.57 50.55/50.55 10 
1.7998 2,0,20/0,0,24 50.68 50.69/50.70 18 
l. 7685 315/1,2,17 51.64 51.64/5l. 66 2 
1.7508 229 52.20 52.20 1 
1.6692 1,0,25 54.96 54.95 2 
l.6662 1,3,10/2,2,12 55.07 55.05 2 
l.6416 3,1,11 55.97 55.98 27 
1.6273 401 56 . 50 56.50 1 
l.6234 1,2,20/1,1,24 56.65 56.66/56.67 2 
1.6096 0,1,26 57.18 57.20 3 
l.6010 045 57.52 57.54 12 
1.5989 0,0,27 57.60 57.59 7 
l.5873 1,3,13 58.06 58.07 1 
1.5745 407/2,2,15 58.58 58 . 57/58.58 18 
l.5594 048/3,1,14 59.20 59.21/59 .22 3 
l.5343 2,1,22 60.27 60.25 2 
1.5249 0,2,25/4,0,10 60.68 60.64/60.73 14 
1.5011 1,0,28 6l. 75 6l. 77 4 
1.4935 321 62.10 62.09 6 
l.4793 2,0,26 62.76 62.75 8 
1.4387 0,0,30 64.74 64.71 12 
1.4142 1,3,19/2,1, 25 66.00 66.00/66.01 1 
1. 3943 416/4,0,16 67 . 07 67.05/67.07 8 
1. 3873 2,2,21 67.45 67 . 43 8 
l.3627 419/3,2,13 68.84 68 .82/68 .83 3 
1.3076 3,2,16 72.18 72 . 20 5 
l. 2995 0,4,20/2,2,24 72.70 72.66/72.67 12 
l.2737 1,2,29 74.42 74.40 1 

2-./ This powder diffraction pattern was obtained from material heated 
in a sealed Pt tube at 1306°C fo r 22 hours and quenched into .... ater. 

'£.1 This diffraction pattern was indexed with the aid of single crystal 
precession patterns on the basis of a hexagonal unit cell with 
a-=7.5224! .0007A and cz:43.180:!: .OOSA, h+k+i"3n . 

Temperature was measured with a 100 Pt/90 Pt-l0 Rh 
thermocouple calibrated against the melting points of gold 
and palladium. The temperatures reported are considered to 
be accurate to ± 5 °e up to 1500 0c. Above 1550 °e 
temperatures were measured with a NBS calibrated opti cal 

pyrometer recalibrated against the melting points of palla­
dium and platinum 1554 and 1772 °e [6]. The pyrometer 
uncertainty is estimated at ± 10° to 1700 °e and ± 15° at 
1750 °C. The variation in structure type with alkali content 
was similar to that observed in the Rb20-Nb20 5 system with 
the exception of the low temperature unind exed phase. 
Samples were identified at room temperature by x-ray powder 
diffraction using Ni-filtered eu radiation and aI/4° 28/ min 
scanning rate. The x-ray diffraction powder patterns derived 
from quenched speci mens were llsed to constru ct the phase 
diagram shown in figure 2 an d the experimenta l result s are 
listed in table 7. X-ray diffraction patterns for all the phases 
in this subsystem are given in tables 8-11. Intensi ti es li s ted 
in tables 8-11 are given relative to th e strongest peak height 
above bac kgrou nd. 

1900 F- ' __ ~ 

1800 

1600 GTB---' • 

1500 

HTB-.j 

- :-- --\.t-
1400 9 l-t 

l-' •• \1 • .' 
... 1300 p. _______ !' ________ _ 
«: 
;= 1200 
C[ 
«: 
~ 1100 

1!i 
.... 1000 

900 

BOO 

H6 l 

lo-11 l 

700 --------------------

600 

500 

~L-~ __ ~ __ _L __ _L __ ~ __ ~ 
5 10 15 20 25 30 

T. ,O, Mole % Rb,O 

F IGURE 2. Phase diagramfor the system Ta205:4Rb20:11 Ta205' 

2.3. Crystal Growth 

Many of the phases discovered during the phase equilibri a 
s tudies of the alkali niobat e and tantalate systems have not 
been previously reported in the literature. One of the 
objectives of the crystal growth portion of this s tudy has 
been to synthesize single crystals for x-ray diffraction studies 
to provide crystallographic information on these materials to 
assist in the interpretation of x-ray diffraction powder pat­
terns . The second, and equally important objective , has 
been to grow large single crystals of poten tiall y useful Rb + 
phases for use in studies of ion exchange behavior for the 
purpose of obtaining Na+ and/or K+ analogues. 
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Table 7. Ex perimental Data for the System Ta 20S-4Rb 20: 11Ta 2OS ' 

Compos i t ion Ini tial Heat Final Hear-!-' 
Treatmen t Treatment 

Temp. Time Temp . Time 
·c hr ·c hr 

SRb 2O:9ST8 2OS 500 12o!cl 
500 120 600 110£' 
500 120 
600 110 

1340 120 
1 500 144 

10Rb2O:90Ta 2OS 500 12o!cl 
500 120 600 ll~' 
500 120 
600 90 

800 80 
900 60 

1366 120 
1 500 120 
1700 1 

1l.SRbZO : 88 .STaZ0 5 500 12()EJ 
500 120 600 llok' 
500 120 
600 110 

1098 136 
125S 27 
1318 16 
1)40 120 
1500 144 
1603 24 

1200 150 
1296 91 
1 297 117 
1307 64 
1317 67 
1327 18 
1330 115 
1332 16 
1340 72 
1704 0.5 
1709 0.5 
1714 . 25 

1721 
1722 

1330 115 
1317 67 

1340 72 
1277 136 
1297 117 

1277 136 
1331 115 

lSRb 20: 85Ta ZOS 500 1201>.1 
500 120 600 1101>.1 
500 120 
600 110 

800 80 
900 60 

1000 40 
1098 136 
1360 120 
1473 65 
1500 17 .5 
lS00 18 
lSOO 144 
1700 2 

1200 150 
1707 0.5 
1711 0.5 
1714 0.5 
1715 0.5 

20Rb 20: 8OTa 2OS 500 12~' 
500 120 600 1101>.1 
500 120 
600 110 

1340 120 

In general , the choice of technique was dic tated by the 
characteristi cs of th e desired phase, i. e., conglU ent or 
incongruent melling, volatility of one or more of the compo­
nents, range of coexistence with liquid, and the desired 
final size of the crys tal. Both fluxed melt and Czochralski 
techniques were utilized, and in some cases, the flux 
evapora ti on technique was used for the preparation of small 
crys tals. 

Results of Results of X-ray 
Physical Observation Diffraction Analysis 

L-T~~OS 

L-Ta 20 5 + GTS 
H-Ta 20 S + GTS 

L-Ta 2OS 

L- Ta 20 5 + 9L 
L-Ta ° + 9L 
GTB * e-Ta 205 
GTS + H-Ta 2OS (tr) 
GTB 

L-T8 20 S + 9L 
9L + L-Ta 2OS 
~is + L-Ta20 S 

GTB 
GTB 

~~!8l(_;a9~ + GTS 
(tr) 

GTS + L-ra;o; 
GTS + L-Ta 20 S 
GTS + L-Ta 2OS 
GTS + L-Ta 20 S 
~i: + L-TaZOS 

not melted 
not melted 
not melted 
partially melted GTB 
comp letely melted 

GTB 

GTB 
GTB 

GTB 

L-T8Z0S + 9L 
L-Ta 20 S + 9L 
L-Ta 20 S + 9L 

~~!at9L+ 9L 

GTB + 9L 
GTS + Hrs 
GTS + lITS 
GTS + HrS 
GTB + HTS 

not melted 
not melted 
completely melted 
completely melted 

9L + GTS 

2.4. Czochralski Crystal Growth 

A 100 gram batch of 29Rb20:71Nb20 5 was calcined a t 
400°C for 60 hours for use as a starting material. Five 
boules were pulled and the remaining charge discard ed . The 
five boules were .remelted and used as a "purified" charge 

157 



- - --, 

Table 7, Experimental Data for the System Ta ZOS-4Rb ZO: 11TaZOS' ( cont.) 

21.7 SRb 20: 78. 25Ta205 500 12#/ 
500 120 600 110~J 
500 120 'j 600 110 

800 80 9L + L-Ta20 S 
900 60 9L + L- Ts 2Os 

1000 40 9L + L-Ta 20 S 
1100 138 ;~ : ~~ia2oS 1360 120 
1473 65 9L + GTB 
1500 18 9L + GrB 
1643 24 HTB + 9L (tr) 
1700 2 HrB 
1700 HrB 
1706 HrB 

1200 150 
1474 67 9L + GTE 
1477 23 9L + GTB 
1477 18 9L + GTE 
1479 17 9L + GTE 
1479 18 9L + GTll 
1480 17 9L + GTll 
1482 18 9L + HTB (1) 
1482 45 9L + GTll 
1484 20 9L + GTB 
1486 41 9L + GTB 
1488 16 9L + HTB 
1488 16 9L + HTB 
1498 21 9L + HTB 
1706 1 not melted 
1716 1 not melted HrB 
1717 0.5 partially melted 
1721 partially melted HrB 

25Rb ZO: 75T8 20 5 500 120~/ L-T8 2OS 
500 120 600 110~/ 
500 120 
600 110 

lODO 40 ~~ + L-Ta2OS (tr) 
1100 138 
1344 120 9L 
1498 144 9L+?(tr) 
1675 18 16L + HTB 
1700 1 16L + HTB 
1700 1 16L + HTB 
1715 1 not melted 

1200 150 
1600 20 9L 
1621 3 9L 
1624 17 9L 
1641 21 9L 
1659 19 9L 
1663 67 9L + HTB (n) 
1677 29 9L + H1'8 + 16L 
1682 18 16L + HTB 
1722 16 partially melted 

1725 16 partially melted 16L + HTB 

26. 7Rb 20: 73. 3T820 5 500 120~/ L- Ta20 s + 2: 3 
500 120 600 110~/ 
500 120 
600 110 

800 80 III + 2:3 
900 60 III + 2:3 

1000 40 11L+2:3 
1098 136 11L+2:3 
1360 120 16L + IlL 
1500 120 16L + III 
1 596 24 16L + III 
1625 16 16L + IlL 
1640 2 16L + IlL 
1647 1 16L + llL 
1700 1 11L 
1710 1 not melted 

1200 150 
1283 72 l6L + llL 
1672 1 11L 
1719 1 not melted 
1725 0.5 11L 
1726 16 11L 

~/ Except as indicated by ~./ the samples were quenched into water from the temperature 
indicated. 

'E/ The samples were heated at the temperatures indicated in open Pt c r ucibles. 
Due to the volatility of Rb 20 the bulk composition may have shifted to one 
higher in mole percent Ta 2OS ' 

"I ; 
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TabJe 8 
X-cay Diff r action Pattern of 11 . 5Rb20;88.5Ta 20 S ' Y 

19 . 66 
13 . 84 
12.39 

9 . 77 
8 . 73 
7 . 67 
6 . 70 
5 . 12 
4. 673 
4. 7)1 
3 . 902 
3 . 826 
3 , 754 
3 , 622 
3 . 560 
3 . 531 
3 .475 
3 .44 6 
3 .4 22 
. , 370 
1.369 
3 . 250 
3 . 227 
3 . 163 
3 . 0 4 5 
:2 . 992 
:2 . 958 
2 . 92 4 
2 . BOO 
2 . 757 
2 . 731 
2 . 718 
2 . 653 
2 . 617 
2 . 584 
:2 . S72 
2 . 5 40 
2 . 4966 
2. 4873 
:2 .4006 
:2 . )7]7 

2 . 3392 
2 . 27 44 
:2 . 2510 
:2 . 1796 
:2 .1666 
2 . 1152 
2 .1 091 
1 . 9497 
1.9259 
1. 9027 

hk' 

110 
200 
210 
220 
310 
320 
H O 
520 
. 40 
5)0 
001 
111 
201 
730 
)11 
650 
321 
800 
74 0 
. 11 
»1 
660 

511 

'10 
760 
611 
850 
'40 
860 
641 
721 
7Jl 
651 
801 
741 

82' 
661 
')1 
'11 
761 
851 

'4) 
86) 

12,4 , 0 
990 

11 , 7 , 0 
11 , 0 ,1 
10 ,1 0 , 0 
13 , 6 , 0 
12 ,4,1 

4. 4 9 
6 . 38 
7 .1 3 
9 . 0 4 

10.1 2 
11.5 3 
13 . 20 
17.31 
18.19 
18.74 
22.77 
23 .23 
23 , 68 
2 4. 56 
2 4. 99 
25 . 20 
25 . 61 
25.83 
26.02 
26. 4 3 
26.63 
27 .4 2 
27 . 62 
28.19 
29 . 30 
29 . 8 4 
30 .1 9 
30 . 55 
31 . 93 
32 .4 5 
32 . 76 
32 . 93 
33 . 75 
34. 22 
34. 69 
34. 86 
35 . 31 
35 . 9 4 
36 . 08 
37 .4 3 
37 . 87 
38 .45 
39 . 59 
4 0 . 02 
41.39 
41.65 
42.7 1 
42 . 8 4 
46. 54 
47.1 5 
47.76 

1.8934 14 ,4, 0 4 8 . 01 
1.854 2 11,10 , 0 49 . 09 
1.8339 15 , 1 , 0 49 . 67 
1.8060 13 , 8 , 0 50 .49 
1. 772) 11,11 , 0 51. 52 
1. 7 4)7 10 ,1 0 ,1 / 1 5 , 5 , 0 52 .4 ) 
1. 7266 13 , 6 ,1 52 .99 
1.7229 16, 0 , 0 5) .11 
1. 7173 732 53.30 
1. 7066 15 , 6 , 0 53 .66 
1. 70)1 
1 . 698 4 
1 . 6934 
1.684 2 
1.674 6 
1.671 5 
1.6692 
1. 6595 
1. 6 412 
1. 6388 
1.6216 
1.6189 
1.61 4 0 
1 .6086 
1. 59 18 
1. 5784 
1 . 5664 
1 . 55)4 
1. 5482 
1 . 5 366 
1.4997 
1. 4979 
1. 4952 
1.4627 
1. 4 611 
1 . 4 389 

1.4 336 

1. 3996 
1 . 38 44 
1 . 3688 
1. 3583 
1 . 353 4 
1 . ) 4 35 
1 .34 0 4 
1 .3359 
1 . )2 4 8 
1 . 3155 

14,4,1 ." 
12 , 11,0 
13 , 7 , 1 
11,10, 1 
16 ,4, 0 ." 
15 ,1. 1 
14, 6,1 
13 , 8 , 1 
15 , 8, 0 
13 ,11, 0 

11 ,11, 1/1& , 6 , 0 
12 ,1 0 ,1 
15 , 5 , 1 
16 , 7 , 0 
14, 8 , 1 
12 ,11,1 
14, 11 , 0 
16 ,4, 1 

12,12 , 1/1 7 , 7 , 0 
15,8 , 1 
14,12,0 
16 ,7, 1 
16 , 10,0 
14, 11,1 

II. 7 , 2/16,8 , 11 
19,3 , 0 

18 , 9 , 0 
14, 1 , 2 
16 ,1 0 ,1 
19 , 1 , 1 
19 , 2 ,1 
15 ,14, 0 
18 , 7 ,1 
15 , 1 , 2 
17 , 12 , 0 

16,12 ,1 /15,15 , 0 

53 .78 
53 .94 
54. 11 
54.4 3 
54 .77 
54. 68 
54. 96 
55 . 31 
55 .96 
56 . 07 
56.72 
56 .92 
57 . 0 1 
57 . 22 
57 .88 
58 .4 2 
58 . 92 
59 .4 5 
59 . 67 
60 . 17 
61.61 
61. 89 
62.02 
63 . 55 
63 . 63 
6 4 . 73 

6 5 . 00 

66 . 78 
67 . 6 1 
68 . 4 9 
69.09 
69 . 38 
69.97 
70.15 
70 .4 2 
71.10 
72 . 68 

28 £I 
calc 

4. 53 
6 .41 
7 . 16 
9 . 06 

10.14 
11 . 56 
13 . 23 
17 . 31 
18 . 19 
18 . 75 
22 . 77 
23 . 23 
23 . 68 
24. 57 

25 . 21 
25 . 61 
25.83 
26 . 03 

26 . U 
27 . 4 3 
27 . 62 

29 . 31 
29 . 85 
30 . 20 
30 . 56 
31 . 94 
32.45 
)2 . 77 
32 . 93 
33 . 75 
)4 . 23 
)4 . 70 
)4.86 
)5 . 32 
35 . 9 4 
36 . 09 
37 . 43 
37 . 87 
38 .4 5 
39 . 59 
40 . 0 1 
4 1 . 39 
4 1 . 66 
42 .72 
4 2 . 85 
46.54 
4 7 .16 
47.76 
49 . 00 
49. 08 
49 . 67 
50 .48 
51. 52 

52 .42/ 4 2.43 
52 .98 
53.10 
5).30 
53.66 
53.76 
53.96 
54.1 0 
54 .43 
54.7 5 
54.87 
54. 95 
55.3 0 
55 .95 
56 . 06 
56 . 7 1 
56 . 82 
57 . 02 
57 . 2 4 
57 . 87 
58 .4 0 
58 .92 
59 .44 
59 . 66 
60 .1 8 

61.80/61.81 
61 . 90 
62.00 
63.52 
63 .6 2 
64 . 71 

64. 99/6!:i . 00/ 
65.01 
66 . 77 
67.62 
68.51 
69.09 
69.37 
69.95 
70 . 13 
70. 40 
71.09 

72 . 68/72 . 69 

)0 

100 
JO 

2) 

6 
10 

I' 
25 
10 
» 
. 1 
J9 

) 

I' 
29 

26 
10 
12 

1) 

7 
10 
12 
17 
1) 

1 2 

14 
1 5 

27 

• 
I . 
1) 

I' . 
10 

1) 

12 

1) 

10 
) 

~ This powde r diffrac ti on pat. tern wa s obtained f r om material heated in a 
sealed Pt tube at 134 0"C f o r 72 hours and quenched into wat e r. 

2/ This dif f ract ion pattern wa s I nde xed With tho.' aid of the S ing le crys tal 
pa t te r n of the 1l.5K20:P J . 5I1b205 analogue on the basi!' of <l te tr<lgona l 
unit. cell wlt.h a" 27.~IJ· . :.'V:' ~ and c"J .'J0 18 '. 0005.l. 

Table 9 

X-ray Diffraction Powder Pattern of 21. 7SRb 20 : 78 . 2STa 20 S '.!./ 

6 .5 2 
3 .907 
3 . 768 
3 .35 
3 . 26 
2.71 
2 . 50 
2.4663 
2.1 752 
2 . 0851 
1. 9542 
1.8998 
1. 8824 
1.871 9 
1. 8088 
1. 696 2 
1. 6761 
1. 6416 
1. 6304 
1. 5304 
1. 5046 
1.4958 
1.3973 
1. 3555 
1. 337 0 
1.3271 
1. 2769 

hk£ 

100 
001 
110 
101 
200 
111 
201 
210 
300 
211 
002 
301 
220 
102 
310 
221 
202 
311 
400 
212 
401 
320 
321 
222 
411 
312 
103 

260bs 

13.56 
22 . 74 
23 . 59 
26 . 57 
27 . 34 
33.02 
35 . 85 
36 . 40 
41. 48 
43 . 36 
46.43 
47 . 84 
48 . 31 
48 . 60 
50 . 41 
54.02 
54. 72 
55.97 
56 . 39 
60 . 44 

·61. 59 
61. 99 
66.91 
69 . 26 
70 . 36 
70 . 96 
74 . 21 

26 "2/ 
calc 

13 . 57 
22 . 74 
23 . 61 
26 . 57 
27 . 33 
33 . 01 
35 . 84 
36 . 42 
41.51 
43 .3 7 
46 . 44 
47.84 
48 . 30 
48.61 
50 . 41 
54 . 02 
54 . 73 
55 .98 
56 . 39 
60 . 41 
61.59 
61.97 
66 . 91 
69 . 25 
70 . 35 
70 . 95 
74 . 19 

31 
29 

3 
38 

100 
41 
52 

7 
4 

14 
21 
21 
40 

5 
6 

19 
26 
11 
18 

4 
18 

2 
9 

16 
5 
3 
2 

3!./ This powder d iff r ac tion pattern wa s obtained from material heated in 
a sealed Pt tube at 1706°C [or 1 hou r and quenched into water . 

'.2./ This dif fraction patt e rn wa s inJexed with the aid of s ingle crystal 
pr ecess i on pattern s on th e basi s of a hexagonal unit cell wi th 
a =7 .5306±' 0005A and c- 3 .9072 ± .0005A. 

for the actual crys tal growth experim ents. From thi s " puri­
fi ed" charge large , clear s ingle crystal boul es of th e " 11-
layer" phase were grown. The "II-layer" crys tals show a 
marked preference for growth perpendi cul ar to the c axi s 
and at least one excellent cleavage (basal-plane) is evident. 
Density measurements mad e with a double pan liquici ,ji s­
placement apparatus gave a value of 4.40 ± .05 g/cm3. 

b. 21.7SRb:!O: 78.2SNb20 S (HTB) 

Crystals of th e hexagonal tungsten bronze (HTB) phase in 
thi s system were grown by pulling from a melt of th e 
composition 21. 75Rb20:78.25Nb20 5 (experiments per­
formed at NBS by C. Jones as part of th e American 
University Research Participation Program). Large, clear, 
water-white crystals were easily obtained but all fractured 
into large blocks during cooling. The frac ture may be re lated 
to a non-quenchable symmetry change from a high tempera­
ture hexagonal form to the room tempera ture orthorhombic 
form, or to extreme anisotropy of th ermal expans ion . 

c. 11.SRb20:88.5Nb:!0s (GTB) 

Crystals of the Gatehouse tetragonal bronze (GTB). phase 
were grown from a compositi on of I6Rb20:84Nb20 5 (experi ­
ments performed by D. Klein at NBS as part of the American 
University Research Participation Program) . Small single 
crystal boules were successfully pulled from the melt, but 
again fractures developed during cooling. 
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Table 10 
}i - r;lY Iltffr;l\ ' l[oll ]'owd.,!" ['dl r, · rn of rhe " ~ - J." 1'11;11; 4-

(It' c llrrln),. ,It LI,,' , 'on'l'" ,j t i, ' 11 I~I ) :> ( ); r]';(/I r, . ~/ 

'1 . 11 
1'.'. [ 

tl. :.il 
t, .ilS 
" . -I f, 

! . ..:or,.' 
1 . . ' 17 
1.1<1·', 
1.1 J7 
J .l)!,1 
;.O IJ 

.%7 
_'. 7SQ 
:' . 7) ':. 
:'- . 7f,S 
:. .0:'(-

:. .(>01 

::: . 531. 
_' . 4 )76 
:. .4531 
::: . 414 0'. 
::: . 35F8 
::: , 3306 
::: . 2176 
::: . 1f71 
::: . 16 26 
7 . 1210 
:' . 109 7 
::: . 1001 
::: . 0779 
::: .0417 
2 . 0364 
2 . 0:::22 
1. 9 562 
1 . 9446 
1 . 9096 
1.8759 
1.8635 
1.8 388 
1. 80 31 
1. 7941 
1. 78 75 
1. 7859 
1. 7843 
1. 7628 
1.7352 
1. 7174 
1. 7150 
1.6752 
1.6678 
1 . 6540 
1.6467 
1. 6252 
1.6239 
1.6110 
1.5999 
1. 5962 
1. 5864 
1. 5 703 
1. 5410 
1. 5 303 
1 . 5287 
1 . 522 1 
1 . 5080 
1.4912 
1.4816 
1.4805 
1.4778 
1.4592 
1.422) 
1.4192 
1. 3989 
1. 3783 
1. 3753 
1. 3544 
1 . 3382 
1. 3219 
1. 2940 

IH)!, 

l!)t) 

101 
(In,, 
10 \ 

Ie) ', 

(lilt! 
II)H 

II :. 
11 4 
[11 <) 

lOP 
' I ll 

Ill, 
~) (l I 

..:'04 
(l , ll.1 2 

"" 2(16 
2(17 

II' 
1 ,n.] ~ 
20 ~ 

o.n,] !' 
:-'09 
2] 0 
211 

I . O,If. 
1 , 1 , 12 

2 15 
2 , 0 .] 2 

300 
301 

2. 0 ,13 
304 
219 
305 
306 

2,1.10 
O,O, l B 

308 
2, 0 ,15 
2 , 1 ,1 2 

220 
2 , 0 , 16 

224/1,0 ,1 9 
310 

312/226 
2,0 , 17 
2 , 1,14 

313 
3,0,12 

228 
2, 0 ,18 
3 , 0 ,13 
1 , 0 . 21 
2,2,10 
0 , 0 , 22 

319 
400 
401 
403 
404 

2, 2 ,12 
40 5 
406 

3,1,12 
408 

2 , 0 ,21 
2 , 2 ,1 4 
409 
320 

3 , 1 ,14 
323 

1 , 0,24 
4 , 0 , 11 
2 , 0 , 23 
0,0,26 

329 
4,0,14 

2,2,18/2,0,24 
418 

3 , 2 ,1 2 
4,1,10 
3,2 , 14 

'l,(,1\ 

I l.','t 
) "1.11 :' 
I t, , ', /, 
J 'i .i, \ 
IH . !I, 

\" .'d, 
."1 . /11, 
"jl, . I H 
:' ,) .j ,I, 

:' "1. /,0 
:'7 . r, \ 
17 .':11 
:'H.I, ) 
:' <).1 ", 
!9.1, I 

JO.oe 
) O . lj'j 

J 1 . 17 
12 .1.:' 
32 . 51 
3:1 . 5(, 
13 . 85 
3' • .', 5 
35 . 40 
36 . 53 
36 . 60 
37 . 21 
38 . 12 
38 . (,0 
40 . 65 
41.114 
41. 73 
42 . 59 
42 . 83 
43 . 02 
43.52 
44.33 
44.4 5 
44.78 
46.38 
46 . 67 
47 . 58 
48 . 49 
48.83 
49. 53 
50.58 
SO . 85 
51.05 
51 . 10 
51.15 
51.82 
52.71 
53 . 30 
53 . 38 
54 . 75 
55. 0 1 
55 . 51 
55 . 78 
56 . 53 
56 .63 
57 . 13 
57 . 56 
57 . 71 
58 . 10 
58.75 
59 . 60 
60 . 44 
60 . 51 
60 .80 
61.43 
62.20 
62 . 65 
62 .70 
62.83 
63 . 72 
65 . 58 
66 . 74 
66. 82 
67. 95 
68.12 
69. 32 
70 . 28 
71.28 
73 . 06 

-'0 h/ 
. ('ill, 

1) . 71 

11.(, I 
II.HO 
II,. ', ') 
1',.1. ') 
lH . n 
I 'j . 4<) 

7 I . ~ '> 

"}I,.I<) 
2'J . f,", 
"} '; . 'I I' 

77 . 1, I 
2 7 . "1] 
FI.<) ·J 
:W . I,I) 
:'9.l/, 
?9,1, ] 
10.011 
)O . WJ 
ll . l ') 
)2.4 5 
) 2 . ') I 
12 . 5/, 
31 . 86 
34 . ld, 
35 . 39 
36 . 51 
36 . 62 
37.21 
31:Lll 
38 . 64 
40.6lt 
1. 1. 61. 
41 . 72 
42. 57 
42.B6 
43 . 03 
43 . 53 
44 . 35 
44 . 41. 
1.4 . 77 
46 . 37 
46 . 66 
47 . 58 
48 .46 
48 . 81 

49.55/49.55 
50 . 57 

50.84/50.B8 
51. 03 
51.10 
51.17 
51.BO 
52 . 71 
53 . 30 
53 . 41 
54 . 75 
55 . 00 
55 . 48 
55 . 77 
56 . 57 
56 . 64 
57 . 13 
57 . 55 
57 . 71 
5£ . 10 
5f! . 76 
59 . 59 
60 . 42 
60 . 47 
60 . 81 
61.42 
62 . 18 
62.64 
62.70 
62 . 85 
63 . 73 
65 . 54 
66 . 75 
66.79 
67 . 9 5 

68.09/68.16 
69 . 32 
70 . 26 
71. 28 
73.07 

19 
)1, 

'I 
(, 

14 , 
" 7 

" en 
<r, 
Id 
' l ~ 

10!1 
1·, 

2' os 

" 12 
6 

12 
12 
27 

9 
51) 
13 
10 

6 
5 

12 
17 

2 
8 
8 

21 
17 

7 
9 

79 
3 
6 
7 
5 

27 
26 
21 

3 
5 

12 
13 

2 
2 
2 

16 
9 
8 

13 
1 0 
20 
11 

3 
5 

14 
21 
12 
15 

3 
5 
5 
5 

11 
4 

18 
6 
3 
3 
B 

~/ This powder diff ra ction pa ttern was obtained from materi a l heated 
in a sea l ed Pt tube at 1659°C fo r 16 hou r s a nd quenched into water. 

'E./ This d if frac ti on pa ttern waR indexed with t he aid of single crys ta l 
precession patterns on the basis of a hexagonal unit cel l wj th 
a-7.S07B!. 0006 A. and c-36,408±.005K. 
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14.43 
7.20 
6.43 
6 .23 
5.57 
5.18 
4.800 
4.157 
3.632 
3.599 
3.357 
3.326 
3.240 
3.217 
3.149 
3.112 
3.041 
2.956 
2.881 
2.787 
2 . 597 
2.504 
2 .4941 
2.4532 
2.4013 
2 .3952 
2.3237 
2.2840 
2.2512 
2.2367 
2.1461 
2.1436 
2.0829 
2.0756 
2.0567 
2.0453 
2.0201 
2.0019 
1.9747 
1. 9218 
1.8762 
1. 8614 
1. 8162 
1. 8028 
1. 7988 
1. 7776 
1. 7660 
1.7478 
1. 6682 
1.6638 
1. 6377 
1. 6234 
1.6092 
1. 5963 
1.5712 
1. 5564 
1. 5331 
1. 5251 
1. 5208 
1. 4986 
1. 490 3 
1.4786 
1.4393 
1. 4357 
1. 3932 
1.3911 
1. 3859 
1.3758 
1. 3608 
1. 3422 
1. 2980 

Table 11 

X-ray Diffraction Powder Pattern of 4Rb2o:11Ta205'~/ 

hk~ 

003 
006 
101 
102 
104 
105 
009 
108 
113 

0,0,12/1,0,10 
1,0,11 

116 
201 
202 

1,0,12 
204 
205 

1,0,13 
0 ,0,15 
1,0,14 
2,0,10 
2,0,11 
1,0,16 

211 
0 ,0,18 

214 
2,0 , 13 
1,1,15 
1,0,18 

218 
1 , 0,19 

303 
2 ,1,11 

306 
0,0,21 

307 
1,1,18 
2,0,17 

309 
2,1,14 

220 
223 
226 
310 

2 ,0,20 
314 

2 ,1,17 
229 

2 , 2,12 
3,1 ,10 
3, 1,11 
1,1,24 
1,0,26 

405 
407 
408 

2 ,1,22 
2,0,25 
4,0,10 
3,1,16 

321 
2,2,18 
0,0,30 
2,0 , 27 
0,0 ,31 

416 
2,2,21 
2 ,1,26 

419 
3,2,14 

502 

6.12 
12.28 
13.75 
14.20 
15.90 
17.05 
18.47 
21. 36 
24.49 
24.72 
26.53 
26.78 
27.51 
27.71 
28 . 32 
28.66 
29.35 
30.21 
31.02 
32.08 
34.51 
35.84 
35 . 98 
36.60 
37 .4 2 
37.52 
38.72 
39.42 
40.02 
40.29 
42.07 
42.12 
43.41 
43.57 
43.99 
44.26 
44.83 
45.26 
45 . 92 
47.26 
48.48 
48.89 
50 .19 
50.59 
50 .71 
51. 36 
51. 72 
52 . 30 
55 . 00 
55.16 
56 . 11 
56.65 
57 .20 
57.70 
58.71 
59.33 
60 . 32 
60.67 
60.86 
61. 86 
62 .24 
62 . 79 
64.71 
64.89 
67.13 
67 . 24 
67 . 53 
68 . 09 
68.95 
70.04 
72.80 

28 E.I 
ca l c 

6.13 
12.28 
13.76 
14.22 
15.90 
17 . 06 
18.47 
21. 38 
24.49 

24.71/24.73 
26.50 
26 .77 
27 .50 
27.73 
28 .32 
28.66 
29 . 33 
30.18 
31.03 
32.09 
34. 51 
35.83 
35.99 
36.60 
37 .45 
37.51 
38.72 
39 . 41 
40.02 
40.30 
42 . 07 
42 .14 
43 . 41 
43. 58 
43 .99 
44 . 27 
44 .79 
45 .26 
45 .91 
47.25 
48.47 
48 .91 
50.20 
50 .58 
50 .71 
51.33 
51. 71 
52 . 30 
54.98 
55 . 16 
56.08 
56.68 
57.18 
57 .67 
58 . 70 
59 .3 4 
60.29 
60 .65 
60.85 
61. 83 
62.24 
62.81 
64.69 
64.91 
67.12 
67.21 
67.51 
68.07 
68.98 
70.01 
72.82 

20 
30 

5 
16 

2 
3 
6 

10 
10 
44 
59 
23 

4 
4 

17 
100 

20 
35 
12 
38 

8 
8 
5 

11 
19 
17 

3 
3 

7 
38 

3 
12 
15 
29 

3 
3 
2 
2 
3 
8 
6 
6 

18 
27 

4 

12 
15 

6 
7 
9 
5 
4 
6 

10 
9 
4 

E../ This powder diffraction pattern was obta i ned f r om ma t erial heated 
in a sealed Pt tube at l719° C for 1 hour and quenched into water, 

!!J This diffraction pattern was indexed with the aid of single c rystal 
precession patterns on the basis of a hexagonal unit cell with 
a~7.5065'.0007X and c~ 43 . 194=.005X, h+kH~3n. 



2.5 Flux Evaporation Crystal Growth 

Nine differe nt co mpos iti ons of two grams eac h were 
prepa red from Rb2C03, Nb20 s, a nd MoO;] . These sa mples 
were pl aced in 5 mL Pt cru c ibles a nd hea led to 900-1100 
°C in a n induc tion furn ace. Sma ll c rys tals (- 2 mm) of the 
"ll -l ayer" phase were obtained from co mpos it ions of 30:5:65 
a nd 30:10:60 (Rb20:Nb20s:MoO:l ). A 27.5:10:62.5 co mpo­
s ition yielded s mall crys tal s of th e GTB phase pI us H-Nb20 s 
while a 28:6:67 composition yie lded s in gle c rys tal s of the 
HTB phase. No crys ta ls of th e unide ntifi ed phase occurring 
a t about 15 mol per ce nt Rb20 were ob tained by th e flu x 
evaporation technique . 

Six different compositions in th e Rb20-Ta2 0 5-Mo03 sys­
tem were prepared and heated as in th e Rb20-Nb20 s-Mo03 
system. The 30:10:60 a nd 35:5:60 co mpos itions wh en heat ed 
to 1100 °C yielded s ingle crys ta ls of the "9-l aye r" phase . No 
othe r compos iti ons yielded crys tals of phases found in th e 
subsystem be ing studi ed. 

In vi ew of the success obta ined by th e flu x evaporation 
syn thesis route using KF in th e KSbO:rKF syste m [8 ], 
s imilar attempts we re made using RbF and Ta20S in a n 
attempt to obtain rubidium ta ntalate c rys tals. However, 
RbTa20s with th e pyrochl ore stru cture was th e only ide ntifi ed 
product. A 95RbF:5Ta20s co mposition was completely liquid 
a t 925 °C a nd on cooling yie lded acicular c rys ta ls of an 
unknown phase . Clea r, euh edral octa hedra of the RbTa20sF 
pyrochlore we re obtained from a compos iti on of 
75RbF:25Ta205 heated to abou t 1150 °C for 30 seconds. 

2.6. Ion Exchange 

One of th e best screening tests for th e ioni c conducti vit y 
of a solid phase is to determine wh eth er or not th e alkali ion 
in th e structure can be exchanged with a diffe re nt alka li ion. 
This may be tes ted by heating in a la rge e xcess of a molten 
salt (or solution) con ta ining the second ion. A large numbe r 
of expe riments of thi s type we re pelformed on many differe nt 
compounds found in thi s study. In this pape r, th e terms 
"single ion exchange" and "doubl e ion exchange" refe r to 
th e exchange of K+ or Na+ for Rb + and the seque ntial 
exchange of K+ for Rb+ followed by Na + for K+, respec tively. 
The results of these tests are found in table 12. 

Most of the exchange experiments have been pelformed 
on powdered mat erials . In those cases whe re single c rys tal s 
could be grown either by Czoc hralski or flux evaporation, 
a ttempts we re made to ion exchange th e s ingle c rys tal s. 

In genera l, the result s of ion exchange ex periments on 
s ingle crys tals we re di sappoin ti ng in th at either disruption of 
the s ing le c ryslal occurred or excha nge proceeded al ex­
tre me ly low rales. 

Ion excha nge expe rimenls were conducled in the Rb20-
Nb20 s syste m wi lh parli cul a r emphasis on th e " ll-layer" 
compound occurri ng al or about 26.67 mol per cenl Rb20. 
Ion exchange experiments were condu cted on both single 
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Table 12a . Summar y of I on Ex cha nge Experimen t s 

Exc hange 
Media 

KN03 

KNO) 

KN0 3 

NaND) 

NaND) 

NaND) 

NaND) 

KNO) 

NaND) 

NaND) 

KNO) 

NaND) 

KN0 3 

NaND) 

KN03 

NaND) 

400 

400 

400 

450 

500 

450 

414 

400 

Time 
hrs 

4Rb 20 : llNb 2O// 

Singl e Exchange 

16 

16 

36 

64 

17 

16 

Double Exchang e 

400 

400 1.5 

400 16 

400 16 

450 66 

400 16 

450 98 

Sinsle Ex change 

450 

Single Exc hang e 

450 18 

450 99 

450 99 

450 

450 

340 

340 

450 

340 

Double Exchanse 

18 

23 

Single Exchange 

2.5 

15 

16 

3.5 

Double Exchange 

450 16 

NaN0 3 340 

450 

450 

NaN0 3 SOD 

NaN0 3 330 

16 

44.5 

Single Exchange 

3NaN02 : 2NaN03 240 22 

500 

2-.1 Single c r ys tal f r agments 

Results 

K e xch . "ll-L" phase 
!.-7 . 554 , .,£-43 . 398 

K exch. " 11-L" phase 

K exch . "ll-L" phase 

K e xch. "11-L" phase 

Partially ex ch . !.-7 . 4 , .,£-43 . 6 

Pa r tially decomposed 

Partially exch. !.-7 .458 , .,£-.43 .19 

Par t ially exch. !!...-7 .472. £,-43 . 23 

!.-7 .458 £.-43 . 398 

!!...-7.368 £.-43 . 869 

!.-7 .366 £,-43 .898 

!!...-7.332 £.-43 . 997 

K exc h. "9-L" phase 
!!...-7 . 56 . £.-36 . 52 

No exc hange 

Pa rt ial exch., increase in "c" 
and pa rtial decomposition 

Partial exch . 

Partial exch. !.-7. 512 , £.-3.879 

Partial e xch . !!...-7. 512 , ,£-3.879 

Partia l exch . !!...-7.5l2 . ,£-3.879 

No exchange 

No exchange 

Some decomposition , partial 
exchange 2-.-7.51 , ,£-3 . 814 

Un c hange HTB+Na 2Nb 40 n (tr) 
+ NaNb0 3 (tr ) 

No change 

No change 

KNb0 3 + unchange HTB 



Table l2b. Summary of Ion Exchange Experiments with 4Rb 20:llNb205 Pellets 

Starting Pressing Firing 
Material History History 

4Rb 2O:11Nb201 10000 psi!!./ 1200°-7 hr 

500°C-90 h~ 20000 psiEJ 

tl5° /hr 
1200°-7 hr 

t5°/minute 
1200°-1 hr 
+5°/minute 

t3°/minute 
1200°-1 hr 
+3°/minute 

500-120 hrd/ 10000 PSi!!./ 1100°-1 hr 
600-90 hr -

1100°-1.5 hr 

10000 
20000 

500-90 hr 

~/ pressed in steel dies 

~/ isostatic pressing 

£/ without PVA binder 

~/ with PVA binder 

~/ complete exchange 

a/ 
psi];"/ 
psi-

4Rb 20: 11Nb205 

K+ exchanged product 

~a+ exchanged product 

1100°-1 hr 

1100°-1 hr 
1200°-1 hr 
1100°-16 hr 
1200°-2 hr 

t5°/minute 
1200°-5 hr 
+5° /minute 

a 

7.522K 

7.554'\ 

7.36S'\ 

K+ Exchange 
History 

KNO -20 hr 
@ 400° parJial 
exchange ~ 

KNOr 16 hr 
@40 ' 
partial ex-
change 

KNOrl hr 
@40 ' complete 
exchange 

KNOr19 hr 
@40 ' complete 
exchange 

KNO r 16 hr 
@400' complete 
exchange 

KNO r 16 hr 
@400' partial 
exchange 

KNOr72 hr 
@400° complete 
exchange 

KNOr16 hr 
@40 ' 
complete 
exchange 

KNOr2 hr 
@400° complete 
exchange 

KNOrlS hI''!.! 
@400° complete 
exchange 

c 

43.1S0.8. 

43.39S'\ 

43.S69A 
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Na+ Exchange 
History 

NaNO~-lS hr 
@400 C 
Partial ex­
change 

NaN03-2l hr 
@400 

NaNOr 4l hr 
@400 partial 
exchange 

NaN03-32 hr 
@400° partial 
exchange 

NaNOrlS hr 
@400 complete 
exchange 

Remarks 

Pellets cracked during firing 
a=7.522 
c=43.1S0 

Pellet fragment disintegrated 
!!.=7l28, £=43.469 

Pellet fragment did not 
disintegrate 
K+ a=7.575, c=43.469 
Na+ ~=7.390, ~=43.663 

Pellet did not disintegrate 
K+ !!.=7.545, £=43.332 

Pellet displayed some spalling 
K+ a=7.555 

c=43.428 

+ K + !!.=7.55l, c=43.40l 
Na cells · not calculated due 

to broadness of lines in 
diffraction 

N~ exchanged pellet decomposed 
K + !!.=7.547, c=43.428 
Na !!.=7. 404, c=43. 332 

+ K + ~7.557, c=43.442 
Na !!.=7.484, ~=43.482 

Pellet cracked during final 
1200' firing K+ a=7.557 
£=43.442 -

Powder fired in open 
tube 
~ !!.=7.549, £=43.387 

+ K ~=7.553, c=43.387 
Na !!.=7.375,-c=43.830 

I 
l 



crys ta l fragments ob tai ned fro m c rys ta ls grown from th e melt 
and low te mpera ture calc ines of 4: 11 powders . The s in gle 
c rys ta ls unde rwe nt K+ exchange in molt en KNO:! but di s in­
tegra ted during Na + excha nge in NaNO;j during va ri ous 
tempe rature and tim e combina ti ons. Pe ll e ts of th e " l1-L" 
phase we re pressed both uni ax ia ll y a nd isosta ti call y with 
and without polyv in yl a lcohol binder , f ired and x-ray diffrac­
tion powd er patt e rn s made before a ny a ttempt was made to 
exchange . Gene rall y th e K+ exchange occ urred with out too 
mu ch degrad ati on of th e spec ime n but th e pe ll e ts d is int e­
gra ted to a fin e powd et· during Na + exchange. Th e unit cell 
dime ns ions for complete ion exchan ge (ta bl e 12) we re devel­
oped from th e results of ion exchange in molt en sa lts from 
very small s ingle c rys ta l fragme nt s . 

3. Relation of Structural Mechanisms of Non­
stoichiometry to Ionic Conductivity 

It is probabl y ge ne rall y accepted th a t a phase whi ch 
ex hibit s unu sua l ioni c conduc ti vity mu s t necessaril y be 
stru c turall y non-s toichiometri c. Unfortun a tely th e oppos ite 
is not necessaril y true . For thi s reason it is worthwhil e to 
di scuss the nature of the non-s to ichi ome try whi ch has been 
obse rved in thi s stud y for those phases whi ch seem to be of 
inte rest. 

3.1 . Hexagonal Tungsten Bronze-type Phases (HTB) 

It has a lread y been reported [2, 5] that the hexagona l 
tungs te n bronze-type phase (HTB) found in bina ry a lkali 
nioba te a nd tanta la te systems has alka li ions in non-sto ic hi­
ometri c positions a nd excess Nb+· or Ta+· ions. These 
excess pentavalent ions may well bloc k the alk ali ion 
conduc tivity as th ese hexagonal bronzes ca nn ot be ion 
exchanged. There a re two mechani s ms tha t have proved 
effective in a lt e ring th e ion excha nge cha rac te ris ti cs of th e 
hexagona l tungs ten bronze-type s tru ctures . One is to cha nge 
th e total a lkali: othe r cati on vale nce ra ti o by subs tituting 
W+6 for Ta+·, for in stance in th e syste m KTa0 3-W03 [1]. 
The alterna te to replac ing Ta+· ions with W+6 ions is to 
change the s tructure enou gh to allow ion excha nge (see sec . 
3.3). 

3.2. Pyrochlore Phases 

The pyroc hlore stmctural formul a should be writte n as 
[A2X] [B2X6]. The RbTa20sF is appare ntl y equiva le nt to th e 
formul a 

as shown by the s tru ctural s tud y of s ingle c rys tals [9 ] 
prepared by the flu x sy nthes is method d esc ribed by th e 
present a uthors [2]. The Rb+ ion is appa re ntl y too la rge fo r 
th e A s ites a nd it is thi s prefe rence for th e la rger a nion (X) 
s ite that mak es this compound stabl e. During ion exchange 
in KN0 3 the K+ ion apparentl y ente rs the A site a nd , upon 
exposure to a tmosph e ri c moisture , an H 20 molecule occupi es 
th e (X) site fo rmerl y containing Rb+. The fo rmula is the n 

During sod ium exchange it is appa re ntl y poss ibl e to obt a in a 
non-sto ichi ometri c a mount of sodium in thi s la tti ce. The 
formul a for thi s phase might be pos tul a ted as 

The produc t obt a in ed by ac id leac hing of thi s py rochl ore 
might th e n be 

The diffe rences in these formul as seem to be re la ted to 
th e s ize of the monova le nt io ns ente ring th e ion excha ngeab le 
pos itions. Although infra red a na lys is of th e Na+ exc ha nge 
produc t does not indi cate (OH )- [9] it would probabl y be 
worthwhil e to exa mine thi s prod uct with NMR for hydroge n 
resonance, a mu ch more sens iti ve me th od th a n infra red 
a bso rpt ion. 

3 .3. Hexagonal Tungsten Bronze-Pyrochlore Series 

The [B2X6] framework of th e p yroc hlore stru c ture ca n be 
desc ri bed as cons is ting of a ltern a ting laye rs of th e hexago nal 
tungs te n bron ze stru c ture sepa ra ted by layers of isola ted 
octahed ra sha ring onl y two co rn ers with th e adjace nt HT B 
layers . If thi s s tru c ture is mod ifi ed by increas ing th e se­
qu ence numbe r of e ithe r of th ese types of layers from th e 
cubi c pac kin g of AaBbCc to a ny oth e r a rra nge me nt , a 
sequ ence of hexagonal phases woul d be formed hav in g th e 
same a ax is as th e HTB s tru c ture and with varying but 
integra l multi p li c iti es of the c ax is dim ens ion . Such phases 
a re ac tu a ll y encounte red .in th e K20-Ta20S [1], Rb20 -Nb20 s 
a nd Rb20-Ta205 [2] sys te ms a nd had been estim ated by us 
to represent "9-l aye r", " 16-l aye r", a nd " Il-l aye r" se­
q uences . All of th e phases ca n be io n excha nged by K+ a nd 
Na + unlik e th e HTB phases in the sa me systems . Th e 
reason for thi s appea rs to be th a t a rota ti on or tra ns la ti on of 
a porti on of th e layer seq ue nce a ll ows th e isola ted verti ca l 
c hannels found in th e HTB stru c ture to be cha nged to 
inte rsecting cha nn els as in th e c ubi c py rochl ore s tru c ture. 
Unfortun a te ly, however, the Na + ion excha nged produc ts 
a re not stable a bove about 450 °C. 

As in th e case with th e py rochlo re co mpoun ds, the K20 
conta ining phases have unit cell d ime ns ions ve ry s imil a r to 
or even la rger th an the corresponding Rb20 cont a ining 
phases (ta bl e 13) . f or ins ta nce th e c ax is fo r the " l1-laye r" 
phase in the K20-Ta20 5 system is 43 .512 A whil e th a t in 
the Rb20-Nb20 5 system is 4 3. 18 A a nd in th e Rb20-Ta2 0 . 
system it is 43. 19 A . Thi s may be due to a real diffe rence in 
tota l alka li content. It may a lso be d ue to hydra ti on of th e 
K20 phases . No hi gh te mpe rature x- ray da ta is ava il abl e to 
c heck thi s hypoth es is but s ma ll single c rys ta ls of th e 2:5 
K20 :Ta20 s phase have been noted to crack, spa ll a nd jump 
on exposure to a ir. 

A mecha ni sm of stru ctura l che mi stry appli ca ble to th ese 
phases was firs t desc ribed by Ga tehouse [10] for a c rys ta l of 
a me tas ta ble phase pre pa red in thi s la boratory [1] in th e 
K20-Ta20 s syste m a nd called metas tabl e K20 :3Ta20 s' Ga te­
house has shown th a t a rota ti on or transla tion of one layer of 
h exagonal bronze ca n fit into a noth e r so th a t a bas ic unit is 
formed with one set of three corne r s hared octah edra lying 
a bove a second set of three corner sha red oc tahed ra, each 
oc tahedra sharing two edges with th e second set. The ideal 
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Table 13. Unit Cell Data for Phases Found in the Ta205-KTa03, Nb205-4Rb20:11Nb205' and Ta205-4Rb20:Ta205 Systems. 

Conditions 
Limiting Probable Space 

System Designation Composition Symmetry Unit Cell Dimension Pos sible Group 
Mole % a 

X 

Rb 20 Nb 205 

Rb 2O-Nb 205 11-L 26.67 73.33 Hexagonal 7.522 
l6-L 25.5 74.5 Hexagonal 7.514 
9-L 25 75 Hexagonal 7 .518 

HTB 21. 75 78.25 Orthorhombic 12.991 

GTB 11.5 88.5 Tetragonal 27 . 484 

Rb 20 Ta205 

Rb 2O-Ta205 11-L 26.67 73.33 Hexagonal 7.506 
9-L 25 75 Hexagonal 7.508 

HTB 21.75 78.25 Hexagonal 7.531 
GTB 11.5 88.5 Tetragona l 27.573 

Ta205 K20 

Ta205-KTa03 GTB 88.5 11.5 Tetragonal 27.55 
1:5 83.33 16.67 Orthorhombic 5.654 

TTBs SO 20 Orthorhombic 12.547 
HTB 7S.25 21. 75 Hexagonal 7.527 
9L 73.85 26.15 Hexagonal 7.55 
l6L 73.5 26.5 Hexagonal 7.542 
llL 71.43 28.57 Hexag onal 7.54 
1:2 66.67 33.33 Hexagonal 6 . 283 
TTB 66 34 Tetragonal 12.569 

3L* 75 25 Hexagonal 9.051 

H-l : 3* 75 25 Monoclinic 14 .614 

* Metastable phase obtained from quenched liquid. 

composItIon of th is stru cture was labeled AsB15.60 42 or 
27.78 per cent alkali rather than 25 per cent alkali . Tern ary 
compounds isostru c tural with thi s phase were reported by 
Groult et a1. [11] , with the ideal formula A3MS0 21 or 2 7.27 
per cent alkali. 

Specimens of the hexagonal niobates and tantalates from 
the Rb20 and K20 systems were given to Dr. Gatehouse of 
Monash University for single crystal x-ray diffrac tion struc­
ture determination [10] and to Dr. Yagi at Arizona State 
Uni versity for study by the ultra high resolution electron 
microscope la ttice image technique [12]. Both of these 
studies indicate tha t the "9-L", " 16-L" , and " ll-L" desig­
nations a re misnomers . The designations "9-L", " 11-L" , 
and "16-L" should be dropped and a new nomenclature 
substituted. It is apparent that the "9-L" and "ll-L" struc­
tures are made up of double hexagonal units of the type 
described by Gatehouse alternating with isolated octahedra 
and mirror (twinned) images of the two layers of the pyro­
chlorestructure. The 16-L structure is an ordered intermedi­
ate between the othe r two phases. 

Complete details of the lattice image and structure deter­
minations will be published elsewhere, however, the basic 
principles are described here. The pyrochlore structure can 
be written as AaBbCcAaBbCc ... where A, B, and C are 

b c 8 Reflections 

X X 

43.18 hki : - h+k+i =3n R3,R~,R32,R3m,R~m 
65.12 hhi:i=2n P63mc,P~2c,P63mmc 
36.353 hhi : R.=2n P6 3mc,P62c,P63mmc 

7.550 7. 796 hkO:h+k=2n Pmcn hO i : R.=2n 
3.9757 - hOO:h=2n P42 l 2,P42 lm 

43 . 19 hki :-h+lt+i =3n R3,R3,R32,R3m,R3m 
36 . 41 hhi : R.=2n P63mc,P62c,P63mmc 

3.907 none P6/ nunm 
3.9018 - hOO:h=2n P421'2,P42lm 

3.899 hOO:h=2n P42l 2, P42lm 
10.713 16 .80 hO t: i =2n Pbcm,Pb c2l 

Oki: k=2n 
37.641 3.922 hOi: h=2n Pmam, P21am, Pma2 

3.901 none P6nunm 
36.583 hhi : R.=2n P63~C,P~2c'P~3mmc 
65.57 hhi:i=2n 
43.512 hki :-h+k+i =3n R 3 ,R~,R32,R3m,R~m 
36. 878 hki : -h+k+R.= 3n " " .. " II 

3.957 hO i :h=2n Pmam,P2l am , Pma2 

12 . 284 hO£:i=2n P6 3cm, P6c2,P6 3mcm 

3.774 6.557 98° 30' none P2,Pm,P2/m 

the hexagonal bronze layers and a, b, c are the isolated 
octahedra. The structure of the "9-L" phase was described 
by Yagi [12] from the lattice image pic tures as: 

AaBB 'a'A' B 'a'A'AaB Aa-----

where th e prime symbol denotes a mirror image (combined 
with translation or rota tion). This can be described as a 
double block structure and has hexagonal symmetry . The 
" 11-L" structure is: 

AaBbC BbCcA CcAaB Aa-----

and can be described as a triple block structure with 
rhombohedral symmetry. Note that in the double block 
structure ("9-L") each bloc k contains two mirrored " twins" 
whereas no such mirror " twins" exis t in the triple block 
("ll-L") structure . The ideal basic "9-L" block is: 

(Aa+B) + (B'a ') + 1/2A ' = (6+4) + (6) + (2) = 18 A. 

where the basic " ll-L" block is: 

(Aa) + (Bb) + 1/2C = (6) + (6) + (2) = 14 A. 
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The " 16-L" phase is an ord ered intermedi a te whi ch I S 

hexagonal and contains two of each type of block. It IS 

th erefore a four bloc k phase and has th e s truc ture: 

AaBbC BbCC'B'B' C'b'B'a'A' B'a'A'Aab 

or 

" ll-L" + "9-L" + "ll-L" + " 9-L" 

or 

2(18+ 14) = 2(32) = 64A. 

4. Conclusion 

Several different stru cture types were found to be present 
in th e two subsystems examined. The hexagonal bronze 
stacking sequence s imilar to tha t found in th e K20-Ta20 s 
sys tem was found to be present as well as th e Gateholl se 
bronze found in th e K20-Nb20 5 system. Ion exchange reac­
tions proved that su itable s tnJ cture types could be easily K+ 
ion exchanged but Na+ ion exchange lead to excessive 
volume change and destructi on of both cerami c specimens 
and s ingle crystal s. Melt and nux growth yielded s ingle 
crystals of the HTB , GTB, and the triple block rhomboh edral 
phase in the Rb20 -Nb20 s system. In th e Rb20-Ta205 system, 
single crys tals of the large doubl e block hexagonal phase 
were grown by the flux evaporation method. 

It should be e mphasized tha t th e explanation of the crystal 
chemistry of these phases is du e to the cooperation between 
three separate and distin ct groups. Thi s labora tory co ntrib­
uted the syntheses, phase equilibria , unit cell dimens ions, 
and alkali metal oxide ratio. Dr. Gatehouse and hi s group a t 

Monash Unive rs ity, Clayton , Australi a contri but ed th e firs t 
solution to th e c rys tal s tru ctures and th e crys tal stru cture 
refinements , while Dr. Yagi of th e Tok yo In stitute of Tec h­
nology, while a guestwork er at Ari zo na Sta te Unive rs ity, 
contributed the latti ce image studi es and th e ir fin a l inte rpre­
tations as hexagonal bronze-pyrochl ore mi xtures. 

We would like to also give credit to Dr. S. Andersson of 
Lund Institute of Technology, Sweden, and to Dr. J. Ga ly of 
CNRS, Toulous, France for firs t pointing out th e possib ility 
of thi s hexago nal bronze-pyrochl ore s tack ing sequence . 
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