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Raman spectroscopy was employed to investigate the KNO3-RbNO3; system. Raman studies
indicated that Rb™ may substitute K™ up to 67 mol % in the solid solutions of the KNO3 I
structure (denoted as K;_ x\Rb,NO;3 (KII)) and up to 80 mol % in the solid solutions of the
KNOs; Il structure (denoted as K;_ xRb,NO3 (KIII)). The substitutional crystals retained the
transitions of | to lll to Il of KNO3; on cooling and the metastable property of KNO3 Il at
room temperature. It was found that rubidium nitrate had a considerable tendency to have
the structure of potassium nitrate. This accounts for the fact that larger rubidium ions can
replace many more smaller potassium ions in the nitrate than vice versa. When the
concentration of rubidium ions was more than 67 mol %, the substituted crystals
underwent the mixed structural phase transition of the KNOs Il structure to the RoNOs IV
structure, and K;_ ,Rb,NO3 (Klll) seemed to consist of disordered R3m microstructure.
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1. Introduction Phase transition studies by thermal analysis [6, 9]
Both potassium nitrate and rubidium nitrate can exist ingave different results for the cooling and heating runs.
several phases at atmospheric pressure and above rodtthen cooled from the melts, the transition of potas-
temperature [1, 2]. Due to their special position in thesium nitrate from phase | to Il was observed for mix-
series of alkali metal nitrates, KN@nd RbNQ have  tures up to 42 mol % RbN£)Y9]. The two step transi-
more alternative structures at atmospheric pressure [3fion | — Il — Il of potassium nitrate was observed
Their structures represent the transition from the strucenly for mixtures containing up to 10 mol % RbNO
ture stable for small cations @) to the structure stable It was assumed that it was difficult for KNI to dis-
for large cations (P3. It seemed worthwhile to deter- solve RbNQ. However, the heating studies [6] indi-
mine how the polymorphism of potassium nitrate andcated that the solubility of RbNOin KNO3 Il was
rubidium nitrate manifests itself in the mixed crystals. about 50 mol %.
The dependence of the structure of the solid solution The binary system of potassium and rubidium nitrate
on the composition will shed light on the trend in the is unusual and interesting because it is one of the few
structural changes of alkali metal nitrates. examples in which nonisostructural components form
Two substitutional solid solutions have been re-a continuous series of solid solutions. Solid solutions
ported [4, 5] for solids grown from aqueous solutionsof KNO3-RbNG; are also one of the few examples in
of KNO3-RbNGO; mixtures with variable concentra- which larger guestions can replace many more smaller
tions: K;_xRbyNOs (KII) for x up to 0.50 and the hostions than vice versa. The difference in solubilities
K1_xRbNO;3 crystal with the RbN@ IV structure s striking: larger rubidium ions can replace more than
(K1_xRbyNOs (RbIV)) for x no less than 0.98. The half of the smaller potassium ions in potassium nitrate
two phase region was found to extend from 50 towhile smaller potassium ions can only replace about
98 mol% RbNQ. Similar solid-solid solubility was 5 mol % rubidium ions. Finally, it was noted [6] that
observed [6] for crystals grown from fused mixtures the two high temperature transitions of rubidium nitrate
of KNO3-RbNG;. Electrical conductivity and X-ray disappeared between 60 and 90 mol % RBN©the
measurements indicated [7] that as much as 4 mol %hermal analysis heating run. Anindependent study was
KNO3 could dissolve in RbN@IV at room temper- suggested.
ature. The presence of the KNI structure in the In the present work Raman spectroscopy was used to
KNO3 solid solutions was identified from the X-ray explain the phase diagram of KNERbNG; through a
diffraction pattern, ferroelectric behaviour and markedstudy of the structures of the solid solutions from fused
volume changes [8]. mixtures of rubidium and potassium nitrate.
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2. Experimental 3. Raman spectra of the solid solutions of
All the chemicals were analytical grade reagents and KNO3-RbNO3;
were used without further purification. Raman data from the spectra of the quenched samples
The nitrates were dried in the oven at 393 K overare collected in Table | and Raman data from the spec-
night. The dried chemicals were weighed at definitetra of the annealed samples are collected in Table II.
ratios, mixed well, and transferred to 5 mm id glassThe Raman spectrum of pure Rbhl®as measured for
tubes. The mixtures were dried under vacuum for 3comparison. The Raman data for KiDand KNGz I
days at 378 K. Then the samples were melted and kegre taken from reference 10. There are distinct differ-
in molten state for 8 h. The quenched samples werences in the Raman spectra of the same sample with
obtained when the molten mixtures were taken out ofiifferent thermal histories.
the oven and cooled quickly to the room temperature
in the air.
After the Raman measurements the solid sample8.1. The quenched samples
were reheated to 403 K overnight and then cooled td'he quenched samples with a content of rubidium ni-
room temperature very slowly (24 h). These were therate up to 80 mol % have the typical Raman features
annealed samples. of KNO3 Il (Fig. 1a), indicating the formation of
Raman spectra were measured on a Spex 1403 do¥- _ yRb,NO3 (KIII). The v, vibration appears at ca.
ble spectrometer with standard*@@attering geometry. 1054 cnt?, andv, at 717 cnt. The Raman profile in
The 488.0 nm line of a Spectra-Physics argon ion lasethe v region presents the typical transverse (TO) and
(series 2000) was used as the source of excitation. THengitudinal (LO) optic Raman features of KNQII
power level was 200 mW. The slits were setat 200.  [10]: a relative high and sharp peak at 1350 ¢r(TO)
The data were collected at 0.5 chinterval and the in-  and a lower and broad peak at 1440 ¢nfLO). The
tegral time for each point was 3 s. For detailed studiedand at ca. 1430 cni is due to the 24 vibration. A
in thev; region, the slits were set at 30n and the data  single distinct band appears at 1664 ¢nin the 2,
were collected at 0.2 cnt interval. MoQ; was used to  region.
calibrate the frequencies. The wavenumbers were ac- There is a small but unambiguous frequency shift
curate to 0.5 cm?. in the internal vibrational region of the nitrate ion

TABLE | Observed Raman bands (in ch) for the mixed crystals of K_yRbyNOz (KIIl) and Ko 05Rbo.g5sNO3 (RbIV) at 298 K

K1_ xRbNOz? External V4 V1 V3 2vp
x=1.00 95, 108 706, 720 1055 1350, 1407,1440 1673
x=0.95 61,110 707,721 1057 1349, 1410, 1440 1674
x=0.90 61, 110 707,721 1056 1347,1412,1435 1674
714 1049 1661

x=0.80 116 717 1052 1348, 1424,1435 1662
x=0.67 118 717 1052 1349, 1428,1437 1663
x=0.50 120 717 1053 1350, 1430, 1438 1664
x=0.33 121 717 1053 1349, 1430, 1439 1663
x=0.80 124 718 1054 1351, 1430, 1441 1665
x=0.10 124 718 1054 1350, 1430, 1440 1664
x=0.05 125 719 1055 1351, 1430, 1442 1664
KNOg3 Il b 125 717 1053 1348, 1431, 1440 1664

aSamples were quenched from the melts and measured at 298 K.
bData from Ref. [10].

TABLE |l Observed Raman bands (in th) for the mixed crystals of K_xRbNO3 (KII) and Ko osRbp 9sNO3 (RbIV) at 298 K

K1_ xRbNO3? External V4 V1 V3 2v7

x=1.00 59,108 706,720 1055 1350, 1407, 1440 1673
x=0.95 62,112 708,722 1057 1350, 1410, 1438 1675
x=0.90 62,111 707,721 1057 1348, 1410, 1437 1674
x=0.80 62,114 707,721 1057 1348, 1437 1674

715 1051 1662

x=0.67 41,79,120 714 1050 1345, 1357 1650, %677
x=0.50 43,80,121 715 1051 1346, 1358 1650, %680
x=0.33 45,81,121 715 1051 1345, 1359 1650, %672
x=0.20 47,82,122 715 1051 1345, 1359 1654, %682
x=0.10 49,82,123 714 1050 1344,1358 1650, %685
x=0.05 50, 83,123 714 1050 1344,1358 1651, %675
KNO3 I1° 52,84,123 715 1050.5 1344,1359 1652, 1679

a8Samples were annealed and measured at 298 K.
bData from Ref. [10].
°Broad and weak features from about 1650 to 1680tm
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Figure 1 Raman spectra of the quenchegd K,RbyNO3 measured at 298 K. The intensity in the vs, v4 and 2, regions has been multiplied by 4.
(a) Ko.20Rbn,goNOs; (b) Ko.10Rb0.00NO3; (€) Ko.05Rl0.95NO3.

as the amount of RbNQin the solid solutions in- (RblIV) (Fig. 1b): Two bands appearin each of thand
creases (Table 1). The, appears to shift to lower 2v,regions:the strongerbands at714,1056,1674'cm
wavenumbers: from 1055 cm for KggsRbp0sNO3 due to Kyos5Rbp9sNO3 (RbIV), and 707, 721, 1049,
(KI) to 1052 cnT?! for Kg20RbpgoNOs (KIII). The 1661 cntt due to K _xRbNOsz (KIlI). In the v3
v3 vibration also shifts to lower frequencies and theand external vibrational regions the features due to
TO-LO splitting seems to decrease a little: 1351 andK; _ yRbNO;3 (KIII) are too weak to be distinguished
1442 cnt? for KogsRbposNOs (KIIl) and 1348 and  from the much stronger features due t@g§Rbg 9sNO3
1435 cnt?! for Ko0RbygoNOs (KIII). The external  (RblV) in the vicinity. To judge from the relative inten-
mode at 125 cm! shifted more rapidly on substitut- sities there seems to be morg ¢§Ry9sNO3 (RbIV)
ing R+ for K+: 125 cnt? for K g5Rb,0sNO3 (KIII) which may suggest that the solubility of KNQn
and 116 cm? for Ko 20RbogoNO3 (KlII) (Table 1). RbNG; is slightly more than 5 mol %.

The sample with 95 mol % RbN{has the character-
istic Raman bands of RbNQV alone (Fig. 1c), sug-
gesting the formation of y5Rb09sNO3z (RbIV). Two  3.2. The annealed samples
peaks at 61 and 110 cthappear in the external vibra- Similarly, the annealed samples can also be classi-
tional region. Thev; vibration appears at 1057 cth  fied to three types of solid by the Raman spectra:
which is 5 cnt! higher than would be expected if the K;_xRbNO3 (KII) (Fig. 2a), Ko05Rbp.9sNO3 (RbIV)
sample were a solid solution with the KN@I struc-  (Fig. 2d) and a mixture of the two (Fig. 2b and c). The
ture. There are two distinct bands with very nearly themajor difference is that the range for; KyRbyNO3
same intensity in they region: 707 and 721 cm.  (KIl) reduced a little tox =0.67 from x =0.80 for
Three bands may be distinguished in theregion: Ki_xRbNO;3 (KIIl) (Table II) and the Raman fea-
1349, 1410 and 1440 crh. The band at 1674 cmt  tures of KNQ Il are replaced by those of KNgII
is assigned to . [10]: two strong bands at ca. 45 and 80 Tmin the

The Raman spectrum ofg¢oRby 0oNOs is a mixture  external vibrational region, 1050 and 715 Thior vy
of those of K _xRbyNO;3 (KlII) and Kg gsRbg 9sNO3 andvy, 1345 and 1358 cit with similar intensity in
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Figure 2 Raman spectra of the annealed K,RbsNO3 measured at 298 K. The intensity in the v3, v4 and 2, regions has been multiplied by 4.
(a) Ko.33Rby 67N O3; (b) Ko, 20Rbo.80NO3; (€) Ko.10Rbn 0oNOs; (d) Ko osRbo.95NO3.

thevs region, weak and obscure features between 1656ated that two kinds of room temperature solid solu-
and 1680 cm*. tions crystallized from the mixed melts. One had the
The presence of rubidium ions in the lattice seemsstructure of potassium nitrate and the other had the
to have little effect on the internal vibrations of ni- structure of rubidium nitrate. The solubilities were de-
trate ions in K_xRbNO3 (KII). The frequency of termined by the detailed Raman studies in the most
bands in thev;, vs, v4, and 2, are quite constant sensitivev; region where a single band indicates a sin-
from Ko 95Rbp.05NO3 to Kg 33RI067NO3. On the other  gle solid solution and two bands indicate a mixture of
hand, the bands of the external modes shift considersolid solutions. It is obvious from the Raman spectra
ably to lower frequencies: from 52 and 83 chifor  of the quenched samples (Fig. 31) that the solubility
Ko.05Rb0.0sNO3 to 41 and 79 cm? for K 53R 67N Os. of RbNG; in KNO3 Il is about 80 mol% and the
Raman features of the RoNOV structure began to  solubility of KNO3z in RbNG; IV is about 5 mol %.
appear fox = 0.80. Interestingly, the Raman spectrum When annealed, the RoNOV solid solution exsolved
ofthe annealed Kz0Rbp soNO3 (Fig. 2b) appeared very from Kg 2RI goNO3 and the solubility of RbN@in
similar to the spectrum of the quencheghi§Rby goNO3 KNOg3 Il reduced to 67 mol % (Fig. 3ll). The routine
(Fig. 1b). Raman measurements over the whole spectrum (Figs 1
and 2) support these solid solubilities, and the Raman
studies are consistent with the observations by other
4. Discussion techniques [6-8], especially the thermal analysis heat-
Raman spectroscopy can be employed to determinig run.
solubility of a solid solution. The solid solution has The sample I§10Rby9oNOz manifests interesting
only the characteristic Raman bands of the host crysproperties. Judged by the Raman bands inithee-
tal and the bands due to the solute structure do nagion, there was a considerable amount of the solid so-
appear. The solubility is determined by the first appeariution with the KNG; 1l structure in the quenched
ance of the Raman bands of the guest crystal structur&g 10Rbp goNO3 (Fig. 31) but a very small amount of
Our Raman studies of the KNERbNQ; system indi-  solid solution with the KNQII structure inthe annealed
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Figure 3 Raman spectra in thg region of the quenched (I) and annealed (1)) KRbyNOs measured at 298 K is the mole fraction of Rb.

sample (Fig. 3ll). The spectrum of the quenched sample The mixed transition of K yRbNO3z (KIII) to
was measured first. The spectrum was measured agajRblV) suggests that the solid solutions with the RNO
after annealing. It appears that, after annealing, most ddtructure at the high temperature behaved as KNO
K1_xRbyNO3 (KlII) in the quenched K§10RgoNO3  This is possible because RbN® has the same struc-
transformed to K_xRbyNO3 (RbIV) instead of (KII).  ture as KNQ I [2]. When quenched they transformed
The remaining small peak due tq KyRbNO3 (KII) to the intermediate KN®III structure and when an-
shifted to higher frequency so that it became a shoulnealed, to the RbNIV structure. Since the over-
der on the band due to;K x\RbyNO3 (RblV). Usually ~ whelming component in the solid solutions with the
the transition of the KN@III structure to the KNQ I KNOg3 Il structure in the quenched ¢&oRy goNO3
structure causeg to shift to lower frequency [10]. and Kj10RbpgoNO3 was RbNQ, the crystal of ru-
The Raman spectra from 40 to 1800 Chby routine  bidium nitrate might well be regarded as the host in
measurement showed more clearly the mixed transitiothese solid solutions. The changes brought about by
of K1 _ xRbyNO;3 (KIII) to (RbIV) in K g.10Rby.goNOs. guenching or annealing might well be the structural
The distinct Raman features in thvg andv4 regions  phase transitions involving the RbNGtructure. This
due to the KNQ Il structure in the quenched sample may account for mergence of the Raman features of
(Fig. 1b) seemed to disappear completely and there apghe KNG; Il structure into those of the RbNOIV
peared to be only the Raman bands of the ReBNO in the external anai; regions, as was observed in the
structure in the annealed sample (Fig. 2c). The annealespectra of the quenchedy KRy 9oNO3 and annealed
Ko.05Rbp.gsNO3 and Ky 10RIg 9oNO3 had such similar  Kg20Rbg ggNO3 (FIgS 1b and 2b) Later we found that
Raman spectra by routine measurement (Fig. 2c and dhe annealed KzoRbp goNO3 was a metastable interme-
that at first we assumed that all the Kh@I solid diate phase consisting of a mixture of KyRbyNO3
solution had transformed to the RbN®/ solid solu-  (KIll) and (RblV). It appeared that K yRbyNO3
tion and the solubility of KNQ Il in RbNO3 IV was  (RblV) exsolved from the quenchedykoRIbp soNO3
10 mol %. However, the detailed Raman studies indi{KIlll) during the 24-h annealing. The remained solid
cated that the latter was a mixture while the former wassolution retained the KN©III structure. After much
a single solid solution (Fig. 3lI). longer annealing (a week), the remained solid solution
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Figure 4 The phase diagram of KN§GRbNO; by DTA heating runings [6]. Raman studies suggest that RbNGransforms to RbN@ Il in the
region of 60 to 90 mol % RbN® (KI), (KII), (Rbll), and (RblV) indicate the solid solutions with the KNO@, KNO3 Il, RbNOs II, and RbNG IV
structures, respectively.

transformed to the KN@II structure. Fig. 31l is the greater tendency for rubidium nitrate to have the struc-
Raman spectra of one-week annealed samples. It wdsre of potassium nitrate. This tendency at least partly
found that in thev; region the relative intensity due to explains the strikingly different solubilities. It is ener-
the KNG; structure became much stronger (Figs 2c andyetically unfavourable for mixtures of different struc-
3ll) and the doublet feature of KNOI appeared inthe tures to form solid solutions because the guest mem-
v3 region. ber is forced to have the structure of the host member.
Raman studies offer a possible explanation for thdJsually only limited solubilities are observed for non-
disappearance of the two transitions of RbNDhigh  isostructural systems. Obviously, it is much easier to
temperature in the composition range between 60 anfbrce RbNQ to have the KNQ@ structures than vice
90 mol % RbNQ (Fig. 4). The metastable R3m phase versa, resulting in the unusual solid solubilities.
with RbNG; as the host was detected by the Raman The lattice seemed to be more expanded by Rb
technique for quenchedK x\RbyNO3; (x =0.80 and the metastable KN@III structure than in the KN@II
0.90). On annealing, the R3m phase transformed to thstructure, because the nitrate ions appeared more sen-
RbNG; IV structure. It would be expected that the re- sitive to substitution of rubidium ions. The mode of
verse process should take place when the mixtures wetie nitrate ion shifted about 3 cthto lower frequency
heated and K_xRbNO3 (RbIV) transformedto (Rbll) in K;_xRbyNO3z (KIII) while it was practically un-
which had the same structure as KNO Electrical  changed in K_xRb,NO3 (KII). The 85 cnt! band of
conductivity study also indicated that; KyRbyNO3 KNOj3 Il and the 125 cm?® band of KNG IIl involve
(Rbll) transformed directly to (RbIV) on cooling when the same rotatory modes of the nitrate group [10]. When
the potassium content was more than 6 mol% [7].x increased from 0.05 to 0.67, the frequency of the ro-
Primary studies of the temperature dependence dhatory modes decreased by 7 thfor K1 _ xRbNO3
Ko.20Rbo.goNOs in our laboratory found that the mix- (KIIl) and by 4 cnt! for K1 _ 4RI, NOs (KII).
ture became one phase (the presumé&inRabove The more sensitive response of the KNID struc-
420 K. Thus, the missing transitions of rubidium nitrateture to substitution of larger rubidium ions is consis-
were phase IV to lll and phase Il to | (Fig. 4). RbAN  tent with the crystallographic studies of the structures
and KNG; | have the sameBmn structure, and they form and structural phase transitions of potassium nitrate.
continuous solid solutions below the solidus. It was found [8] that both the molar volume and the
The direct transition between the Pand RBm  distance between successive K planes were smaller in
phases and the presence of the metastable KNO KNOg Il than in KNO3 Il. The more compact KN@
structure in the RbN® solid solutions indicated a Ill would expand even more when larger rubidium ions
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replace smaller potassium ions. The more expandefirroelectric ordering in KN@ The work has focused
KNOg3 Il would cause larger frequency shifts in the on thin films of KNG; because of their potential ap-
Raman spectrum. Furthermore, the arrangement of thglications in random access memory devices. Several
nitrate ions and the cations makes KNID more sen-  mechanisms have been suggested to improve the sta-
sitive than KNQ |l to substitution of larger cations. In bility of KNO3 films in phase Ill, based on changes
the KNG; Ill crystal, the potassium ion and nitrate ion in physical properties [17] such as hydrostatic pressure
alternatively line along the saneeaxis. In the KNQ Il and film thickness. The present work might shed light
crystal they are located on differentaxes, each of fromthe view pointof structure. The nitrates of sodium,
which carries only one kind of ion. potassium and rubidium all have the san@nRstruc-
The greater expansion in the lattice of K@ due  ture at high temperature but only KN@ives rise to a
to larger rubidium ions may partly account for the re-ferroelectric structure on cooling. The size of the cation

ported deterioration of ferroelectricity imK xRbyNO3
(Kl with increasing contents of RbN£J8]. The fer-

must be one of the important factors and insertion of
small amounts of rubidium ion may lead to stabilized

roelectric hysteresis loop and the spontaneous polaferroelectric KNQ 1l films.

ization disappeared almost completely when the mole
fraction of Rb" reached to 0.56. The changes were no
considered to be due to the appearance of another cr3§=
tallographic structure. In this work the Raman spectr
of the solid solutions containing RbN@p to 80 mol %
had practically the same pattern as KN@even in the
most characteristioz region [10, 11]. It has been re-
ported [11] that the substitution of 30 mol % Ky Rb"
only brought about a very slight broadening of the TO-
LO features and about 2 crhshift to lower frequencies

for both features, which was in good agreement with

Conclusions

aman spectroscopic studies of the KNRbNO; sys-
tem revealed the following structural features of the
nitrates and their solid solutions:

1. The solubility of RoNQwas 67 mol % in KNQII

and 80 mol % in KNQ lll. The solubility of KNOs in
RbNG; IV was ca. 5 mol %.

2. The transition from R3m to R3vas observed for

our observations. Since Raman studies indicated liti&@MPles containing 90 and 80 mol % Rbjl®he ten-

crystallographic change in the solid solutions, the dete
rioration in ferroelectricity must be due to some chang
in the R3m lattice because of the larger rubidium ions.

The disappearance of ferroelectricity may be due to
the presence of sufficient number of rubidium ions toK
overturn the ordering of ferroelectric micro domains
in KNOg3 lll, to give a structure that resembles KN
I. Both Raman and infrared studies [10, 12] have in-
dicated that it was not appropriate to describe the vi-
brational spectrum of KN@I on the basis of the av-

o

The R3m structure appears to be the most possible one
for the paraelectric KN@I. The TO-LO splitting has 2
been reported [13] in the; region of the Raman spec-

the local environment of the nitrate ion was practically

identical in phases | and Il of potassium nitrate. The 5.

frequency shift was found to be extremely small and the
v3 region was essentially unchanged between phases
and lllinthe IR spectra. It was suggested that the transi-
tion of phase I to lllinvolved ordering of dipoles already

existing in phase I. This was supported by the study of 7.

X-ray diffuse scattering [15] of potassium nitrate above
the ferroelectric Curie point.

The thermal transition of KN@IlIl to | was accompa-
nied by large expansion along thaxis [16]. Assuming

that the expansion of theaxis in the solid solutions due  10.
to larger rubidium ions had the same effect as the thert!-

mal expansion, an addition of 60 mol % Rbjl®ould
have the same result as atemperature increase of 100

of RbNG; the ordering of the R3m microstructures in 15
K1_xRbyNO;3 (KIlIl) was disrupted, causing the para- 16
electric properties similar to KN§I. 1

é. P. I.

8.

9.

I]é.

It is reasonable to assume that at high concentrations.

dency of RbNQ to have the structure of KN{£appears

explain why the larger Rbhas much greater solu-

ility in KNO 3 than smaller K in RbNG:.

3. K1_xRbyNO3 (KIIl) was expanded more than

1-xRbyNOs (Kll) by larger Rb". The greater and
uneven expansion inK yRbyNO3 (KIII) could partly
o accountforthe reported deterioration of ferroelectricity
as larger rubidium ions were introduced in the crystal.
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