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A N H A R M O N I C I T Y  O F  N I T R A T E - I O N  O S C I L L A T I O N  IN C R Y S T A L S  

A N D  M E L T S  O F  S O D I U M ,  R U B I D I U M ,  A N D  C E S I U M  N I T R A T E  

A .  Z .  G a d z h i e v ,  M .  M .  G a f u r o v ,  UDC 535.342:539.196 
and S. A. Kirillov 

Second-orde r  vibrat ional  spec t ra  (SOS) for  cer ta in  n i t ra tes  of monovalent  me ta l s  (mainly sodium) a re  
a l ready  known [1-7], but have not been subjected to sys temat ic  s tudy,  and t he re fo re  it is often difficult to 
fo rmula te  an idea of the anharmonici ty  of t he i r  in ternal  n i t ra te - ion  vibrat ions.  It is impor tant  to know the  
anharmonici ty  constants  (AC) of n i t ra te - ion  vibrat ion not only f rom the viewpoint of i ts vibrat ional  and r o -  
tat ional  dynamics .  Thus, new types  of spec t ra l  manifes ta t ions  of n i t ra te - ion  d isorder ing  were  recen t ly  ob-  
se rved  in n i t ra te  spec t ra  [8, 9]. Brooker  [7] conf i rmed these data, but expressed  the opinion that these new 
bands, a t t r ibuted to d i sordered  par t ic les ,  may  be due to t rans i t ions  f rom a nonzero level  (nhot" t ransi t ions) .  
Knowledge of AC is also n e c e s s a r y  if these  a re  to be local ized.  The re fo re ,  the presen t  work is an invest iga-  
tion of SOS in the IR region,  with es t imates  of the l imits  of AC var ia t ion for  sodium, rubidium, and ces ium 
n i t ra tes  in c rys ta l l ine  and mol ten  s ta tes .  

The IR spec t ra  were  r e c o r d e d  on a P e r k i n - E l m e r  180 unit in the region 500-4000 cm -1, using an a t tach-  
ment  for  smal l  samples .  In the region up to ~ 1200 em -1, the spec t ra l  width of the sli t  was about 1 era-i ;  in 
record ing  SOS it was about 3 era-1. The invest igat ion was c a r r i e d  out on polished chips of NaNO 3 (thickness 
60 p) ,  RbNO~ (50 #),  and CsNO 3 (55 #) single c ry s t a l s ,  of  s ize about 2 • 2 turn. The hea t ing-e lement  setup 
is shown in Fig.  1. In studying the spec t ra  of me l t s ,  the sample  was held by su r face - t ens ion  fo rces  in hole 6. 
The  t e m p e r a t u r e  was held constant  to an accuracy  of up to • 1 ~ and control led by a C o p e l - A l u m e l  t h e r m o -  
couple.  

Some data on the Raman-sca t t e r ing  (RS) spec t rum were  obtained ea r l i e r ,  in [10, 11]. Examples  of the 
IR spec t r a  r e c o r d e d  a re  given in Fig.  2. The  region of s trongly polar  vibrat ions ~ 2 of the f r e e  ion in the IR 

Trans la t ed  f rom Zhurnal Pr ik ladnoi  Spekiroskopii ,  Vol. 33, No. 6, pp. 1085-1089, December ,  1980. 
Original  a r t i c le  submitted Apri l  27, 1979; r ev i s ion  submitted July 28, 1980. 
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Fig .  1. H e a t e r  unit: 1) hea t e r  body; 
2) heating e lement ;  3) heat  insu la -  
tor ;  4) ma in  f r ame;  5) s ingle c r y s -  
tal;  6) hole; 7) the rmocouple  s i te .  

TABLE 1. Select ion Rules  fo r  Over tones  and Combinat ion Tones  of 
Sodium Ni t r a t e  

Vibration 

~2 

Vl 

~3 

Symmetry 

E~ R 

A(HA) 
2g 
IR 

A2u 

A(HA) 
lu 

E~ R 

A~g 

Eg 

s 

A2g 

A2u 

Alg 

Eu 

Eg 

A2u 

A2g 

Am 

Alg 

Eg 

A~g + Eg 

Alu ~- A2uq-Eu 

Eg 

Eu 

Eg 

Eu 

Alg ~ Eg 

E u 

Alg ~- Eg 

E~ 

Eg 

Eu 

Eg 

A~g -k Ez 

s p e c t r a  was not invest igated in the p re sen t  work,  and the posi t ion of the ~2-band m a x i m u m  with the re la t ive ly  
s t rong  absorp t ion  in the l aye r s  used he re  was m o r e  accu ra t e ly  located using data on suspensions  in m i n e r a l  
oi l .  

A " f r e e "  n i t r a te  ion has the s y m m e t r y  Dah and is c h a r a c t e r i z e d  by the v ibra t ions  v 4 (E ' ~ 700 cm-1),  
~2 (A ~ -~ 800 cm-1) ,  v 1 (A~ ~ 1050 cm-1) ,  and ~3 (E ' ~ 1300 cm-1) .  P lac ing  the ion in a c r y s t a l  la t t ice  leads  to 
the spl i t t ing of  all ,  o r  a lmos t  all ,  the v ibra t ions  by local  and co r re l a t iona l  f ie lds .  The c r y s t a l  s t r u c t u r e  of  
n i t r a t e s  in the t e m p e r a t u r e  r ange  inves t iga ted  is as follows: for  NaNO 3 (310-500~ D~d-R3C, Z = 2, and the 
n i t r a t e  ion is in posi t ions with local  s y m m e t r y  D 3 [12]; for  RbNO s (310-437~ and CsNO 3 (310-4340K), C2-p31  
o r  C I - P 3 2 ,  Z = 9, and the n i t ra te  ion occupies  th ree  se ts  of  pos i t ions  with local  s y m m e t r y  C 1 [13]; RbNO 3 
(437-492~ and C sNO 3 (434~ have an unref ined cubic s t r u c t u r e  [12]. In a me l t ,  the n i t r a t e - ion  s y m -  
m e t r y  is not D3h but m o r e  l ikely  C2v o r  Cs [10, 11]. The se lec t ion  ru les  for  the SOS region p r e s e n t l y  of  in-  
t e r e s t  (wave n u m b e r s  l a r g e r  than v3, combinat ion of all  tones with v 3 and vl) a r e  s imp le s t  in the case  of m e l t s .  
If  the n i t r a t e  ion is in the s y m m e t r y  C 2v, then the s y m m e t r y  of the v ibra t ions  is  as follows: ul, (Ai); v 2 (Bl); 
v3, ~4 (AI +B2); all  of  t hem,  s e p a r a t e l y  and in combinat ions ,  a re  act ive  in the IR spec t rum.  The s a m e  is  t rue  
of the Cs s t r u c t u r e  of  the n i t ra te  ion; where  vl, v3, and 94 belong to the c l a s s  A ' and v 2 to A ". In the ca se  of  
the h i g h - t e m p e r a ~ r e  phases  RbNO3-IH and CsNO3-I, the lack of s t ruc tu ra l  data hinders  conformi ty  to the 
se lec t ion  ru l e s  fo r  m e l t s .  F o r  RbNO3-IV and CsNO3-H, all the in ternal  IR tones  a r e  act ive  (A and E ) and give 
I R - a c t i v e  b inary  combinat ions  (A, E, 2A +E);  the p r e sence  of th ree  se t s  of ions in the la t t ice  should be borne 
in mind.  Final ly ,  the se lec t ion ru le  fo r  the NaNO 3 c r y s t a l  can be der ived  m o s t  r i go rous ly  (Table 1). 

In consider ing all  the s p e c t r a  (see Fig.  2, fo r  example) ,  t he  regions  of the  following s e c o n d - o r d e r  bands 
a r e  fa i r ly  c l ea r ly  del imited:  (a) vl+v4; (b) vl+v2, (c) v3+v4, o r  v2+v3, o r  2vi; (d) vl+v3; (e) 2v3; in* 

* Line deleted in Russ ian  o r i g i n a l -  Edi tor .  
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TABLE 2. Vibration Frequencies  and Ankarmonicity Constants of 
Nitrate Ion in Crystalline and Molten Nitrates 

Vibra- phase NaNOat t/phase , RbNO 
tion i~ iquid ! IV phase III 

V2 

'V I 

VI~-Y 2 

VI~-u 3 

2Va 

~3a 

~12 

~13 

~14 

G34 

1721IR Eg 728RS 724RS 707IR 707 
Eu726 IR 721IR 718 

A~g 838 827i R ~3~ A2u 838 IR 

A1r 1071R8. 
A, lO G 
Eg 1387KS I355 

KS 

Eu1387[10 1445 
RS 

1787 1770 

I880 1899 

2101 

2440 
2762 
2849 
--12 
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--10 
--3 
--8 

+ 3  
--10 

--14 
- -9 f61 
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[I~ 
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[i~ 

I 

1 

2 

2 

2 

KS[14 
IR 

2 IR 

,52 RS 

;40 RS 
41 

:07RS 
41 

1757 

1882 

~058 

~302 

!743 
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--2 

•  
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+9 
~ 0  

liquid phase Ii 

704,5 IR 
715,5 I R  

836 IR 

1047,8IR 
I050,4IR 
1348(E) RS 
[151 
I383(A) RS 
[151 
1396(A) RS 
1410(E) RS 
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1753 
1763 
1883 

2047 

2382 

2736 
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--1 

- - l l  

•  

CSNOa 
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704RS [1511 
714 IR =/ 
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705 IR 
710RS 
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140~ ; 
RS 141 
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20 $5 
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- - -5  

q-1 
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§ --2,5 

1878 

2041 
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--4 

--4 

--7 

--3 

707 IR 
703RS 

828 IR 

1043Rs 

1330 RS 
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1400 RS 
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1741 
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Fig.  2. IR spectra of sodium nitrate in 
crystal l ine  and molten states; T = 310 
(a) a n d  6 4 0 ~  (b) .  T h e  d a s h e d  c u r v e  i s  

t h e  r e f l e c t i o n  s p e c t r u m  f o r  T - - 3 1 0 ~  

[1], and also according to the minimum-anharmonic i ty  requirement,  i .e . ,  preference is given to the f irst  c o m -  
bination. 

The experimental  data are given in Table 2. Note that in the case  of low-temperature  phases of rubidium 
and ces ium nitrate the IR data obtained in the present  work are in good agreement  with the m o r e  accurate 
Raman data of [13-15]. The AC calculated from these  data are  shown in Table 2. These  were calculated using 
special ly  se lected  and (in our opinion) m o r e  accurate l i terature data on inactive and Raman-act ive  frequencies,  
and also v 3. For me l t s ,  the calculated values vi  + v4 are obtained with v4 taken as an average of IR and Raman. 
For  CsNOa-II , in finding 2v3, account was taken only o f  combinations of the type A x E ,  assuming that they 
re late  to the vibrations of particles  which are in the same position. Finally,  where there  were  several  possible  
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calculated values v i+ v j, ~ij was calculated using rain (vi + V j)eale. Regrettably, the trend of AC variation on 
passing from one mater ia l  to another or on changing the phase state remains unclear.  Nevertheless,  on 
average, for all the obtained results ui] < 0. Adding to these data the values %it = -  2, %22 = - -  3,  ~444 ----  3 . 5  c m  -1 

(overtone frequencies  taken from [6, 7]) for NaNO3-II and • = -  2 cm -1 for C sNO~-]I, * it may be concluded 
that AC of the type ~ii and ~ij have the same effect on the observed frequencies.  This conclusion is in good 
agreement with the calculations based on the IR spectra of a nitrate ion isolated in alkali-halide matr ices  [17]. 
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