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Infrared absorption spectra of inorganic nitrates and carbooates huve been obtzined on
gingle eryatald at room temperature, dhder Hguid oitrogen refrigeration and undar liguid
helioym refrigeration, Diffuse absorption observed in the room temperature specirs be-
twean about 1400 cm™! and 0 em~? 8 ragolved wader Uguld heliumy refrigeration iote a
largz number of bapds not attributable to ondamentala or combinations of fundemental
frequencies of the anigns, Alngst all of theas bands are readily interpreted as sgmination
bande of fundamental fraguencics with sueecssive [evels of A Lbrating oscillacor. Tha
Libration is conridered to represent A planar toreional oacillation of the apion about the
trlgonal axis,  The librational frequeney depends In part on the erystal strweture aod on the
iong. In & given materiel the librational freguenc:,r a8 determined from pucesssive bands is
reagonably constant. I the snbstances studizd the librational frequency vared from sbout
15 em! o 30 em—i,

Band limits ghserved in the sgpectra are interpreted as reprecenting rotationsl enerpgy
barers. These barriar heighta fre approximately 200 em—! with some depesdence oo tho
oryetal atructars snd the jons involved. Barrier heights ealoulated from a cosine potential
function agree ressonably well with the observed barriers for the subic and saleite stroctures.
#imdlar ealenlations have not been made for other stroctured studicd beeawse of doubtful
agsigniments or unknown atcuctural detaila,  In purticnlar, spectra of the aragonite atructures
ara retnarlkable in detsil and eomplexdty, amd have not been soslyzed. However, the details

of these and all other spectrd atudied appear to involve similar phanomens.

1, Introduction

Froe rotation of atomic groups in the solid phase
was sugpested initially by Pauling in 1930 [58] 2
A num of reports nppenrcd subscquently pre-
senting evidonce for [rea rotation in achda [5,25,52,
39,4041 65]. In general, the experimental svidence
presented consisted chiefly of plawsible inlerpreta-
tions of X-ray structure determunations of variouns
zolid phases 1n the smmonium salts and in metal
mitrates and carbonates. It was argued that essso-
tislly [ree rotation of the nenspherical 101 would be
neceseary to produca s NaCl-type structure which
was required by the X-ray data from these salts.
In other structures contaimng nitrate and carbonate
ions free rotation of the ioo sbout the trigonul axi=
wis proposed o satisfy the X-ray daia. Tt has bean

ed mora recently that a disoriented arrangement
of the nonspherical jonz would slso =atisfly the
diffraction data without the neccssity for free
rotation [451,

Completely unambiguona sevidence of rotation in
solids has been sought actively, The question has
been putsaned with an inereasing number of experi-
tnental technigues being hrought to hear such as
X ray studies [6, 22, 45, 65], specific heat measura-
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ments [£8], infrared spectroscopy [34, 35, 74, 75,
Rumun spectrozcopy [0, 10, 11, 12, 25, 28, 42, 43,
44, b5 82, 6%, 04), nuclear magnetic resonatce
|13, 4, 16, 28], and neutron diffraction |18, 31, 43, 50,
33]. Ineachof these fields the literature is extensive
and the references cited wre not exhaustive but are
confined to tha inorganic materials of interest here.
Almost without exception, sll studies agrae that free
rotation does not take place st ordinary tempera-
turgz, However, they conclude that hindered rota-
tion, i.e., & torsional oseillation or libration doos take
place with potential barriers sufficiently low that
disordaring may occur Near rOOM temlpe.ratura, The
only exceptions appear to be in NH,I where there 1e
Bvigance [61, T2] irom heat empacity and infrarcd
data that the NH,* rotates about an N-H-1 axis
above 75 °K, and in a recent report [18] of free
rotation in KCN based on neutron diffraction etudies,
The present ideas suggeat librating ionz are able to
surmount the harriers at a rate sufficiently graat to
satizfy the X-ray structuere requirementa. In effect
the findings substantiate the sugpestions advanced
hy Frenkel in 1843 [23] who opposed Pauling's
rotation hypothesis and prggased inatead torsional
ozcillation with o finite disordering rate. ]
Harmeonie librations are lattice modes and might be
detected by Baman or inflrarsd apectroacopic studiss.
The frequencies expected for these modes cannot be
predicted without knowledge of the potential energy
function describing the potential barrier. Although
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the retational frequencies of the free jon can he
calculated Teadily it is only possible to pradiet that
the frequency of the restricted harmonic librator
rouet be greater than that for the Iree rotator. Low
frequency shifta have been found m the Ramon
gpectra of inorganic solids for which thers iz inde-
pendent evidence of anion or cation libration [for
example, preceding refersnees on Ramun spectra).
Cloriein Eaman lines have been attribnted to fre-
quencies ansing from harmonic libration modes;
however, there ia no assurance that these represent
the fundarnentale rather than overtones or combing-
tions, There ia slso no conclusive avidence for
karmonic libration in the infrared spectra of solids,
although Hexter [34, 35] has proposed that cerlam
gornplex high frequency overtone and combination
bhands in the 3 em™' to 5000 ecm~' region of
carhonates and nitrates nrise from libration eom-
binations. Early reststrahlen studies [51] Lave
shown the existetice of low frequency infrured banda
whosn exnct origin is unknown. These bands have
been widely sttributed to latlice vibratione ol an
unapecified nature,

18 puper will present evidenee for libeation in the
infrared spectra of anhydrous metal nitrates and
carbonates. These substances have been the subject
of infrared etudies sines the early work of Schaeler,
Bormuth, and Matossi [66] and the spretra src
beliaved to ba well understood insofar ae the assign-
menta of the six fundamental vibrations of the {ree
nitrate and carbonute ions [30, 23, 28] are concerned.
However, the sirong overtone and combination hands
and their complexity have heen the source of recent
atudies {29, 34, 36]. The very intense and obvionsly
complex band cotitaining the antisymmetric stretch-
ing band haz alac been of concern [52).  Newman and
Halford [57, #8] observed in the infrared apectra of
eryvatalline Ph{NGk}, and TINGO; buond= that were not
attributable to fundamentols of the anions. They
were sssigned to sum and differenca bands of the

metric stretching vibration and a low Iying
(30 em ™} lattice mode. Renmt]iﬁmss and Shoaltin
[26] etudied Ba{NO;); and Pb{NO;), with similar
results and sueceadad in rasolving several combination
bands. Both of these studies uzed low temperatores
(liquid nitrogen temperature} to improve the reso-
lution. A careful examination of the Siuneering
spectra given by Schaefer, Bormuth, and Matogs
[66] on the talline earbonates shows clenr evidence
of weak banda in the frequrncy range containing the
fundamentals.  In thia early work some attempt was
made t¢ explain these bande as sum and differences
hatwesn fundamentals or hetween fundamentsls and
lattice frequencies reported from restsirahlen experi-
menls, byt with only partial success.
 Recent studies in this laboratory of the effect of
high pressure on the infrared spectra of crystallineg
nitrates and carbonetcs showed the sumn snd differ-
ence modes proviously re:purted in the heavy metal
nitrates and produced evidence for ndditions! bands
of this type at elevated pressurce, These observa-
tions motivated s acrious study of tha combination
bands at 1 atm in an attempt to understand the
behavior at alevated pressures,

Tt is obvious that extensive forabinations involving
sum and difference bunds between a lattice fanda-
mental of the order of 30 cm™! and the internsal
fundamentala of the anion found betwasn 70K cm~!
and 1500 em™' will produce sueh a complex over-
lapping band structure as to make noalysis extremely
difienlt. 1f the apectrum were simplified by re-
moving the difference bands through ocoling as
suggested by Hornig [38] the fact that 20 e¢m™ levels
ure involved would require very low tomperntures,
Simple calculaticns showed that at the temperaturs
of liquid nitrogen, large numbers of ions would be in
upper slates when the levcls are spaced 30 em™
apart. At the temperature of liquid helium, how-
aver, almogt all of the iohs would be in the ground
slate. This report presents dala on the room tem-
perature and on the low temperature—liquid nitrogen
and liquid helium temperature—infrared spactra of
“thick” (about 0,010 in.} eryatals of metal nitrates
and carbonutes. The spectra are interpreted in
terms of librations of the anions,

2. Exparimental Method
2.1. Apparatus

Most infrared spectra were recorded on a com-
mereial double-beam  spoctromcter  using NaCll
prisms. To permit the nse of small thick crystals
the spectrometer wae equipped with a mierofocusing
unit employing reflecting optica. Thizs unit was
modified for use with the spectrometer and further
to permit intreduction of the tip of a Drewar into the
focal region. The modified upit produced a focal
gpot 0,060 to 0080 in. in dismeter within a working
space 1% in. wide, Approximat-e]‘{ 46 to 50 percent
of the normal energy was available with the micro-
forus nnit. Only & sogle unit was availalble, and
this increased the path length of the specimen bean
by about 15 in, over the f}&.th length of the reference
beam. Therefore, complete sompencation for water
vapor and carbon dioxide was not achieved, Weak
bands for these msterials appearsd in all spectra
near 1700 em™, 2350 em ™, and 35300 em™. Thess
regions were not of particular interest in the data
but csution was cxoreised in interpreting weak
bansds near thess frequencics.

The overtone and combination repien st fre-
quencies above 1700 cm™ was studied on & double
beam specirometer using a greting to provide

enter resolution in the higher frequency on.
?his nnit wasz equipped with a I'eﬂem;m%'J microfors
unit in boith bhsamz to provide for better com-
pensation. Weank bands, particulacly in the 3500
cm™! region, indicated incomplete compansation.

The low temperature equipment was constructed
to utillize an available commercial Dewar. This
wag & triple-wall stainless steel unit open at the
bottom to permit access to the tip of the innermost
liguid container. The central wall comprised a
rediation shield that extended well below tﬁe liguid
vegervoir, A speacimen holder was labricated from
a % in. diam bar of copper. The har was approxi-
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mately 2 in, long, threaded at the top end teo screw
tightly into the tip of the ligwid reservoir and
machined down at the boitom end to give a flat
plate ¥ in, square times ¥ in. thick. -The length
of 2 in. was necesshry to permit specimens mounted
in the flat hottom plate to be positioned in the focal
spot of the rather large ellipsodial focusing mirrar.
The spocimens wers mounted ovar holea 0,060 in,
in diameter drilled in the flat plate. Five holes
were drilled in two rows, the top row containi
thres holes, the bottom row two, Holes wera locat
% in. apart and holea in the two rows were atagpered
g0 that s single hole could he brought into the focal
spot with no stray radiation through the adjacent
holes. Each hole was counterbored from each side of
of the plate to & diameter of X in. and of such depth
that a flat. web of copper & pm:dmatal&}is in. thisk
remained in the center of the plate. unterboring
parmitted entry of the lighly convergent come of
radiation snd afforded o relatively shallow well in
which the ecrystals were mounted. The Dewar
was closed with s brass housing which enclosed the
copper bar and was Ecﬁuippe,d with two NaCl windows
located opposite the flat plate oo the bottom of the
copper bar, Yaoyum closure betwsen the housi
and the outer wall of the Dewar waa accomplishe
satisfactorily with a rubber O-ring seal. The re-
stricted working space between the cllipsgidal
mirrors required miniaturization and althouvgh con-
siderable clearance between brasse housing and
copper bar was provided, it did not prove feasible
to extend the radiation shield around the copper
har inside the housing. Aftempts to insert such
g ashbield invariably resulted in a thertnal short
cireuit produced by nonuniform contraction of the
inner container or the radiation shield assembly on
cooling. Some radialion protection was provided
by wrm pinf-J the copper bar with bright alurminam
foil. "Il-l":a awar was evacuabted through a eutoff
valve by mesns of an ol diffusion pump backed up
by a mechaniral pump. The complete Dewar
assembly was rigidly mounted in & rack equipﬁnd
with guides and adjusting screwa to permnit controlled
motion in three perpendieular directions. This
mount was essential to afford rapid, controlled
centering of the amall holes in the equally small facal
spot.

Five crystals, each covering s single hola, were
studied in a =ingla experiment, Tha small cry=tals

wired (Y in. m diemeter) were generally avail-
able from reagent bottles or crystsl fragments.
Crystals wete selocted for ¢larity and zhape, one
reasonably flat surface being required, They ware
then filed down to fit anugly aﬁainat. the ¥:in. web at
the bottorm of the X in. wells, and were cemnented
inte place against the wab and the wallz of the wall
with & lew temperasture resin. All crvastals were
mounted on the same side of the web and i wse
thiz side was turned away from tha incident radia-
tign. Thiz arrangement minimized heating of the
crystals by unused radistion and eliminated proh-
lems  arising [rom absnrp}:;iun by the adhesive.
Crysials were checked for thickness whila in pluce by
their apactra; if too thick, they were thinned in the

center by wsiog waeter or dilite acid. In theso
atudies estimated crystal thicknesses ranged from
about 0.001 to C.080 In.

In & given experimcnt spectra were racorded at
raom temperature and, fu]Tawin exhaustive evae-
uation of the Dwewar, wera recorded atb liguid nitro-
gen temperature. IF the rons et liquid nitrogen
tetmperature proved successful, liguid helium was
introduaced into the Dewsr immediately after re-
moving the liquid nitrogen and the final spectra
were then recorded. In an ordinary experiment
with approsamately 1 liter of lguid ?elium in tha
Dewar, the rate of boil-off of the helium was auffi-
ciently low to provide cooling for at least 4 hr with
the energy input supphed by the spectrometer and
the normal environmrent. This peried was more
than sufficient to obtain the spectra of the five

specimens.  Following an expenment the crystals
were found to be still firmly cernented in place and,
although COTLETAG-

Eenar&]];rr fractured by therm
tion or the siressesa produced by the adhesive,
appeared to be in geod thormal contect with the
copper. Each cooling cyvle appeared to produce
further fracturing which tended to increass seatterin
losger and reduce tranemission. Thus it was foun
to be desirable, wherever possible, to obtain all
spectra on & single cooling eycle.

In these experimnents i1t was not - considersd fen-
gible to nttompt to measure the temperatura of the
small crystal specimens. The lemperature of the
flat copper erir wis ressured in & typical experi-
ment, and with liguid nitrogen in the Dewsar s valoe
of 86 °K was obtained while with liquid helium the
temperatore wia found to be 27 °IX.  Theus Leropera-
turcs represented the termperature of the copper bar
at a point as for from the coolant aes possible, mcas-
ured with & gold-cabalt alloy-copper thermocouple
[54]. The actual tenperature of & crystel maght
hava been higher because of tha encrgy flux frem
the focal spot, with the temperature heing detor-
mined by the sbeorption, ihe specific heat, the
thermal conductivity of crystel and cement, and
the thermal barriers botween erystal and cement and
copper, ar lower because of the thermel snergy
introduced by the thertwocouepls leads. On the
other hand the thermal path was very short and
the eryatal was nearly sorrounded by the cold
copper strip.  In several spectrs of interest the
difference band between the symmmetric stretching
mode and & level of the order of 30 em~* was identi-
fied. Thiz band in effect represented & thermometar
built into the spectrnin and observations showed
that the differerice band, although somewhat reduced
in intenaity, was still very prominent at the tempera-
ture of liguid niteogen.  With hguid helium in the
Dewar, however, the difference band was effectively
missing. This result may be taken ws evidence
that the temperatore of the cryelal was sufficiently
low to ramove all diffarcnce modes involving energies
of 30 c¢m™' or mora. The removal of differcnce
bands was the prinary objective of cooling and the
roeult showed that, irrespective of the shsolule
temperature of the crvstel, the resulting spectra
could be inlerpreted in terms of the fundamentals
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and their aymmnstion hands only. In tabulsting
the spectra the temperatures will he deseribed as
liguid nitrogen temperature and liquid helion
temperatyre with the clear understanding that the
temporatures of the orystals may differ apprecisbly
from the boiling temperatores of these ligoids.

2.2. Materials Studied

The {ollowing nitrates were studied: NaNQ,,
KNQ,, RbNO,, CsNO,, TINO,, AgNO,, Sr(NQ,),.
Ba(NO,); and Pb{NO). Of these all except
RbNQ,, CsN(O;, and TING: were reagent grade
chemicals of high purity. These three materials
were recrystallized from aquneous solytion at 55 O
to effect further purification end to prepare suitable
crystals. This technique was used by Newman asnd
Hallord [ﬁﬁEJ] to prepere large TINO, crystals.  Suoit-
able crystals for the other materisls were obtained
from the substances aa received.

The following cerbonates were studied: MpO0),
GECD;, Elﬂﬂa ﬂ-mg, Pbﬂﬂg, ch,, and Mnmg.

These were all natural minerals obtained in largs

stals. The materials and their sources are as
follows:
MgCO—magnesite—origin uncertain (large clear

erystala)

CaCOy—eelcite—DBrazil (large clear crystals)

Sy, — strontianite — Argvll, Seotland (large

tranalucent erystals)

BaC0; — witherite — Lancashire, England {large

translucent cry=ials)

PbCDa—oerrusit:E:Suut.hwaat Africa (large clear

CTYaL,

Fe(0;—siderite—Roxbury, Conn, {opaque

masaes, obhvicusly impure)

MnCOy—rhodochrosite—Kusatuni Kags, Japan

{opaque—Ilarge crystals

CaC0,—aregonite—Cianeirng, Sicily (large trans-

lucent crvstal),

Spectrochernical analyscs were performed on all
carhonates exeept the CaC(); {aragonite}. Asgide
from trace impurities the following metallic n-
purities were found in quantitics up t0 8 maxinum
of 1 percent. MgOOg?Fa; CalD; (calcite)—none;
BrC0y-Ca: BalO0 3 PhCOg—none; MnCO,<Ca, Fe,
Mg: FeCOp-MeMiSi. The impurities except in
the cases of Mn(0; and FeCO; appear to be of
neghgible importance, Inspection of the infrarved
gpectra  indicates ho ewvidence for the strongest
fundementals of the major contaminant.

The materials studied fall into the ollowing five
claEssfa c;jl; [oOM temperature, D% -NaNO. M<CO

1 cite type—apace rroup Di-NeNO, MzCO,,
&Cd:p {mlcﬁa}, mma, and Fe((0, [T1];

(2} aragonite t¥pe—sapace group VIE-ENGQ,, (a0,
{aragonite), SrCQ,;, BaCQ, and PHOO,
[7, 8, 17, 71, 70);

{3) hexagonal—space group CF-CsNO, RbNO,
(19, 20, 21, 60, TE);

{4} orthorhorabic — space group uncerialn —
TING,, AgNO;, [37, 711;

(8} cubie—space group Ti-Sr(NOjls, Ba(NO,,
Pb{NO.): ITI1

Specific heat date are available for most of theas
subetances hetween room temperature and lower
temperatures whiclh range from 55 to 13 °K with no
reporis of any structural changes.  Cal), {caleite],
CaC0y foragonite), Sr0,;, and Be(X}, were studicd
by Anderson down to 55 “K [1]. Anderson elso has
reported data down to 55 °K for Mg(C0,, PLCO,,

o0, and Feld), [2]. The deta on CaCO,
(eragonite) Lave heen extended down to 23 °K
by Gunther [27] with ne observed trensitions.
Latimer and Ahlberg have studicd Ba{N{.), [46]
and TINO, [47] down to about 16 *K while Nermnst
and Sclhiwers [56] have reported dats on CaCQy

celeite) to & ternpersture of 22 °K.  Shomate and

elley [A7] investigated Ba(NO.); to 53 K and
similar data were given to 13 °K for AgN(O; by Smith,
Browm, and Pitzer [69]. Finslly, date down to 15 °K
wera ohisined by Southard end Nelson for KNG,
and NalNO, [T0]. In no case were any irregularitios
in the specific Lheat cwrves obzerved, therefore, no
transiticns arg known to ocour between room tein-
perature and the temperatures given. These tem-
peratures may be sbove the lowest temperature to
which the materials were subjected in these studies;
however, the specific heat data assure that no tren-
gitions occur in Lhe major portion of the temperature
range. low tomperature data do not appear to be
av&%]able for Sr{NOgl,, Ph(NOj., RbNQ;, ond
CaNO,. By anslozy with Ba{NO; it would be
expectod thet Sr{NO0.}; would exhibit & regular
low temperature hehavier, It would sppear much
lesa eertain that PhiNOg}: would hehave similarly.
The RN, and CaNO, represent different systems
and to resolve the guestion low temperature Xeray
diffraction patterna were chtained on EbN(k and
Ce=NO, to 77 °K. The resulls showed that no stroe-
turel changes occurrod botween room toinperatare
gnd 77 “K. Behavior st temperatures bolow 77 K
was not stodled.

2.3. Folarizaticn and Orientation Efects

The infrared beam ynderwent at least theee reflec-
tiong in the process of being focused on the crystal
studied. Therefors, some uncertainty existed eon-
cerning the polamzation of the incident beam. To
provide a partial answer to the experimental effects
to be expected, two specimena from a single tal
of caleite were atudied, one cut parallel and the
other cut perpendicular to the optie axis. The ab-
gorption spectra of these crystals are shown in fig-
we 1. The spectra are displaced vertically to elim-
inate overlapping. It will be noted that the spectrs
are similar.  Although some major diffarences in rel-
ative intensity are observed in the two specirs,
both crystals show essentislly the same abesorption
bands. It is concluded, therefore, that tha degree
of polarization of the bsam is so0 small that assan-
tially the same shsorption spectrum will be shown
by randomly Ol'i'BI]tlBEl: anisetropic crysials.

3. Resulis and Discussion
3.1. Msthod of Presentation

There are & large number of a
presented and dizcnssed and the

cira to be
ollowing pro-
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cedure is employed: {a) The spectra are subdi-
videdl with res;ﬁ;:t to crystal structore because
thers appear t0 be good correlations within a given
structure.  (b) Spectra are shown for each material
studied.  For each crystal type except the ara,iganita
type at loast one apectram 1= shown on an en

aoale for each of the three teroperatures studied.
These specirs, are given in the same figure but dis-
placed vertically. For other materials of the same
crystal type two spectra on g small scale are shown,
one st room temperature, and the cther at Mquid
helium temperature. These apectra are drawn on
the same fizure but displaced vertically. (¢} The
discusgion will aleo be divided, first according to
the vibrations of interest. These sactions are then
further suhdivided according to crystal structure,
The major dircuszion will eonsist of three parts:
first, the fundamentals; second, librations; and third,
fundamental overtones snd combinations.

3.2. Fundamentel Internal Fregquencies

A discussion of the fundsmental intarnal frequen-
cies for the carhonate and nitrats ions will be given
before any additionz]l fenturea of the spectrum mre
analyzed mm terms of lattice modes or combinations.
Thia snalysiz may be cprmed out to three stages
of approximation for the selaction rules applicsble
to posgible infrarad transitions. First, the symmetry
of the free ion may be nssumed, ignoring any effects
dus to the crystal field symumetry. This assamp-
tion would not be expected to be a valid approxima-
tien to the actuunl situation, Second, the site group
approximation may be used in which the selection
rles for the ionz are derived from the symmetry of
the site which they oecupy in the cryetal lattice,
In effect the ion is considered as if it were an inde-
pendent entity possessing the symmetry of the

B45080—g0— 4

Tnirared abxorpion apectra of coleite eryalole of df fferent orfenlolions,

ltﬁfﬁﬁa sita. '}"hia ttll'e&tmelgl E;]l!l predict W];Ile
eitects arsime from tha a ut
will not ﬂﬂe%[u&lﬂlj“ dea?:f*flfe thoue %ects tcli.ﬁe to
the interaction of » given jon with its neighbors,
Finally the factor group analysis may be considered.
This treatment considers the vibrations of the erystal
a8 arising [rom the motion of the m antomsz in the
unit cell to ‘five 3m-3 fundamentals (including hoth
internal and lattice modes). The selection rules
are derived from the [actor group sytunvetry which
ig izomerphous with the spaes djgmu gymmotry.
The factor group analysis will differ from the site
group snalyeis in that coupling of vibrations between
fona in Jdifferent sites i3 meluded. Vibrations may
show higher degeneracy, may hacome inactive,
or may be repeated several times compared to the
regulta of the site group approxdmation.

a. Frew Iva Approdtiabon

¥ Free carbonata and nitrate ions are classified in
the point proup Dy, Table 1 gives the speciral
activity, symmetry epeciea, typez of internal fre-
quencies, and the lattice modes derived from transla-

Tarrz 1. Spectral cdieily for nilrole ond corfornale 1ove of
aymmelry Do
Tatig ntries
Bpecles Activity Intarmal | deeivable o
[lal=h 1] transletism oo
Totwtion

T.R, —ioftared oetive; R—Raman plve.
Ehes) Towde der| wable from Hraosdation slome £, ¥, 7, Bl3,
B —latbler msle detivabls fbom retetion sk £, §, 5, &I8
n —SyImelrio stretoh) s—oiibyof-p s bemd a—degenersbe sntla yomaetris
Blibeh; sr—denenaTate n-plame Dend
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tions and rotations of the fres ion. For the free
lon, the active fundamentals and their approximate
positienz are: the Dut—of-?lmm bending (»,} observed
generally near 550 em™'; the degensrate antisym-
metric stretehing (v} which is ususlly very intense
and cheerved in the 1400 em~? to 1500 etn~! region;
and the degenerate in-plane bending {r,} usually
found near 720 cin”). The symmetric stretehing
mode () is inactive in the infrared for the free ion
approximsation but ia expected to hare o frequency
near 106G cm™. Translations of the free ion would
be infrared active {speciez A;” and E'} but the
medes derivad from rotations of the free 10m woyld
La inactive in the infrared spectrum. The fre-
quencieg of the Iattice modea would be expected
to be less than 500 cm™ and, therefore, unobzerved
in the present study. However, combinations of
these modes with fyndemental frequencies would
be infrared active and might be observed. Com-
binations of fundamentais with & number of other
lattice modes would be restricted by the Dy,
syminetry.

Crystals with the ealeite, eubic, hexagonal, mnd
ortherhombic structures show spectra conforming
reasonalbly well with the predictions of the free-ion
selection rules insofar as the fundamentsl internsl
frequencies are concerned. », and »; are alweys
observed in the expected positions although » is
oceasionally weak in some of the nitrates. »y is
always obsetved but with such prest intensity that
it iz not possible to determine whether it is a single
or multiple band or even to locate its position with
reliability. The symmetric stretching band » is
usually not obaerved as expected or when present
i= penerally weak. The [ree-ion model must he
rajectad because it doss not adequetely deseribe
the complex spectrn of the aregonite crystals shown
in figures 9 to 15 nor does it permit suffieient fexi-
bility in the selection rules for coinbinstions between
internal and Iattice rmodes to ciplain the elaborate
band structure observed in most speeta. For
example the Dy, selaction rulea prediet that eombina-
fions of », with the latliee libration frequeney
derived from rotetion m apecics A} should be
inactive. For reasons to be discussed later & whola
acrie of such bands are believed to he present in
the spectra.

b. Site Group Approximolion

The selection rules for the waTious erystsl stroe-
tures in the site group approximation may be
obtained from the ;l}mcﬂ np symmetry and tha
tables given by Hglford [30] showing the various
sites for each space group. In the ecaleite t}r]pe
crystals of space group D, containing 2 molemles
per unit cell, the anions oceupy sites of 13y symmetry
and the cation's sites of s;,rmme‘tIlj .. In the
embic structures of spaca group TP containing 4
molecules per unit cell the anions oust lie on sites
with symmetry C; and the cations on sites of sym-
metry . Similarly In the aragonite atruciures
of symmetry VI® with 4 molecules per unit rell

C,. The hexagonal and orthothombic crystals will
not be discussed because of uncertaintiea concerning
the space groups. The resulte of the site group
Lp Il'ubzcima,t.mu or the zelection tulez ate given in
Lable 2.

Tavre 2. Speelral aefrvity for nitrote and carbonote dona in
caloile, aragonile, and eubic sfruetures for fhe sile group
Approcimaton
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Caledte type dructures.  In the ealeite type erystals
the selection rules require thut » (species As) and
r; and », (species E} are infrarcd active while »,
reltaing mirared wactive, This prediction sgreea
with the observed fundementals bt again the selec-
tion rules are too restrictive and fail to account for
the large number of sum and difference modes he-
lieved b be due to lattice modes. As an example,
lattice modes of rotational or teanslational origin
ecies A; would be expected to give a series of
inution bunds with avery other hand forbidden
This 12 not believed to be the

in s
comn
by the sclection rules.
caEe,

Aragonite fype sirwctures.  In these structures the
site aymmelry Oy vields selection rulea requiring the
degenerate stretching snd bending modes, », and
vy, to be split and the symmetric sirctching mode,
v, to be active in the ifnirared spectrum. The out-
uf—plane bending r, remainsg active. The low temper-
utura spactra show that »; s split (for cxample, ses
specttum of Sr(C0;). However, there appear to he
at least three components of & in 0,. This
does not agree with the seloction rules which predict
twe components only. Similarly, = is active as pre-

both anions and eatione geeupy =itez of symmetry | dicted but in addition at least one other componant
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of v appears to be present which is unaceounted for.
l‘.f‘.:un{'1 erationt of a similar nature arige regarding
e AL ¥y .

Cubic structures.  With the site symmeiry O the
gelection rules predict that in addition to »; (species
Al and v, and », (species B) that & (species A) should
aleo be infrated active. Spectra for the cubie
crystala show a very weak band in thia region which
may represent the p vibration.

t iz clear that while the site group approximatien
pives results which sre in hetter agreement with the
observations than the frea ion approximation, the
B.EEH-I‘EIIt- diserepancies  between  prediction and
observations in the aragonite structures makes the
validity of the approximation gquestionable. The
applicability of this tresiment hag been discussed
previously [13] and it has heen pointad sut that the
gite gronp approximation iz lezs applicable to ionic
cryetals than molecular crystals because of the much
gtronger coupling in ionic latticea.

¢, Factor Group Approximation

Selection rules for the calcite, aragonita, and cubic
crystal iypes under the factor group approximation
are given in table 3. The mternal and lattics
frequencies are classified with regard to their respee-
tive symmetry speciea.

TarrLe 3—Foctor group salection rules for the calolle, oragenifa
and eudi; sdruciuras
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For caleite structures,

Caleite type structures,
the active modes in tha infrared are s (species

Ap), vy (species Ey), and » {species K}, The
syminetric stretch, #, is again inactive, As before,
the predictions agrea wall with the obsarved funda-

mentals. There are now effectively no selection
rules governing combinations between fundamentals
and lattice mades [78].

Aragonile type structurgs. In these crystals the
selection rules predict that thres nondegenerate
components of » sod » (8pecies By, By, and Bl
should result from the sphiting of the degenerate
stretching and bending modes of tho free ion. In the
Sr(0; spectrym three such bands can he observed
at 1362, 1445, snd 1522 em™!. These are shatp,
strong, bands and may be taken fo represemt the
three componenis of v The very strong broad
band near 1600 ¢m~! js believed to arise from com-
binatione and will be discussed later. Two of the
three componentz of vy are found at 701 em™ and
711 em~' while the third may either be the weaker
band near 738 em " or be unresolved from the 701
to 711 em™ douoblet. The selection rules require
» and » to be mfrared active in speciez B, and
B... The two components of » can be assigned as
ihe two sharp bands observed near 1050 em™ and
1072 cin~! in the low temperature ScCO; spectra.
There ars undoubtedly s numnber of bands, partly
unresolved, near the cxpected position for the two
compenents of 1. Some of these are undonbtedly
lpttice combination modes but in any casze there
appears to be little diffieulty in concluding that s
consisty of at least two components. Similar assign-
ments are poseible in the other aragonite type
structures, 1t should be noted that Decius [14, 15]
has pourted out that the out-of-plane bendm%‘ modes
in araponite type crysials are strongly coupled as a
tesult of the proximity of the anions, This coupling
praduces a splitting of v, when isotopic species are
invalved. a Telative intemsities involved here,
however, appear te be too b to be attributed to
the naturel abundance of Isotopas.

fubic struetures. In the cubic struetures the factor
group selection rules show that the only aciive infra-
red species i3 Fy with six tri]il}' degenerats internal
frequencies and  eight triF y degenarate lattice
modes. The six internal {requencies are derived
frotn », and v and two each from w and »0 w B
observed wery weakly if at all and can bardly be
congidered as an aclive fundamental. »; can only
be aasigned neat 512 emL its peual position.  Thera
may be two componenta of vy but the great intensity
of the band prevents aoy atternpis to locate thew
positions. The splitting of », has been chserved 1n
the eubic structures by Couture and Mathieu [10]
who studied the Baman spectrum. The two com-

uents of 7, must be conesidered unresolved in the

d near 722 cm~! in the cubic nitrates.

Some basis must be found for the assignment of
the large number of nonfundaments]l frequencies
aome OF which are very strong. These bands are
obzerved in the low temperature spectra of all the
niterates and earbonates. The factor up treat-
ment forms an adequate besis for assigning thesc
bands as thers are m principle no selection rules
governing the combinations of lattica modes with
intemel modes [75]. Howewer, there 15 no indica-
tion of the relative intepsities to be expected for
samn and difference bands.
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3.3, Libraton-Fundamental Summation and Differ-
gnce Boands in the 700 ¢m=! to 1500 Region

In thik section the large number of bands cecurring
in the 700 cm~! to 1500 coa~* region of the spectrum
are discussad. These bands will be interpreted
tentatively as combinations between fundarmental
internal vibrations &nd a low-lying mode of the
order of 20 m>—3) cm™!, The Justification for
congidering the low frequency mode a3 a libration
fundamentsl will be given later but the interpre-
tation will be made i accordance with this hy-
pothesia, .

The proposed model is shown schematically in

2 whirh sssumes an ion on a site of symmetry
;. The potential energy curve for libration is
regraaented by the broken curve on the ground state
vibrational level (n=0) and the firet excited vibra-
tipnal level (n=1). The potential energy is assumed
to be indapendent of the vibrationsl state. In each
of the three potential walls there are seven excited
librational levels (f=1-—J=T}shown. Theselerels
sre shown evenly spaced, ie., snharmonicity cor-
rectiona are neglected.  Transitions between energy
states are indicated by the verticul lines. No tran-
gitions are indieated between libratignpl levels in
tha same vibrational stata because the energics in-
volved sre too low to be of interest hera.

At aﬂ given tem ture transitions in oll three
gutent' wella will be similar since the three con-

gurations of the ion are equivalont. Wiih this in
mind the three potential minima of fipure 2 are
utilized 0 demonstrate the effect of temperature
on the resulting epectrurn, At very low tempera-
tures where all jons are in the ground state, only
summation bands are poesible sa indiested in tha
left potemtial minimum. At intermediate tempera-
tures, in addition to the summation bands shown
at the lowest temperature some difference bands
arise from the thermal excitation of soine ions intg
tha lowar librational levels in the ground vibrational
level. At etill higher tenporatures, in addition to
the previcuz transitions, lower energy difference
bands arise from thermal excitation 1o the higher
Bbrational levels in the ground vibrational state,
Transitions to rotational levels which exist above the
potential barriers are not indiested in figure 2. All

gible transzitions are not shown except at the
grest temiperature.

a. Calate Type Shruchares

Many caleite typa talz= show zpectra which
are ing in detal although there is evidence of
nnresclved sbsorption in the region of interest.
Howewer, the spectra for NaNO, shown in figure 3
are most informative, It will be noted that the
diffuse absorption between approximately 900 cn~t
and 1060 em™! st room temperature (top spectruin},
ia resolved at liquid heliom temperature (lower
ppectrum) into a eeties of step like bands located
at 913 em~1, 938 em?, 963 em ", 991 em L, 1021 em ™",
1058 e, and 1071 em™. These bandsahevea nestly
uniform eeparation varying frem about 25 em~! {o
37 em™. In the low tempcrature spectrum other

bands are alsg resplved and the resylting observa-
tions are tabulated in table 4.

TavLe 4 Asefgnments for NaNOy of Hgwid Relfum lem-
perafure for Hhroflon combinations

Beprae Baputie B Peirsa
Frecueney |Ean bow | Froiueiey | ton o | Fraqoenaoy | th oo | 2
Tt i [ T [P Hind. Twht
b= Ty ropotal Ttk
a1 el cm-h m-] cha-t L
T ) B (utd 1EHB gk -
YW m ? 1103 w 32 m+ L
TE TR al ? ? -+ 3L
B3 vm ta Bld T 1= 1143 ¥ T8 w4 3L
? 138 m. 1] 1173 8h 108 o+ 4L
? i m 125 1182 & 1A w + 5L
BSO 7 15 fale 133 IMEw 180 AL
] V&0 il g [ ] ? W+ Th
B3 sl 208 1048 3 b ] ? w + 8L
B0 sl T ¥ 1M ve b= 13118 b ntol

Although they are diffuse and poorly dafined at
higher temperntures, the 913 em™ - 1071 cm
series of bands appear to shift by 2 am™ to 7 an™!
botwean the temperature of liguid npitrogen and
that of lignid helium with the larger shifte nagocia Ged
with the highcr fraquencfy bands. In the same
temperature interval the fundamental »» shows no
detectable shift and » a shift of at mosi 1 em™™.
From its temperature dependence and intensity
it i3 believed that the 1071 cm~! band representas
the band limit or euioff frequency of the series of
bands starting at %13 ¢m™ rather than the funda-
mental » which iz inactive in all celcite structures,
Thiz series of bands may be interpreted &s com-
bipations of & mode of frequency 20 em™ - 30 em™!
with @ Similerly other bands in the structuare
may be interpreted as combinations of the same
low [frequency mode with » and the nactive »
fundamental. The cutof for the series of banda
originating {rom v, is believed to be the stroog band
at 1311 em~'. The cutolf for the series from =,
is not mpparent but may tentatively be taken as
8 shoulder appearing at 980 vin~'. The differences
batween the cutoff frequencies snd the respective
fundamentals for the threa seriea of hands are 243
et (7}, 238 cm~! (%), and possibly 233 em™
(v;). The bands sand n=sipnments are given in
table 4. Thess data as well as all other tabulated
data refer only to chservations at liguid helium
temperature and include only librationfundemental
summation bands with », v, and . Tabular data
are recorded only for reproducible bands and where
there is doubt about the existence of a band the
recorded frequency iz followed by & question mark.
The {ollowing abbreviations are used in all tables:
very wesk—vw; weak—w; shoulder—sh; medinm—
m; strong—s; very strong—va; bread-=h. From
the tabular data it will be noted that the eorrelation
hetween the three series is Temsonably good. The
energy level spacing varies but the apparent varia-
tion 18 eatimated ta be of the same order of magmi-
tude a& the error associsted with determining the
positiona of the wealk, frequently broad, combina-
tion hands.

Althouph no combinstion bands of the 20 em™
—30 om~! mode with vy ate tabulated for any spec-
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Fravme 3. [Infrored abeerpiion spectra af Mal Oy of reom temperatura (lop), Nywid mifrogen tempersiure (conder), and tiguid helium
texmperafice (odboi).

trum many instances of summation bands originating
from = have been observed. In this frequency region
the Instrumental diepersion is too low and the
lutensit]_;,: of » iz n=uslly too great to permit location
of combinations with any certainty. Evidence for
the existence of combinations with w is indicated
by figure 3 and all subsequent figures.  The marked
inereage in transmission of all erystels on the low
frequency side of »; ag the femperaturs is lowered
may be attributed to the elimination of difference
bands between » and a low frequency mode at
lower temperaiures. A correspondin ange does
not occur on tha high fraquency side of 73, where the
summation bands wml](? be expected to become
stronger at lower temperatures. Furthermore, the
rather abrapt increase in transmission obsetved in
mosh spectra on the high frequency zide of vy orours
afa fral?uancy which is of tha corract order of mag-
nitude for the cutoff for a series of combination
bands origineting from the fundamental »,

Although the assipnments given in table 4 account
for all bands it cannot be considered cotapletely
sutisfactory. Several expected bands are missing
and the band at 1192 em™! is unexpectedly strong.
A similar sitvation will be encountered in ail other
gpoctrn.  All sesigninents, therefore, a¥e made with
somae qualifications.

Specira at room tempersture and liguid helium
femperaturs are given for the other caleite strue-
tures MpgCO,, CalC'Q,, FeCOQ,, and MnC0, in figures
4, 5, 6, and 7 respectively with tabular dats for
CaC; listed in table . Satisfactory resolution of
hands was not obtamed on any specimen of MgC0O,
deapita several experimenta on crystals of diffarmg
thicknesses. The streng band near 1250 em™ mey
represent the » cutoll and that near 1120 om ! the py
cataff. A low frequency moda of ahout 25 em™!
snd a cutofl frequency of appromimately 230 cm™!
are indicated on the basis of the several experiments,
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Tabular data for CaCOy, gre given in table 5. A
libration frequency of aboul 35 em™ and an average
cutoff frequency of sbout 150 cm™! are indicated.
Three weak bands at 1075 om~!, 1245 ', and
12583 cn~! are not accounted for by the assignments,
Although the band at 1075 ¢m™ might be taken as
the inzetive », fundamental thiz i3 not believed to ba
tha ease. Haman spectroscopy has located » near
1086 em™* and this fundamental is invariably ob-
served as & sharp band in the infrared spectrum
when it ia active. The band at 1075 cm! however,
iz quite broad.
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No data are tabulated for FeCd, and Mo,
because of the questionsble purity of the specimens.
As shown by the spectra both materials exhibit the
same general absorption pattern as the other calcite
structures. Cutoff frequancies are estitnated to be
150 em™! for FeCO, and 160 em ™ for Mn33,; on the
basis of tentative assigninents. The Mn0; apec-
trum which shows much fine structure can be in-
terpreted with a =single hbration frequenecy of 15
cm! or with two separate frequencies of 30 cm=i

Infraved absorpifon spectre of MoCDs &l rooth detmperature [fop} and fguid hefium tamperature {botiom) .

b, Aragonite Type Slrectares

Spectra for two temperatures are given for SrCO;
in figure 8 and the tebular frequencies observed in
table 6. Spectra at room tamperature and liquid He
temperature and the fabulated Ifrequenciea are
givatt in Ggures 9, 10, 11, and 12, and tables 7, 8, 9, and
10 for CaCO; (sragonite}, BaCO,, PbCO;, and KNO,
respectively.  Additional expanded spectrs at liquid
hellum tempetatures covering the rangs from wbout
1800 e to 770 e~ for B nnd CaCOy (arago-

nite) are given io figures 13 snd 14,
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Only general observations are given for thesa
spectra. Attemnpts to analyze the highly complex
structure observed in figures 13 and 14 have met
with only indifferent success. In part, thie iz prob-
ably the result of the more complex internal funda-
mental bands observed in these structures which
wera discussed earlier. At the very least this would
produce many overlapping hend syatema, In part
the complexity may arise from Further splitting of
¥ from isotope effects first noted by Decius [15]

in the aragonites, Finally, thers ure strong indica-
tiona that at least two libration frequencies may be
involved in these spectra to produce still greater
overlapping.

That eombination modes are involved i8 clearly
shown by comparing the normal and low temperature
gpectra. Elimination of the difference modes with
7y 14 clearly seen in figures 3, 10, and 11 so that there
is litila doubt that a liberation frequency of approzi-
metely 30 em™ is present. Attempts have been
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mada to ocrrelate bands arising from the varicus

fundamentgls in the tabular dats. It appears that

‘[;:lgrral&tiana exist despite the Izilure {o soalyze the
ta.

Une outstanding characteristic of the carbonate
aragonites is to be found in the very broad, intense
bend found in the s region, This band completely
obscures the ordinarily strong »- band found in thin
polyaystalline films of these materials [77]. The
sharp strong band on the high frequancy edge of

this absorption complex does not cortespond to
the usual out-of-plane bending fracﬂlenc}r, ut may
rapieaant. the cutoff for a seriea of liberation modes
with #,

" a. Cukic Type Stuctores

The epectra of the eubie nitrates show many
hands feﬁling into & regular series that may be
assigmed to combinations hetwesn a harmonic
liberation moda and the fundamentals », =, and =,
Spectre =t three temperatures are shown for
Pb{N(;): in figure 15 while similar spectra at two
temgemt.ure-s are given in fipures 16 and 17 for
Be(N{Oy); and Sr({N0Oy)sy reapectively. i onta
st liguid heliym tempersture are tabulated In tables
11, 12, and 13. In the spectra it i= noted that banda
falling hetween 35) em™ and 12607" have relatively

frequéncy shifte with temperature, while the
fundamentals »;, and »; appear to be unaffected by
the same temperature change. Theze bands may
be attributed to the combinations of a low lying
libtational mode with the fundamentals, with the
librational mode being relatively temperature de-
pml:udent through the effect of expansivity on
wolma,
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Inspeetion of the tahlea showsa o rather systematic
series of banda arising from each of the fundamentals.
In the region between » and the cutoff for the series
arizing from », the band structure is highly complex.
Assignments in thig region are not unequivocal a=
may ba seen from the vacancies in the tables. The
combination bands are ncither sharp nor atrong so
that errors in positions may easily amount to o few
em™. With this uncertamnty the warintion in

SPAcing a,ﬁpeam to be of the order of the errors in
locatin%t ¢ bands, i

The behavior of the twoe bands located aymmetri-
cally on either gide of the inactive or very weak p
frequency f{eirca 1050 cm™) provide s convineing
argument for the assignmente given. These bands
aTa belioved fo arise from sum and differenca tones
ol the hbration and the symmetric stretch. In the

room icmperature spectrs these bands ere very
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Erumincnt features of the spectra.  In S (NO,); the

ands aR]:-ear to be located wt 1103 cm! and 1029
cm™' and the difference between these values appears
to be foyr times the librational {requency giving a
libration mode of 18 cm™  In PbH(NO,), the bands
are at 1086 e ™! and 1012 em~! giving L = 18 em Y,
while in Ba{NQ;}, the {'-orrespﬁnﬁin values are 1074
cem~!, 1015 e~ with I = 15 em™.  These values
of the librational fraguency may be Iower than the
correaponding valuea miven in the tables for fiquid
helimn tempernture, but the value of the libration
frequency 13 temporature dependent &3 shown by
the temperature dependence of the hibration bands.
From figure 15 it will be notod that ag the tempera-
ture is lgwered the summation band located at
10586 em™ at room temperature in Ph{NO,Y, shifis
to about 1088 e at liquid nitrogen temperature
and to approximately 1093 em! at liquid heliom
temperature.  Simultancously the differencs band
located at 1012 cm™ which & very strong st room
tomperature i3 reduced to about one-half of this
intensity at liquid nitrogen temperature and to a
very weak, queationable band at liquid helivm tem-
perature, 12 intensity behavior corroborntes the
interpretation as a difference band and the low
temperature reguired for its removal is conclusive
cvidence for & low frequency transition. As men-
tionad earlier this difference Dband constitutes &
thermometer in the spectrum.

The effect of temperatura on the cuteff frequency
for combinations with » observed in the same
figure appears to result in an ineresse of the outoff
from 875 can~! at room temperaturs, to §85 cm at
liquid nitro temperatura and to about 988 cm™?
at liguid helium temperature. Simultaneously the
cutofl appears to increare in intensity and bocoma
noticesbly sharper. The effect of temporeturs
on the iniensity will be discussed later.

An anslagous behavior is exhibited by Se{NG, ) and
Ba{NOy);. It should be noted that the atrong 1015
em™! band in the room temperaiure spactrum of
Ba(N(k}, does not represent the cutoll for the m
geries. The 1015 em " band is the o difference mode
and ig eliminated on cooling. Tha w, series cutoff
appears to be represented by the strong shoulder
near 980 cm™! which shifts to 1004 em™? on cooling.

In SriNy); the diference band loewted near 1015
em™ at ropm temperature appears to be obliternted
by the » entoff which shifte from an unknown
position at room temperature to about 1032 em™!
at liquid nitrogen tﬂnﬁuemture and to approximately
1035 e ! at liquid helium tempersture.

As in all other spectra the effect of cooling on
ry 18 to produce w marked increase in transmission
on the low frequency side of v; with an absence of &
similar effect on the high frequency side. This izin
accord with the elimination of the difference modes
-l on cooling with no eorresponding elimination
of the summation bands. The » eutoff is estitnatad
to be of the correct order of magnitude if it is taken
at the frequency at which the specimens show
tran=mi=sion on the high frequency side ol »,.

4. Miscallanscuws Structure Typas

Data are given here {or TING;, AgNO,, CaNO,,
snd RLNC;,.  SBpeetra are given at three tempera-
turea for TINO; in fipoure 1%, Spectra for two
temperatures ara given in figures 18, 20, and 21 for
AgNQ;, CsNQ;, and RbNQ, respectively. Tha
cotresponding frequencies are given In tables 14, 15,
16, and 17. In the experiments using AgN(, diffi-
culties were encountered because of the reaction
between, the copper bar and AgWN (), Buccessful runs
were abtained Ey cemeanting the AgN(; crystal to s
silver atrip which was attached to the copper bar.
The thermal path {or AgNO, was longer and more
doubiful than for any other specimen. However,
comparison of the two apectra for the AgNO, show
that considerable cooling was effected.

These slpeatm contain & wealth of fine structure of
which only & portion appesrs to be explained by
the present analysis. Thera are indications that
gt lenat two low Ifrequency libration modes are
coupling with the fundamentals giving rise to two
mrerlapping series of band= with two cutoff walues.
Asa chown In tahle 14, half of the bands for TINO,
can be assipnied with a 25 am™ libration mode but
thera are aleo at lenst nine unassipned bands.

TasLE 4.  Assipnments for TINO; af ligwid Aefirnm leneperalure
for libration combinaftons
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The tabular data for AgNO, are not assigned, The
complexity of the spectrum may be less than that of
I']NEP; and it seems that at Jeast two Iibrationsl
modes arerequired.  One peculiarity of the spectrum
13 the frequeni appearance of triplet bands. One
libration mode of 30 em™ with & cutolf of approxi-
mately 220 em™' appears reasonably certain.

Although the spectra of CaNO; and RbNO, nppear
to be similar, a somewhat, different assipnment cen
be piven. A single libration moda of 30 cm™ snd a
cutoff of 160 cm™ is given for CaNOQ; A smmilar
asugnment for RbNO, is not obvious. Instead two

modes one at 25 em”! and the other 30 cm™ with
barriers of 146 em™ and 175 cm™! are indieated.
However, it would appear that the 1153 cm— band
might represent & cutoff not indicatad by the asaizn-
ment. HRamsn studies [28] show two frequmc{y ts
of 109 em™! and 147 am~! for RbNQ, both of which
are obsarved in the apectra hera.  The 147 em ™ hand
appears to correspond with one of the cutoff values.

e. Digcosgion of Boman and Tafraxed Assigonments

The preceding analyses and assignments of the in-
fraved epectra have been made with & minimum of
reference to the considerabls literaturs on the Raman
spectta of the carbonates and nitraies (gee Intro-

uction}. It may be noiad that, so far as can be as-
cettained, the Raynan shifts have never bean assigned
to & scries of bands arising from librational motion
of the snion sbout the trigonal axiz, Some Raman
bande have been assigned to libration perpendiculsr
to thiz axis. Couture [10] poioted out that the fun-
damaental libration used here should be inactive or
at most wenkly active in the Raman spectram.
However, anslysis shows that the combination bands
should be active in the inltered. It may be noted
that no shilt as low a= 30 am~' has been reported in
the Raman spectra of these materials but Krish-
namurti [42] hae recently reported that the few shifta
obtained Ly routine Rainan studies appear to conesist
of bands covering a wide freguency range when
high resolution and long exposures are employed.
He attributed the fine strueture to superlatiice
vibrakions.

In the present data the zeparations between the
fundamental and the summation bands can be iden-
tified in part with & series of Raman shifts reported
for the material of interest. The Raman adsign-
menia for thesa shifts iovolve individual tran
tiomal and librational lattice modes. The evidence
in favor of the librational assigmment sa opposed to
the translationsl assignment and viee varsa will be
surmmarized here.

The effect of temperature on sum and difference
bands of the [undamental » observed in many
spactra represents good evidence that n very low
l¥ing frequency of the order 20 em™-30 cm™! is
involved. The additions]l finding that this fre-
quency represents the zeparation of & large wunaber
of bands 1n almoszt all zpectra studied i3 coneidered
to be significant. Furthormore, all structures, both
calbonates and nitrates, ¥ield a spactrum in which &
frequency difference of the order of 20 em™'-30 cm ™'
appears independent of the cation. The materinla
gtudied here contain one common f{actor—sa planar
anion having wigonsl symmetiry-—and it appears
thet the rccurring frequency difference should be
attributed to this source. A librational motion of
thess anjong all of which have essentislly the same
principal moments of inertia would be expected to
oceur at i frequency determined largely by the inter-
ionie potential forcea. There is cvidenca that the
anionz ate closely Fa::kad in these crystala (45, 77)
and the interionic forees would bhe of the same pen-
eral order of magnitude. It appesrs reasonabla to
conclude that the low frequency fundamental
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arizes from libration of the anions. The nature of
the libration is mot apparent and, as noted in the
pravious disepssion, more than one frequency ap-
ears to be involved in zome instences. Howaver,
on the X-ray and neutron diffraction data
previously cited which indicate libration sbout the
trigonal axie, it is concluded that the libration
responsible for the 20 cm~'—30 cm™ band spacing is
u tersional osecillation about the trigonal axie.

Conversely, the bands observed hers could be
assignad to a large number of scparnte translationsl
lattice modes in combination me";,.ﬁ the fundamentala.
However, it scema unlikely that individual transla-
tionel modes would have frequencies such as to
yield a series of bauds with uniform spacing. It 18
even more unlikely that similsr series would be

roduced by such & variaty of structures and cations,
herefore, the explanation that individual transla-
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tional modes are involved mmst be rejected. How-
ever, there remaing the ibility that the bands
arisz from combinations between the [undamental
and successive levels of a trenslational mode of
frequency near 30 ¢m™. The relative insensitivicy
of the frequency to the erystal etructure snd the
mass of the cation and the independent evidenee
for libration makes this interpretation ap&:eur doubt-
ful. In addition the hand imit or cuto frequnn?'
which ie of the same penersl order of magnitude
in all these materials s readily understood in terms
of libration. It can be explained with somewhat

more diffienlty for translation. It appears that the
ma}oﬂtjr of evidence available at thi= time appenrs
to favor the interpreiation of the data in terms of
libration. Howerer, it must be emphaaized that
on the basis of the present evidence, u trunslabionial
origin for the observed bands cannct be rejected
une?luivnca]ly.

The offect of tempersture on the frequency,
intensity, snd shape of the summation bands
been noted in the diseussion. It is to be oobed
that the frequencies of the bands involving a lattica
mode shcmlg he more temperatyre dependent than
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the fundamentsle. The lattice frequencies will
depend on the interionic forees which are direeily

affected by the change in volume produced by
cooling. If the forces are principaliy repulsive a
ghift to bigher frequencies would be ected on
cooling. iz iz actually observed. The funda-

mental internal frequencies have been shown to be
rather insensitive to changee in volume. The
intengity of the summation banda is expected to
ingrease with decrcasing  femperaiure in  these
axperiments. At ordinary temperaturss, the higher
lihrational lavels are expected to be densely populated
because of the low energy involved. As the tem-
perature is lowered the lower levels incrense in
population at the expense of the higher levals. In
abeorption the intensity depends on the population
of the lower of the two levels involved and, all other
factors  being equal, intensity should increasa
markedly as the lower levels become populated.
Simultaneously it appears reasoneble that the in-
dividual hbratioual band widehs should decrerse.

Translational lattice modes must exist and no
attempt has been made to identily these modes which
would be active in corabination with the fundamen-
tals. Howcever, in overy spectrum there appear to be
& few bands not falling 1nto a reguler sequance whick
might be gesigned in thizs mansier. There are also
many utusuelly strong bands which might be at-
tributed to superposition of & libration and trans-
lation eombination with the fundamental. Such
colncidenses would be expected to be of frequent
ocoyrrence in a scries of close spaced bands and
might produce resonance splitting effects. Such
ﬂﬂgﬁing may prodoce the wariation in spacing
o ved in some series of bands,

On the basis of the libratiensl motion the cuteif
frequencies arc readily interpreted. Aecording to

Infrared ghsorplion speciralaf RbMNOh af room lemperafura (lop) and Hguid helinm femperafure (bolfant).

Lander [45] the nxygaen-uxyge-n internction between
neighboring anions defines the ordering. Spectro-
seopic data on the nitrates, carbonates, and borates
[771:)11&3 also been interpreted in this manner. Ina
iven eryetal the anion should orient in the potential
%::Id in such a position that ity oxypen atoms would
be at & mazium distance from the neighboring
oxygens. This position is net unique, however, as
equivelent itiwne can be obtained i:l}' & rotation
about the trigonal axis, d‘pﬂt&ﬂﬁﬂl minime being found
every 1207 or every 60° depending on the symmetry
of the gite. If sufficient energy is available o librat-
ing anion ean surmount the energy barrier imposed
by the repulsive forces of neighboring oxygen atoms
and cither rotate freely or, on loging cnergy, take up
an equivalent position displaced by 120° or 60° from
the originel pesition. arefore  the librational
bends should terminate at n frequency corresponding
to the *free rotation' energy barrier, .
Ne convincing arguments can be offered at this
time for tha iotensity relationshipe in & series of
bands. Hexter and Ilows [35] bave calenlated thak
higher order combinations of the type postulated
here should decrense in intensity  exponentially.
However, these caleulations did not consider the
internctions between neiphboring jons. It appears
reasongble to suppose that libration of the anion
produces n change in the electronic charge distribu-
tion of the oxygen atems. It sppears likely that
the perturbation of the charga distribution increases
with increasing amplitude of the oseillation and
ghould reach & maximum at the top of the barrier.
What the effect of this change in charge diatribution
would be on the relative intensities 1= not clear o
that thiz question eannot be answered at this time,
At the top of the coergy barrier the librational
modea chanpe rapidly from a vibrational type to a
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rotattonal type.  The intensity of trensitions (rom a
state corresponding to the ground wibrational level
fa=0) and the ground librational level (=0} to the
upper vibrational level {r= y and the apper rotation-
alpi)evels {say J=10} would be very weak because
such transitions are forbidden by rotational selection
rules. Therefore if librational transitions below the
top of the barmicr have appreciable intensity berausa
of electrical anharmonicity a rather sharp cutoff or
band limit is indicated. Rotational transitions in
addition to being forbidden would be expected to be
very weak hecause of the abscnca of electrical anhur-
menicity in rotstional motion.

£ Discussion of Libvation and Energy Bavrler Data

The observed data on libration frequencics and
apparent energy barriers are tabulated in the first
two columns o% table 18, The libration Irequencies
Iisted correspond to maximum values observed for
ench substarca, ie., averape values derived from the
lower energy levels. Despite the wide variation in
ptrnetura it is intoresting to note that variations of
the absolute values of libration frequency and energy
barrier are relatively small. Libration fraequencies
appear to range frem 15 en™ to 26 o' and ener
harriers fram 140 em™! to 250 cm~'. No reliable
Tibration frequency was observed from MgCQ; al-
though the probable barrier is listed in fahle 18.
The barriers tabulated represent the average eati-
mates of the bands assigned as the three cutoff valuas
of the three series of bands arising from combinations
with », »y, and vy which ueually agree very well with
each other.

Although qualitetive arguments for libration have
Ireen presented in the pravicus secticn 14 remains to
be demonstrated that the observed energy barriers
are quantitatively of the correct order of magnitude.
The following discussion will be limited to the caleite
and eubie structures because of the uncertainbies
mvolved in the other atrnetures. In addition only
the data for NaNO, and CaC0y among the calcite
structures will be considered because of doubta con-
cerning the purity of the other maferials. Column
3 of table 15 lists approxmate anbannonicity cor-

TawLe 18, Coltected tbration frequancies and energy borriers
frum infrared epeetra f Jeguzd keltume emperadtire
ApTTONImate
laarial Obeerved Libration | aninarmooks | Caleuksied
tartler » | [reguenoy, o | IEY o0FRec- batrler »
L
m! am! em-! vl
o)
152 H 1 168
1 25
L] ant
Foa -l 3 152
=0 0 L -] 19
1L [} 2 1
[ 14 2 151
200 ant
Fr- ] Fol
11 30
130, 14 LG, ¥

= Experimeniusl rolpes Neglerting rore peiot soergy,  Appaezimete correct foo
For reTy PO eTherEy I v

b Cplonlated barriers inoluwding serrectlon for snbermanioiy bt negl=cting
eorrectlon for tero polnt encEy, ApproXimats corvection G Teto molnl anetgy

hlull

rections calculated from the observed frequencies
for CoC{); {table 5}, NuNO, {iable 4), SriNO,),;
(table 13}, Ba(NQO;): {table 12], and Pb[Nﬂﬂf
{teble 11}, The snharmenicity corrections are o
served to much larger for the caleite structures than
for the cubie structures. This difference will be
discussed subsequently. From the observed libra-
tion [requencies and the anharmonic corrections, the
tentigl barrier for rotation may be caleulated as
ollows, ) ]
; Aseunming a rotational potentisl energy af the
OIrIIL

V=KE“ {1—coa ng) (1}

where ¥, i= the cnergy barrier, n the number of
potential minima in a complete cycle, and # the
angulur displacement from the equilibrium position,
tha potential barrier can be caleulated from the
libration {requency throngh the relationship

v
b=y g @
In eq (2}, v, corresponds te the corrected libration
frequency, J the moment of inertia of the snion, and
the other quantitics have their wsual significance.
The corrected libration frequency is taken as equal
te the observed libration frequency plus twice the
anharmonic correction {33]. Taking the C—0 and
N--0 bood lengtha to be 1.25 A and 1.22 A, respee-
tively, and independent of structure [30], the follow-
ing two relationships for the potential barriers are
obtained.

for carbonates V=4 20{p/r)% &)

for nitrates V=447 (p )5, {4}

In caleite structures the anions oecupy sites of
symmetry I snd n=6. Ln the cubie stnctures the
site symmetry = Cy and n=3. Using eqs (3) and
{4) and the corresponding data from table 13 the
barriers were caleulated and are given in eolumn 4
of the table. The ealeulated barricrs as tabulated
have been corrected for the zero poini cnergy con-
tribution & a5 to be comparable with the observed
values, that is the tabulated values represent the
caleulated barriers minus ¥ the libration frequency.
A eompanizon of observed and esleulated barriers
shows that except for NaN(}; the agreement 18 quite
encouraging.  Inasmuch &s the libration [requenciea
cannot be determined with precision because of the
width of the bands, and since & similar error exists
in determining the cutoff frequencies, it ia considercd
that the agreement hetween calonlated and ohserved
harricra is pmhnblgr within the experimental error
even in the case of NaN{(}. Furthermore the cal-
culuted barrier is dependent on the exact shape of
the potentisl energy curve and on the bond distance
used. The fact that the observed and calculated
harriers are of the same order of magnituds supporia
the present interpretation of the observed spectra In
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terms of librationgl oscillations of anions that pro-
duce & serfez of bands terminating jn a cutoff fre-
quency which corrcaponds to the patential barrier for
rotation. '

The fact that the barviers are of the sume order of
mapnitude impliez that m these crystuls the forces
are of the same nature. This cooneclusion has been
resched previously [77]. The smaller anhnnnunicig
ecorrestions of the cobie sslts as compared wi
thoza of the ralcites are to the expected. In the
former there appear o be breader petential wells
fn=3) than in the latter fn=48) and the lavels are
clozer (20 om~?! as compared to 30 cm™).

It will be noted that the agreement between
caleulated and obaserved barriers also implies that
the assi ente of the individual libration bands
1= cmsentially correct, If the date for CUsNOy wnd
RbNOQ,; ara used to caloulste barriers it appears
moat likely that the nitrate ions must ﬁccll_llpy pites
of six-fold sytonetry in these struetores. awever,
similar calewlations for TINCG; wnd AgN(: are nol
passible because of the great uncertainty in asstgning
the libration bands. g‘rrf)m this point of view it
iz not egrprising thal the aragoniie spectra v go
complex  becauase the anlons occupy sites of
symmetry U.i

The abaclrte wvalue of the potentisl barriera
obesrved requires the conclusion that at ordinary
temperatures, 1.e., 300 “K, s considersble number
of anions have energies in excess of the hindering
rotetional barvier. If large pombera of anions
rotate, it 1z conceivable that the strocture mey
become unstable. Seversl phasze changes occur in
the nitratea ai moderate temperaturea but the
corresponding transifione m the carbonates take

lace only at relatively high temperatures [45].

ara ia n¢ chvious correlation batwesn the transi-
tion temperatuore and the heipht of the ane
barrier. It mmust be conecluded, therefore, that the
cohegive energy of tha tal lattice 1= sufficlent
to asccommodate considerable variation in the anion
disorder and that the fransitions ere not ca
primarily by the effect of the disordering. Since
gimilar transitions in nitratez and carbonates are
saparated by aeveral hundred degrees in temperature
it appesrs that the coliesive energy, which is ex-
pected to be roughly four tirnes as great in the
carbonates, must largely determine the transition
temperature. ©On the bagis of the present interpro-
tation most of the carbonate iona would have
energies cbove the rotational cnergy barriers at
ternperatures woll below the transition temperatures,

3.4, Overlones and Combinatioms of Fundamentala

Inspection of figures I-21 for the carbenates and
nitrates shows that numerous strong bands oceur in
tha range 1700 cm™ to 3000 emt The prism
inatroment provided ineufficient dispersion and
resolution for accurate study of thi= region. How-
ever, the number and strength of the bands indicate
that free ion selection rules ara not applicable in
theze crystals. In most apectra two p bands
are gbeerved, one near 1750 cin ! gnd the gther mush

wegker near 1800 em™'. Without exception these
bands are locatad within & few wave numbers of the
poaitiona expected for the combinations v, 47, and
ty+m, respectively. These bands can be assipned
confidently. Tha ather bands cannot.

For further study of this region several spectrn
were obtained on a ﬁrating spectrometer, The
spectral regions from 1600 em™ to 4000 cm for the
liquid helium runs ave %ve:l in figures 22, 23, 24, and
25 for CaCOs, KNO,, BaC'0;, and Ba(NO,), respec-
tively. Frequencies of bands identifiable with
certainty are listed in tables 19, 20, 21, and 22. The
studies showed no apa;:eainble shift of bend positiona
in this region as the temperaturc waz lowered
although considerable sharpening of bands oceurred
at Jow tempersture. Ingpection of the spectrs shows
a very complex band system in this region and no
assignments are given. [t iz particulatiy noted that
In reglong in which bands would be expected to
correspond to the combinations v+ and 24 the
apectre show strong brond bands which appear 6o
contrin unresolved structure. Also of interest ars
the many bsande appearing to contain shoulders
extmdin% more than 100 ¢m™! to higher frequencies.
Converzely similar shonlders are missing on the low
frequency side. 'The spectra of KNGO, and Ba{NGy),
are particularly complex in this region. Several
triple proups are evident in Ba(WN(),); with compo-
pents zeparated by about 30 em™ and 40 em~!, In
general this ragion of the spectrs does not offer any
evidenes to contradict the libration hypothesia and
the complexity and broad bands would be expected
if thers iz a libraticn-fundamental combination
involved.

TavLe 19, veriones ond  fundamenial
coniinaiinng obeeryed for colefls
Fragunencles Frequenelea Fuodnmatituls
el el rm-1
C o by R T re—
A3 w 2560 v re—E31
U 2400 a ri— 1480
Hildmn B mb r—Ti2
AiTpm XA mb
s vs 242 m
1B
Tagre 0. Oreertones ond  fundomentol

eombinodiong obaerved for Kw(y

Fraguooches Frogquanedes Fordemeninls
-t emd em-L
#7i4 m aboubder | Bk s ah 1 —HiE
Lo TN
426 m shoalder | 20 m n—h
g 3550
AHE W E wh va— 14
N 24 mb w—Tl
2450 mb shoulder | 256 mb
b 2i0
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T m 1o w
2THR ak L]
2506 m LT3 aiit (1at-egh
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4. Coanclusion

Infrared ahsorption spectra of inorganic nitratca
and carbonates have been obtained on single crystals
at room temperpture, liquid nitrogen temperature,
and Iiquid helinom temperature. The diffuse absorp-
tion ¢beerved in the reom temperature s;lmctra. between
about 1400 em™! and 700 em™ ie resolved at liquid
helium temperature into & seties of a mmn
of bands not attributable to fundamentals or com-
binations of fundamental frequencies of the anions.
Moat of these bapds are readily mterpreted as
summation bands of fundaments] frequencies with
successive lovala of a librating cacillator,

This interpretation is supported by the following,
experimental abzervations:

I. The romoval of the Jdifference bands with
reduction in temperaiure.

2, The large temperaturs dependemce of the
positions of 1ndividual bande ss compared with
that of the fundamentals,

3. The uniformity of the spacing of the individual
bands within 5 given zeries of bands.

4. The similarity of the separation of the indi-
vidual members of the separate series of bands from
each ¥hthﬁ fundamentnlihpl, vg, and w,  the band

i. The agreement in the separation of tha ban
limits or cutofis assigned from each of the funda-
mentals My Moy and Py

6. The eral similarity of the bshavier in the
vicinity of » with that observed at the other
Iundamentals, although the ndividual bands could
not be distinguished.

The libration is considerad to represent s planar tor-
sional oscillation of the anion about the trigonal axis.
The librational fr{:&qluenc}r appears to ba dependent
in part on the crystal structure and the ions involved.
For a given muoterial the librational frequency as
determined from suceessive bunds is ressonably con-
atant. In the substances studied the librationsl
frequency vatied from about 15 em~! to 30 cm—L,
bezerved band hmite in the spertra are inter-
reted as representing rotational energy barriers.
hese bartiers are of the order of 200 coa ™ with the
barrier height being dependent on the crystal
atrueture snd the ions involved. Barrier haights
cgleulated from a cosine potential function agrea
reasonably well with the observed barriers for the
cubic and caleite structures. Similar ealeulstions
have not heen made for other structures studied
hecausa of doubtful assignments or unknown siétuc-
ural details. In particular, the spectra of the arago-
nite atruetures are remarkable m detall and com-
E}exit}* and bave not been anal puccesainlly.
owever, the detfails of thesa and all other spectra
studies appear to invelve gimilar phenomena.

The question of whether this behnvior is restricted
to carbonates aad aiirates cannod be snswored Tully,
Preluninery studies on other salts st low tempera-
tures indicates that similar band aystems may exist.
Further experiments are required to answer this
question with certainty.

It iz apparent that the band structurs chsarved
in thezn studiez i= not clearly seen in absorption
spectra of thin films and p-nlﬁm'ysta]]inn specimens.
In part, this may he due to the fact that it is custo-
mary in most instances to atudy specimena which de
not. sbsorb comrpletely even in the strongest Tunda-
mentals and that the combination bands are too
weak in comparison with the fundementals to be
obzerved under these cirenmetances. However, it
wonld also appear likely that reduetion of the

gtal size below some minimum value sa deter-
mined by the lattice mode might effectively eliminata
the lattzee mode and eonsequently the ecmbination
band. With latticc modes of low frequency the
minimum crystal size might be readily sttainable
and preliminary investizations indicate some experi-
mental evidence of s dimensionsl effect. Fuorther
gtudy on these questions is under way.,

The authors are indebted to L. Bolz for obtaining
low tempergture X-ray data.
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