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W e calcula te d in this study the Raman frequencies of some lattice mo des
in the meltin g region of ammonia solid I . T he Raman frequencies of those
phonon mo des were obtained through the Gr �uneisen relation using the vol -
ume data for the ammonia solid I from the literature. Our calculated Raman
frequencies require for comparison the exp erimental Raman frequencies mea-
sured as a function of pressure for some Ùxed temp eratures in the ammonia
solid I .

PAC S numb ers: 63.70.+ h

1. I n t rod uct io n

T he sol id{ l iqui d phase t ransiti on in am monia has been the subject of interest
for som eyears. At atm ospheri c pressure am monia exhi bi ts a phase tra nsiti on f rom
the sol id I phase to the l iqui d pha se at T m = 192:5 K. Thi s m elti ng tem perature
increases as the pressure increases along the m elti ng cur ve. For the pressures of
above 3 kba r , there occurs another phase tra nsiti on from the sol id I I phase to the
l iqui d phase at the tem peratures of above 220 K, along the mel ti ng curve. The
Ùrst m elti ng curve between solid I and l iqui d intersects the second m elti ng curve
between solid I I and l iquid state at the tri pl e point, where the pha se l ine between
sol id I and sol id I I ari ses in the P À T phase di agram. The positi on of thi s tri ple
point is T l À IÀ I I = 217:34 K (3.070 kba r). The tri pl e point between gaseous, sol id I,
and l iquid phases is located at Tg À l À I = 195:48 K (P = 0 ). Al l these pha seshave
been shown in the P À T [1, 2] and V À T [3] phase diagram s in the l i tera ture. Apa rt
from the sol id I and sol id II phases, i t has been observed exp erim ental ly [2] tha t
there also exists sol id II I (pha se I I I) in am monia at 35 kba r at 2 5 £ C.

The am monia system has been studi ed as showi ng the cri ti cal tra nsi ti on
near the m elti ng point [4, 5]. It has been stated tha t the am monia underg oes a
second-order phase tra nsi ti on pri or to m elti ng, because of the power-law behavi our
of the isotherm al com pressibi l i ty and therm al expansivi ty [4, 5]. Very recentl y, we
have studi ed the cri ti cal behavi our for amm onia sol id I and sol id I I [6]. W e have
then appl ied the Pi ppard relati ons to am monia sol id I and sol id I I [7].

(557)



558 H . Yur tseven

In the amm onia sol id I there are four tra nslati onal modes of A ; E , and
2 F , and Ùve rota ti onal modes of A; E , and 3 F , as the zone-centre latti ce modes.
They are al l R aman acti ve, as pointed out by Nye and Medi na [3]. Am ong tho se
latti ce modes, the A and E m odes are due to octup olar intera cti ons accordi ng to
the latti ce dyna mical m odel assuming ato m { ato m intera cti ons pl us electro stati c
m ulti pole intera cti ons between m olecules [8].

In thi s study we concentra te on the am monia solid I consideri ng som e lat-
ti ce modes studi ed in the work of Nye and Medi na [3]. W e calcul ate the Ram an
frequenci es of two tra nsl ati onal modes ( ¤ 1 0 0 cm À 1 and ¤ 1 3 0 cm À 1 ) and of one
l ibrati onal mode ( ¤ 2 8 0 cm À 1 ) in am monia sol id I, whi ch have been measured
exp erimenta l ly [3]. The R aman frequenci es are calcul ated as a functi on of pres-
sure at some Ùxed tem peratures using our volume values calcul ated in our recent
study [6], whi ch were based on the work of Pruza n et al . [4]. For calcula ti on of
the Ram an frequenci es we also use the volume data obta ined exp erimenta l ly [3].
Thus, by means of the Gr �uneisen rela ti on, we have been able to calcul ate the R a-
m an frequenci es as a f uncti on of pressure for som e Ùxed tem peratures in am monia
sol id I near the m elti ng point.

In Sec. 2 we give the theo reti cal basis for our calcul ati ons. In Sec. 3 we
present our calcul ati ons and resul ts for the Ram an frequenci es. In Secs. 4 and 5
we give discussion and concl usions, respecti vely.

2 . T heor y

The therm odyna m ic functi ons such as the isotherm al com pressibi l i ty , ther-
m al expansivi ty , and the speciÙc heat can exhi bi t the cri ti cal behavi our near the
m elti ng point in am monia.

The cri ti cal behavi our of the isotherm al com pressibi l it y along the pressure
l ine near the melti ng point P m in the sol id am m onia, can be given by

ç T = k ( P À P m ) À Û (2.1)

as given in the work of Pruza n et al . [4]. Here Û i s the cri ti cal exp onent and
k i s the am pl itude. Starti ng from thi s power law expression for the isotherm al
compressibi l i ty ç T , we can obta in the pressure dependence of sol id volum e V s for
the sol id am monia as

V s = V c exp[ À k (1 À Û) À 1 (P À P m ) 1 À Û ] : (2.2)

Here V c represents the cri ti cal volume of the sol id am moni a along the pressure
l ine.

The vo lum e dependence of the Ram an frequenci es can be obta ined by m eans
of the m ode Gr�uneisen param eter deÙned as

ÛT =
V
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ÛT i s the isotherm al m ode Gr�uneisen parameter. By kno wi ng the pressure depen-
dence of the volume, we can calcula te the R am an frequenci es as a functi on pressure
at Ùxed tem peratures. Theref ore, using the data for the sol id vo lum e V s by m eans
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of Eq. (2.2) we can calcul ate the frequenci es of som e Raman m odes near the m elt-
ing point in am monia . For thi s calcul ati on we assume tha t the isotherm al m ode
Gr�uneisen param eter ÛT rem ains constant ri ght thro ugh the phase tra nsiti ons.
Thi s assumpti on has been considered in our earl ier studi es [9, 10].

In order to solve the Ram an frequency as a functi on of pressure in term s of
the volume, Eq. (2.3) can be wri tten as

ÛT =
1
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; (2.4)

where the isotherm al com pressibi l i t y is deÙned as ç T ²
1

V
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. By ta ki ng the
m ode Gr�uneisen parameter ÛT as constant, from Eq. (2.4) the Ram an frequency
¡ T (P ) can be obta ined as

¡ T (P ) = Â T + A ( T ) + ¡ 1 exp[ À ÛT ln ( VT ( P ) =V 1 )] ; (2.5)

where the temperature dependent term is

A ( T ) = a 0 + a 1 ( T1 À T ) + a 2 ( T 1 À T )2 : (2.6)

In Eq. (2.6) T 1 i s a given tem perature, and a 0 ; a 1 , and a 2 are constants. In Eq. (2.5)
¡ 1 and V 1 are the values of the R aman f requency and volume, respecti vely, at the
tem perature T 1 : Â T i s the order{ disorder contri buti on to the Ram an frequency
near the m elti ng point in am monia. W e ta ke Â T = 0 for P < P c and Â T 6= 0 for
P > P c . Equa ti on (2.5) has also been intro duced in our earl ier studi es [9, 10].

3 . C al cu l at ions an d r esul t s

In thi s study we Ùrst calcul ated the sol id volum e Vs as a functi on of pressure
by m eans of Eq. (2.2). For calcul ati ng the cri ti cal volume V c in thi s equati on we
used the empi rical relati on for the amm onia solid I

V c ( I ) = V I À d I ( T À T g À l À I ) (3.1)

as given by Pruza n et al . [4]. In Eq. (3.1) the values of the parameters were ta ken [4]
as V I = 21:61 cm 3 / mol , d I = 0:0316 cm 3=( m olÂK) and the tem perature of the tri ple
point, Tg À l À I = 195:48 K. Thi s gave us the tem perature dependence of the cri ti cal
vo lume for the am moni a sol id I as

V c ( I ) = 2 7 : 7 9 À 0 : 0 3 1 6 T : (3.2)

W e also used the empiri cal relati on for the melti ng pressure as given in the work
of Pruza n et al . [4 ]

P m ( I) = 5 : 8 8 6 [ T m =T g À l À I ) 3 :960
À 1] : (3.3)

W e then determ ined the v alues of Vc ( I ) and of P m ( I ) by means of Eqs. (3 .2)
and (3.3), respect ivel y, by ta ki ng T = T m ( P ) for various tem peratures ranging
from 196 K to 217 K for the am monia sol id I. T able I gives our calcul ated V c ( I )

and P m (I ) values. Using the values of the cri ti cal exponent Û = 0 : 4 9 and the
am pl i tude k = 0 : 0 3 1 7 for the am monia sol id I [1], we then obta ined the values
of the sol id volume Vs as a functi on of the reduced pressure P À P m . W e chose
here the range of the reduced pressure from 0.15 kba r to 1.8 kba r for the am monia
sol id I.
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In order to calculate the R aman frequenci es as a functi on of the pressure, we
used Eq. (2.5) where we Ùrst determ ined the coe£ cients a 0 ; a 1 , and a 2 (Eq. (2.6)).
For determ ining tho se coe£ ci ents we used the measured data of m olar volum e and
the data of the latti ce frequenci es for tw o tra nslati onal and one l ibrati onal Ram an
m odes due to Nye and Medi na [3]. T able I I g ives the m easured Ram an frequenci es
for tw o tra nslati onal modes ( ¤ 1 0 0 cm À 1 and ¤ 1 3 0 cm À 1 ) and for the l ibrati onal
m ode ( ¤ 2 8 0 cm À 1 ) wi th the vo lum e data as a functi on of temperature, whi ch we
used for our analysis.

T AB LE I

C alculated values for the critical volume
V c ( I ) and for the melting pressure P m ( I ) by
means of Eqs. (3. 2) and (3. 3), resp ectively
for the ammonia solid I .

T [K] V c ( I ) [cm 3=mol ] P m ( I ) [kba r]

196 21.60 0.06

200 21.47 0.56

210 21.15 1.93

215 21.00 2.70

217 20.93 3.02

T ABLE I I

T he measured Raman frequencies for tw o translati onal and one
libratio nal mo des w ith the volume V s data as a function of tem-
perature for the ammonia solid I due to N ye and Medina [4].

T [K] ¡ [cm À 1 ] ¡ [cm À 1 ] ¡ [cm À 1 ] V s ( I) [cm 3/ m ol ]

195.0 98.5 128.4 276.4 20.62

187.6 99.1 129.0 278.2 20.58

180.0 99.6 129.6 279.9 20.55

172.8 100.2 130.2 281.6 20.52

For the tra nslati onal m ode of ¡ ¤ 1 0 0 cm À 1 we to ok the extra polated values
of ¡ 1 = 9 8 : 4 7 cm À 1 and V1 = 2 1 : 6 1 cm 3 / m ol at T 1 = 1 9 5 : 4 8 K, and the value
of the isotherm al m ode Gr�uneisen parameter ÛT = 2 : 6 [3]. Using the measured
R aman frequenci es ( ¡ ¤ 1 0 0 cm À 1 ) and the volum e data given for f our di ˜erent
tem peratures (T abl e I I), we were able to calculate the coe£ cients Â T + a 0 ; a 1 ,
and a 2 by means of Eq. (2.5). Tho se calcul ated values are given in Tabl e I I I.

For the tra nslati onal m ode of ¡ ¤ 1 3 0 cm À 1 we to ok the extra polated values
of ¡ 1 = 1 2 8 : 3 6 cm À 1 and V 1 = 2 1 : 6 1 cm 3 / m ol at T1 = 1 9 5 : 4 8 K, and the value of
ÛT = 2 :3 5 [3]. Sim i larl y, using the measured R aman frequenci es ( ¡ ¤ 1 3 0 cm À 1 )
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T ABLE I I I

Our calculated coe£cients Â T + a 0 ; a 1 , and a 2 according to
Eqs. (2. 5) and (2. 6) in the ammonia solid I . ¡ 1 values are those
extrap olated at T 1 = 1 95 : 48 K and the ÛT values were taken
from N ye and Medina [4].

¡ [cm ] ¡ [cm ] Û Â + a a / K a 1 0

[cm ] [cm ] [cm / K ]

1 0 0 98.47 2.6 { 13.3028 0.0899 { 1.7

1 3 0 128.36 2.35 { 15.269 0.0365 5.8397

2 8 0 276.31 0.8 { 10.5316 0.125 7.116

and the volum edata (T abl eI I), we calcul ated Â + a , a , and a thro ugh Eq. (2.5).
Our calcul ated values are given in Table I I I.

For the libra ti onal m ode of ¡ 2 8 0 cm we had the extra polated values
of ¡ = 2 7 6 : 3 1 cm and V = 2 1 : 6 1 cm / m ol at T = 1 9 5 : 4 8 K, and the value of
Û = 0 : 8 [3]. In order to calcul ate the coe£ cients Â + a ; a , and a by m eans
of Eq. (2.5), we used the measured R am an f requenci es ( ¡ 2 8 0 cm ) and the
vo lume data given in T able I I. Our calcul ated coe£ cients are given in T able II I.

Fig. 1. Our calculated Raman frequencies as a function of the reduced pressure P P ,

w here P is the melting pressure, for the translational mode of ammonia solid I for some

Ùxed temp eratures ranging from 196 K up to 217 K . Our calculated frequencies are Ùtted

to a straight line.
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Fig. 2. Our calculated Raman frequencies as a function of the reduced pressure P À P m ,

w here P m is the melting pressure, for the translational mode of ammonia solid I for some

Ùxed temp eratures ranging from 196 K up to 217 K . Our calculated frequencies are Ùtted

to a straight line.

Fig. 3. Our calculated Raman frequencies as a function of the reduced pressure P À P m ,

w here P m is the melting pressure, for the translational mode of ammonia solid I for some

Ùxed temp eratures ranging from 196 K up to 217 K . Our calculated frequencies are Ùtted

to a straight line.
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Since we determ ined al l the coe£ cients we needed, as given in Tabl e I I I, we
were then abl eto calcul ate the Ram an frequenci es as a functi on of pressure at some
Ùxed temperatures by m eans of Eq. (2.5) for the amm onia solid I. For the frequency
values calcul ated we used the V s values whi ch we determ ined thro ugh Eq. (2.2).
For tho se Ùxed temperatures between 196 K and 217 K our calculated Ram an
frequenci es as a functi on of the reduced pressure P À P m for the tra nslati onal
m odes of ¤ 1 0 0 cm À 1 and ¤ 1 3 0 cm À 1 and for the libra ti onal m ode of ¤ 2 8 0 cm À 1 ,
are pl otted in Fi gs. 1{ 3, respectivel y.

4 . D iscu ssio n

W e calculated in thi s study the Ram an frequenci es as a functi on of pressure
for two tra nslati onal m odes and one l ibrati onal m ode of am monia sol id I. As seen
from Fi gs. 1{ 3, the R am an f requenci es increase as a functi on of pressure, as the
tem perature increases from 196 K up to 217 K for the tra nslati onal m odes of
¤ 1 0 0 cm À 1 and ¤ 1 3 0 cm À 1 (Fi gs. 1 and 2) and also for the libra ti onal mode of
¤ 2 8 0 cm À 1 (Fi g. 3). Thi s is consistent wi th the decrease in the sol id volume V s

as a functi on of pressure, as the tem perature increases from 196 K up to 217 K.
Thi s can also be seen partl y for tho se values of the sol id volum e V s ( I) and for the
values of the cri ti cal volum e V c ( I) , as given in T ables I and I I, respect ively.

In calcula ti ng the Ram an frequenci es for the phonon m odes considered here
we assumed tha t the isotherm al m ode Gr�uneisen param eter rem ained constant
acro ss the melti ng region in the amm onia sol id I. We to ok the average values
of ÛT = 2 : 6 and ÛT = 2 : 3 5 for the tra nslati onal m odes of ¤ 1 0 0 cm À 1 and
¤ 1 3 0 cm À 1 , respectivel y, as given in the work of Nye and Medi na [3]. Tho sevalues
of ÛT are close to each other, whi ch were determ ined between 172.8 K and 195 K [3].
They can also be com pared wi th our values of 2.5 for ¡ 5 (1 7 4 cm À 1 ) Ram an m ode
of NH 4 Cl [9] and of 1.59 for the ¡ 5 (1 3 4 cm À 1 ) R am an m ode of NH 4 Br [11]. Thi s
indi cates tha t regardi ng the values of the isotherm al m ode Gr�unei sen param eters,
the phase tra nsi ti on of the am monia sol id I to the l iqui d state can be cl assiÙed
as the Ñ -typ e phase tra nsiti on tha t the am monium hal ides exhi bi t. On the other
hand, the value of ÛT = 0 : 8 f or the l ibrati onal m ode of ¤ 2 8 0 cm À 1 i s small as
compared to tho se values for two tra nslati onal modes in am moni a solid I, as also
pointed out in the work of Nye and Medi na [3].

In order to com pare our R aman frequenci es calculated as a functi on of the
pressure f or the tra nslati onal m odes of ¤ 1 0 0 cm À 1 and ¤ 1 3 0 cm À 1 and also for
the l ibrati onal m ode of ¤ 2 8 0 cm À 1 , we requi re the observed R aman frequenci es
m easured as a functi on of pressure for the phonon m odes considered in am monia
sol id I. In parti cular, the R aman frequenci es are needed at vari ous reduced pres-
sures ranging from 0.15 kba r to 1.8 kba r for Ùxed temperatures of 196 K up to
217 K in the m elti ng region of the am monia sol id I.

5 . Co n cl usion s

W e calcul ated here the Ram an frequenci es of two tra nslati onal m odes and
one libra ti onal m ode at vari ous pressures near the melti ng point for som e Ùxed
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tem peratures in the am monia sol id I. Thi s calcul ati on was perf orm ed by m eans
of the Gr �uneisen relati on using the volum e data from the l itera ture. Our calcu-
lated frequenci es shift system ati cal ly as the tem perature increases, as expected.
The val idi t y of our metho d for calculati ng the R am an frequenci es requi res the
exp erimenta l measurements for the R aman frequenci es as a functi on of pressure
at Ùxed temperatures of the phonon m odes studi ed here in the am moni a sol id I.
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