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The molar volumes of ammonia soIid I and solid 0 were measured from 0.5 to 14.0
kbar and 185 to 320 K. Over regions that extend 3 kbar and 20 K into the solid phases,
variations in compressibility and thermal expansion can be described by power laws with
exponents simiIar to those usuaIIy associated with critical transitions. It is suggested
that breaking of hydrogen bonds may account for the extreme softening of solid ammonia.

PACS numbers: 64.30.+t, 64.70.Dv, 64.70.Kb, 65.70.+y

P (I) = 5.886 [(T /T &, , )'"'—1], (1a.)

Just before melting, many elements and com-
pounds exhibit unusual behavior' marked by large
increases in the isothermal compressibility, '

~~-=—V '(BV/Bp)z, and in the isobaric thermal ex-
pansion, ' ' a~ = V '(BV/BT)» large decreases in
the frequency of low-lying phonon-libron modes';
and the vanishing of certain elastic constants. ' '
These abnormal effects lead a priori to various
kinds of instability in the solid. ' We report here
volumetric measurements that show that solid
ammonia undergoes a dramatic softening on ap-
proach to melting. In the homogeneous solid
phase, t&~ and n~ follow power laws indicative of
a A.-type transition. We suggest that the wide
range inp and T over which this behavior is ob-
served makes ammonia an ideal subject for study
of the anomalous effects that precede melting.
Detailed knowledge about solid NH, is also needed
to interpret data relating to planetary atmos-
pheres ro

We used a piston-cylinder apparatus, designed
for condensed gases, " to measure the P-V-T
properties of 99.99'%%uo pure ammonia from about
185 to 320 K and 0.5 to 14.0 kbar. The phase di-
agram of condensed NH3 j along with experimental
details, are given elsewhere. " Briefly, we found
that the melting curve has two branches, as im-
plied by the work of Vereshchagin and Voronov"
and Hanson and Jordan. '4 The lower branch,
bounding solid I, is given by

and the upper one, bounding solid II, is given by

P (II) =11.156 [(T /T, „)"'"—1]+3.070,

(1b)

where p (I, II) is the melting pressure in kilobars,
T is the melting temperature in kelvins, T&»
= 195.48 K is the gas-liquid-solid I triple-point
temperature, " and T ~ I I&

= 217.34 K is the liquid-
solid I-solid II triple-point temperature. The
two curves intersect atP (I,II) = 3.070 kbar, from
which point a solid I-solid II transition line rises
steeply in the P-T plane. We assume that am-
monia solid I has a simple-cubic structure similar
to that found in x-ray" and neutron-diffraction"
studies made more than 20 K below 7.'& q q at 1
bar. Solid II is thought to be face-centered cubic
from preliminary x-ray measurements carried
out in a diamond cell at room temperature. "

The molar volume of solid I was measured along
five isotherms and three isobars to a distance of
about 3 kbar and 20 K, respectively, from the
melting curve, giving a total of 140 data points.
For solid II we obtained 460 points along fourteen
isotherms and seven isobars out to about the
same distance from the melting line.

Several typical isotherms are shown in Fig. 1,
where the upper experimental points represent
liquid volumes V, and the lower points represent
solid-II volumes V, (II). As the melting curve is
approached from the solid side, V, (II) undergoes
a progressive enhancement that begins more than
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FIG. 1. Mo1ar vo1ume of ammonia as a function of
pressure along isotherms at 230.4, 263.4, and 297.5 K.
Upper branches, liquid; lower branches, solid 0; solid
1ines, EOS Eq. {2) with Eqs. (1b) and {4b); dashed 1ines,
volume cha~~e on melting.
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2 kbar from p and is finally interrupted by the
discontinuous volume change on melting 4 V
= V, —V, (II). We observed similar behavior
in the solid-I molar volume V, (I) and also in pl.ots
of V, (I) and V, (II) along isobars, beginning at a
distance T —T =20 K from melting. Over this
range @ and a» computed from the data, in-
creased by one order of magnitude.

As shown in Fig. 2, plots of inner vs ln(p -p )
are linear and independent of T for both solids,
leading to the analytical expression

& =&(p-p ) ', (2)

V, (I)=V, d, (T —T, , )— (4a)

where k and y are constants. A least-squares fit
gives y=0.49 for solid I and y=0.60 for solid II.
By integrating Eq. (2) along isothermal paths one
gets

V. =V, exp)-&(1 r) '(p-p —)' '1,
where P„is given by Eqs. (1a) and (1b) and V, is
the value of the solid volume V, when p=p . For
all of the solid isotherms, Eq. (3) provided excel-
lent fits in which k remained quite constant and-

V, was found to be in the range V, & V, (V,
Complete equations of state (EOS) for ammonia

solids I and II were derived by expressing V, in
Eq. (3) as a function of temperature. We found
that V, could be fitted with acceptable accuracy
by

4I

O

-5

for solid I, and by

V, (II)=Vrt -d«(T —T&-i-tt) (4b)

for solid II, where V&,» and d& I& are constants
and the triple-point temperatures are those used
in Eqs. (la) and (1b). Values of the parameters
in Eqs. (2), (3), (4a), and (4b) for solids I and 11
are presented in Table I. After substituting Eqs.
(1a), (1b), (4a), and (4b) into Eq. (3), we were
able to fit all of the isothermal V, data by the
EOS with an average relative error in V, of 4
&10 ' and a maximum relative error of 10 '.
The incorporation of isobaric data in the fit

-2 -I 0
log, (p-p(n) (kbar)

FIG. 2. in~@ as a function of 1n(p-p„)along iso-
therms in solid ammonia. Arrows show regions of
linear variation. Friction in the piston caused reduced
accuracy in points taken beIow about p —p = 50 bar.
(a) Solid I. A' s, 192.5 K; crosses, 202.0 K; asterisks,
205.9 K; diamonds, 214.5 K; plusses, 215.2 K. (b) Solid
II. Diamonds, 222.4 K; D's, 230.4 K; crosses, 244.0 K;
A' s, 254.6 K; asterisks, 263.5 K; 8's, 274.0 K;
plusses, 282.8 K; C's, 297.5 K.
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TABLE I. Values of the parameters in Eqs. (2}—(6), derived from
isothermal data for ammonia solid I and solid II.

Solid ~ y-' (kbar) p (cm3/mol) d (cm3/mol K)

0.49+ 0.02
0.60 + 0.01

0.0281 + 0.0006
0.0225+ 0.0003

21.61+0.03
21.13+0.02

0.0316+ 0.0010
0.0146+ 0.0002

'y was determined from plots of lnK~ vs In(p —pm); k, V, and d were
evaluated from fits of all the p-V- T data using Eq. (3) with Eqs. (la),
(&h), (4a), and (4h).

raised" the average error to 7x10 '. Within the
accuracies mentioned above, the EOS can be used
for solids I and II up to 3 kbar above P or about
20 K below 7'

From Eq. (3) one can obtain the expression

a& =KrdP /dT +V, 'dV, /dT. (5)

Equation (5), derived earlier by Buckingham and
Fairbank" for the X transition in liquid He,
shows that the ratio o~/Kr remains finite and
assumes the asymptotic limit dp /dT as the
critical point is approached. This asymptotic be-
havior, which seems to be a featur. e of continuous
transitions where n~ and w~ diverge, ' was first
pointed out by Pippard" and recently derived by
Soulard. " We show the behavior of ammonia
solid II along several isochors in Fig. 3, where
the points are derived from the EOS Eq. (3) and
the melting curve is from Eq. (1b).

Starting with Eq. (5) and using Eqs. (Ia) and

(lb), one can also arrive at an equation for o.~ in
terms of (T —T). The result is

~, =n(T -T) '(dP /dT )' ',
which reproduces the measured values of 0.~ with-
in experimental uncertainty. "

We have shown that the approach to melting in
solid ammonia can be described in terms of a
critical phenomenon wherein the solid exhibits
values of z~ and o.~ that are 10 times larger
than those of the liquid at melting. In this state
there are sizable fluctuations in density and en-
tropy that can cause instability and, eventually,
melting. It is interesting to note that V, for am-
monia is always larger than V, . Furthermore,
when the isotherms were fitted by the three pa-
rameters V, , k, and a critical pressure P, rather
than p, P, was generally found to be a few tens
of bars smaller than P . This indication of a
critical state lying below the melting curve agrees
with experimental and theoretical conclusions
about shear instability and melting in alkali
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FIG. 3. Ammonia solid-II isochors at 19.0, 19.5, and
20.0 cms/mol in the p- T plane. Points, derived from
Eq. (3); solid line, Zq. (1b).

halides. 7 9 "
The microscopic mechanism that leads to anom-

alous melting in ammonia may be related to ori-
entational motion of NH, molecules on the solid-I
and solid-II lattices. Diffraction studies" "made
on solid I at 77 and 171 K show that each hydrogen
atom, in addition to its H-N intramolecular co-
valent bond of 1.005 A, also has an intermolecular
hydrogen bond of 2.374 A to the nitrogen in an ad-
joining NH, molecule. Thus each nitrogen is hy-
drogen bonded to six neighboring nitrogen atoms.
The progressive breaking of these weak bonds
could lead to reorientation of molecules, soften-
ing of crystal modes, instability, and melting.
In our ammoniaP-V-T study, described more
completely elsewhere, "we measured also the
speed of 10- and 30-MHz sound. We found es-
sentially complete attenuation of the signal in the
solid-I and -II regions extending 20 K below melt-
ing, which suggests that there are mechanisms
coupling these ultrasonic frequencies with phonon
and libron modes in the crystal. Heat-capacity
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measurements'4 made at 1 bar on solid I also
show a progressive departure from Debye be-
havior over the last 20 K on approach to melting.

The exponent ) in Eq. (2) has a different value
in solid I from that in solid II, which could result
from differences in the two crystal structures.
Nevertheless it seems likely that hydrogen bond-
ing occurs in solid II as well as ia sol.id I. Both
y exponents are near the value 0.5 calculated by
Boyer'" for n~ in alkali halides, using a model
based on quasiharmonic theory.
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