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The Thcrmodynamic Properties of Sol1d Mercury at Temperature
Intervals of from 0 deg K to Melting point at Normal Pressure

In all branches of knowledge a great flow of information
(or the lack of it) gives the work of lortinz, identifying,
and preparing standard reference data a special set.

The Department of Theoretical Foundations of Thermotech-
nics at the .7iI* has prepared thermotechnical tables of mer-
cury characteristics. The properties of saturated and burned
out gas are considered up to 1000 degC and 800 bar, and an
(-s diagram is constructed. (Ref. 1). The results of the
experiment, which relate to viscosity and heat transfer are
thoroughly analyzed. The possibility of the interaction po-
tential are considered as well as the possibility of error
in determining its parameter in relation to viscosity (Ref.2).

The reference table (Ref.3) presents a fairly complete
bibliography about the properities of mercury, which were :
publisned before 1955. '

Two modifications of solid mercury are known: o and B
siven various crystalline structures. "\ -mercury is a crystal
and has a simple rhomboid nuclear mesh structure with the .
following parameters: a=2.993A, a=70 deg 45 min given 78 deg
K Ref. 4. .)-mercury has a tegtragonal volumetrically centra-
lized mesh structure (a=3.995A, c=2,825A, a/cav2 given 77 deg
K Ref. 5). In the lower temperature zone (T<79 deg K) the
thermodynamically stabel phase is the 8 mercury; however,
this transformation occurs only when there is plastic defor-
mation or high pressure.

When a=mercury cools below 79 deg K and atmospheric 4
pressure is a-8 the transformation does not occur under nor- |
mal conditions Ref. 6. Beyond this the thermophysical pro- |
perties of B-mercury remain unexplored and it is only pos- |
sible to create a table of physical heat properties for a- ‘
mercury only.

Translator's Note: MEI = Moscow Institute of Energetics




Both modifications of mercury have super conductive
powers, given low temperatures. The transitional tempera-
ture T of a and B mercury into a super conductive state is
4, 15, and 3, 95 deg K respectively Ref. 7.

In principle, the modern theory of solid matter allows
for a thermal and caloric equation of the state of solid
matter, if the potential energy of thec interrelationships
of atoms in the crystalline mesh structure is known. A
serles of simplifications are intrzoduced with the equation:
€.9, - a harmony of atomic oscillation is assumed, thus
allowing the problem to be considered from the point of
view of determining the spectrum of particles of harmonic
vibration of the crystal.

Slutsky and Jelinek (Ref. 8) calculated this vibrative
of a-mercury in such a fashion when they took into consid-
ertion the fixed inteasity of mercury established by
Gruneisen and Sckell (Ref. 9). In view of the fact that
the fixed intensity was determined for only one temperature
(¢=-9¢¢(C. ) and in the inadequate precision, the determined
:gocttum corresponds poorly with experiments regarding the

ermal capacity of mercury.

Several complicated interrelated phenomena harshly
stand out in the properties of solid substances - unhar-
monic oscillation of the mesh structure (thermal expansion),
influence of distant neighbors with the possibility of non-
additivity of interaction (mesh structure and emission of
X-rays and neutron streams) an electron-phonon interaction
(heat conductivity) formation of defects, etc. Inspite of
progress in the solid state physics, there are currently
no equalizations which transmit data with experimental pre-
cision, even regarding equilibrium in wide intervals of
parameters. That is why in considering the properties of
solid matter the decisive meaning, as a rule, is only ex-
perimentally valid.

As a whole the problem of creating correlated tables of
physical heat properties with the aid of theoretical equa-
tions should include the determination of certain constants,
related to parameters of irterrelated potentials; different
types of experimental data imust be utilized in the process
(compression, caloric properties, intensity of radiation,
heat conductivity, auto diffusions, etc.). However, at the
present time this problem can only be solved for gaseous
substances of moderate density.

Therefore the adjustment factor of these various ex-
perimental data, about thermodynamic properties of solid
mercury was negligible in this work and was mainly quali-
tative in character.

In the process the International System of units was
utilized. The atomic weight was 200.59 (1965 data) attri-
buted to mercury. The thermodynamic scale is used in the
table in regards to temperature. The difference between
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the practical temperature scale and the thermodynamic one
is included in the percentage of error.

The point of liquefication of mercury in normal pressure is
38.87 deg C, accord nz to the International Temperature Scale
or 234.28 deg K allowing a magnitude of error, according to a
thermodynamic scale of $0.005 deg.

Thermal Capacity of Solid Mercury(According to Given Experiments)

The measuring of thermal capacity is taken into consideration
when calculating the caloric properties of solid substances that
have been experiemntally determined. The heat capacity of a-
mercury has been adequately studied, but for f-mercury data are
lacking. That is why it is only possible to provide tables for
a= mercury.

In the reference material (10), the table indicates the
properties of mercury that are based on the data provided by
susey (Ref. 3) and Grauque (Ref. 1). The appearance of more
recent experimental data, especially in the sphere of the
lowest temperature ranges, allows us to receive more detailed
meanings of caloric function - entropy and enthalpy.

In Tabie 1, the basic knowledge of experiemnts determening
the thermal capacity of solid mercury is presented. 1In all
experiements the method of direct heating of the calorimeter
exposed to changing temperatures, existing in the isothermal
£film in conditions close to adiabatic is used. This data em-
braces temperature intervals ranging from o.l1 deg K to the
melting point; with their aid we can determine the caloric
function of solid mercury.

The experimental data received from the works of Kammerling-
Onnes and Holst (Ref. 12), Dewar (Ref. 13), Barschall (Ref. 14)
and Koref (Ref. 15) about the average meaning of thermal capacity
iz in different intervals of temperature, is not exact and is,

erefore, not examined in detail.

First, the experimental devices were analyzed and the error
in calculating the thermal capacity of mercury was evaluated.
According to our observations, the estimated degree of error
of Pollitzer (Refs. 16 and 17) and Simon (Refs. 18 and 19)
is not less than $(2-2.5)%. The estimated error for Pickard and
Simon (Ref. 20), Smith and Wolcott (Ref. 21) is 22%.

A thorough analysis of Busey and Giauque's method for
measuring the thermal capacity of solid mercury (and other works
by Giaugque) has indicated that their evaluation of the degree of
error is basically correct if the given temperature is higher
than 35 deg K, then the degree '
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of error is close %.t//} it i:mgoraturo is 20 deg X
it reaches ./ 1% and if 5 deg us it approaches ' 3%,

When various data we.a compared they showed that the
early works of the German authors (Ref.16,19) gave results
that were in accord, within the limit of moalurod error;
however, in the interval of temperature 25 - 80 deg /I they
exceeded the value calculated by Buge and Jacques by approx-
imately 2,5% (Ref.ll).

In the region between 4 and 10 deg X the data of
Pecard and Simon (Ref.20) are excessive by comparison to
the results of Smith and Wolcott and have an anomalous
character, but in intervals from 10 to 20 deg X they are in-
sufficient by comparison to those of Simon (Ref.1l9).
Smiths' amd Wolcott's data correspond with those of Simon
in this temperature interval. On ther other hand, the cal-
culations of Smith and Wolcott correspond sufficiently with
those of Van der Hoeven and P. Keesom (Ref.23) when the
temperature is lower than 4,2 deg X (1n the region beyond
mercury's heat capacity'

The results of Phillips' and his co-workers (Ref.24)
basically correspond with those of Van der Hoeven and Kee-
som. The data of Phillips are presented in graphic form
and are not taken into consideration in our processing.

In this regard, the more accurate and more agreeable
data are taken to be those of Simon, Smith and Wolkott,
Van der Hoeven and P. Keesom, and Busey and Giauque. Pre-
ference is given to Busey and Giauque in the area between
20deg KX to the melting point of mercury because of greater
exactness, even though these data don't correspond with the
others (Ref.16-18) of 7 = 25-80 deg A .

It is important to indicate that the analysis of this
experimental data, by the authors of the sxperiments or by
those who created the tables, was not able to reveal exper-
imental errors close to the numerical value of the sensi-
tivity of the apparatus, and only repeated measuring could
verify a high degree of accuracy. That is why it is imper-
ativo to conduct additional measuring experiments of mer-
cury's heat capacity in the interval between 25-80 deg K
within the limit of error <£0.1%.

In analyzing data regarding heat capacity of solid
substances the character of heat activity near the melting
point is important.

According to special experiments with mercury by
Kostriukov and Strelkov (Ref.25) it has been demonstrated
that great pre-melting effects, that are expressed in in-
crease of heat capacity ((,) up to tens and hundreds of
percents, are not necessatﬁly present. The results in
(Ref.1ll) show that even a small amount of additives varies
heat capacity sharply if the temperature is 3-4 degrees be-
low the melting point. A similar effect can be observed if
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temperature is not even throughout a given substance.

Carpenter and Oakley also measured heat capacity of
mercury near the melting point. The mercury was thorough-
ly purified beforehand. The dispersion of points in re-
lation to a curve medium lay within the limit 1%. On the
basis of the curves form the authors of the work (Ref.22)
concluded. there is an anomaly of heat capacity of solid
mercury near the melting point, where it increases to a
degree not greater than the dispersion of experimental
data.

The points do not disperse systematically near the
melting point and, therefore, such a conclusion by the
authors is difficult to explain. Apparently, a correct
manipulation of Carpenter's and Stoodley's data would give
us a smooth curve without twists which would approximate
a straight line, even to the melting point.

The values of mercury heac capacity found by Carpen-
ter and Stoodley are 1% lower in the average to those of
Busey and Giauque (Ref.ll) and are not processed by us.

It should be noted that the sources of systematic
error in measuring heat capacity with low temperature,
may be due to gas absorption, the appearance of thermal
pressure in the substance and in resistance within the
thermometer. 1If heat capacity is insignificant and temper-
ature is low the smallest vibration limits increased heat-
ing of the specimen . That is why it is important to per-
form additional experiments that will agree with previous
ones.

Let us note, that a more detailed analysis of exper-
imental settings, tables of resulting data, etc. is pre-
sented by the authors in table:;(Ref.26).

Calculation of caloric functions of solid mercury

In order to calculate entrophy, enthalpy, isobaric
and isothermal potential; and to create a heat-capacity
table, it is necessary to choose a function that describes
best the experimental data regarding the heat capacity of
solid mercury.

5
Usually in describing the isochoric heat capacity of
s0lid mercury Debay's formula is used:

i '
C, = 9Nk (5 ) dx, (1)

et—1
]
(1) where 6 is the characteristic temperature.

However, C, calculated according to equation (1) can-
not be greater than 3R - this does not correspond to our
data. That is why we must correct elements relating to
disharmony, formation of holes (gaps), and the term that
considers the difference between C, and the value of Cp
determined in our experiments.
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(2) All this complicates the equation that is use-
ful in approximating our data.

In order to describe the dependency of heat capacity
on temperature, we can utilize the equation based on a
more definite dynamic theory of crystalline mesh struc-
ture

Cy= 3N I £ (4 )stra, | (3)

where

E(x) =

(0"- l)’

Einstein's formation for harmonic oscillators and

el

e(v) e

is the function of mesh oscillation depending on frequency.
The function O/ 'for mercury was calculated by Slutsky and
Jelinek (Ref.8); however, the heat capacity Cy, calculated
, with the aid of equation (3) poorly coincides with experi-
{ mental dependency Cy(T) of mercury, even with low tempera-
tures (up to 50 deg K).

In princivle (Ref.27-29) it is possible to discover
function o ! by referring to experimental data regarding
heat capacity with the aid of integral transformative func-
tions (3). 1In this way we can find an analytic dependence
Cv(T) which, however, will not be free of limitations exist-
ing in equation (1).

With all ti:is in mind we decided to approximate the
experimental data regarding jsobaric heat capacity of
simple analytical dependency in terms of multiple alge-
braic terms, which allow us to get simple correlations
for calculating caloric ‘function -

, 4 A |
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where I-enthalpy; S-entropy and ¢-the isobaric-isothermal
potential. '

In so far as it was difficult to approximate C, by one
multiple term, in the entire temperature interval 6 deg K
to melting point, we broke up the interval into several
parts; for each of these we selected a multiple term by the
method of minimum squares, which described the experimental
data with derration not exceeding the experimental degree
of error. All calculations were made with the aid of an
M-20 compu’ r.

In the multiple~term selection process the areas over-
l lapped, with the exception of joint with. T¢, where there -
is a jump in heat capacity. Experimental points were in-
cluded in the calculation with weight W=Vo4, where ¢ is
the absolute limit of error assigned experimental value.
We also took into consideration relative errors 6Cp, which
are the results of data described above. We selected poly-
nomials of different degrees, beginning with the smallest.
We increased the ratio until the guantity of atomic num-
. bers, last in transforming the matriax system of normal
equations did not exceed the quantity of atomic figures of
mechanical numbers.

We chose polynomials of the needed degree and based
our considerations on the following:

1) the sum of squares of deviation of experimental points
: from the approximating curve must be close to n-m (n is the
; number of experimental points; m is the quantity of unknown
parameters, in this case the quantity of unknown coeffi-
cients of polynomials.

2) the absolute measure of Aeviation must not exceed the
limit of error of experimental points.

3) the calculated errors of coefficients must be at least
one order of magnitude less than the value of the coeffi-
cients.

After a series of efforts experimental dats, C,, were
approximated to the curve, which consisted of three areas,
eacii of which was represented by its own multiple term.
At the joints the coincidence of heat capacity value was
.guaranteed up to five known digits. The products of joints
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were disturbed, first according to the final differential

Cp (table 6). The degree of error of caloric function sti-
pﬁlatcd by the inaccuracy of the jointed areas is less than
their common degree of error by one to two orders of magni-
tude.

In the transition of =-mercury to a condition of super-
conductivity and back we observed a jump in heat capacity
AC about 0,019 J/(mole rdeg) (Ref.23) in magnitude. The
value of the transitional temperature Te, in various sources,
oscillated from 4,153 (Ref.7) to 4,167 deg K (Ref.30). We
took the average value of Te=(4.16 t 0.01) dag K.

Here are the approximating multipie terms
P . J v !
cN=YaT. (5)

Coefficients a; are presented in table 2.

The caloric functions are calculated by formula (4) con-
taining corrections leading the function to standard pres-~
sure po=760mm Hg.

P—RB=l— 1+ Vipy—p) (1 = T2) = Vilp,— p)

(6)
. S"—ngS—S.,—- V’(po—ps)

The corrections do not exceed the degree of error of
calculated functions.

The crystalline formation of the a-mercury mesh struc-
ture is not stable in relation to B-mercury, where 7<79 deg K
but it is stable in relation to small deflections from a state
of equilibrium - the «-mercury condition can be realized in a
regulated structure by one method. With such a system, given
absolute zero, we can accept 8°'¢-30.3-0 (Ref.31).

In Fig. 1 we show the durations of the experimental value
of mercury's heat capacity from the calculated ones; these
durations do not exceed calculated ones, for the most part.
We do not show on our graphs the data of Pichard and Simon
(Ref.20) , whose systematic deviations reach up to 30%, and
the experimental points of Pollitzer (Ref.16,17) and Simon
(Ref.18) , whose deviations reach 6-7%, when temperature ran-
ges from 30-70 deg K.

The degree of error of enthalpy and entropy are related
to relative error of heat capacity Cp; which is approximate-
ly 3% when T<15 deg K: $1% when T=15-35 deg K and £t 0.1%
when T>35 deg K.




Errors of integration in interval 0-15 deg K are J(5-5,)
=&'1-1,) ~ 3%, in interval 15-35 deg K ~ 1%, and in interval
35 - melting point ~ 0.1%. The calculated errors indicate the
1imit in so far as it is assumed that all experimental points
C, are displaced systematically to one side relative to real
values.

The absolute limits of error thus calculated, determin-
ing entropy AS ind enthalpy A (I9-I9), are presented in table

In this way the limiting relative degree of error of de-
termining entropy with melting point ~ 0.5%, and consequently
the degree of error of entropy *~ 0.1% calculated by Busey and
Giauque is decreased.

According to our calculations, 50 (melting point) =
59,349 J/(mole . deg), which is 0,134 J(mole - deg) less than
the value achieved by Busey and Giauque (Ref.ll).

According to (Ref.ll) the entropy of mercury is 76.1l1
" J/(mole rdeg) at 298.15 deg K while according to Douglas,
Ball, and Giueiys (Ref.32) it is S9g4g 15=75.81 J/(mole » deg)
for the pressure of condensed gases.

‘ Our calculation 5%g9g 15=(75.982£0.3) J/(mole - deg) lies
between the aiven resuigé gnd agrees with them, within the
limit of possible errors.

The values of errors A in table 3, calculated according
to equation, A¢=/AI-Tds/, do not define the limit.

The caloric characteristics B-mercury are difficult to
determine when data regarding heat-capacity of Cp is missing.

From Swenson's experiments determining the parameters of
transition a~-B, we only know that the generation should be
v122J/mole where p=latm with the formation of B-phase from
«-mercury. We took Sp.= S = 0. This allowed us to deter-
mine the effectual values o?’éharacteristic temperatures (in
the Debye approximation) of « and B-mercury in the interval
0-79 deg K corresponding to 8y = 97 deg K and 8g = 118 deg K.
However, the function 6g(T) and the energy of the crystalline 1
structure of B-mercury with 0 deg K, Io,B remain unknown.

The Thermal Properties of Solid Mercury

The Contractability of Solid Mercury

o l(dV L
.-r v " «

)

Swenson obtained more complete data about contractibility
of solid mercury in 1958 when he experimented with the sub-
stance under high pressure. The experiment was conducted,
utilizing the method 6f a mobile plunger (pecton) developed
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by Bridgman (Ref.34) and adapted for low temperature measure-
ment.

By extrapolating isoterms V(p), Swenson obtained data
about isometric ccntractibility

Lk S
'r B e | e c——
- | 4 ( Q')r

in conditions of atmospheric pressure (Fig.2) Swenson eval-
uated the degree of error of determination Ky as equal to 5%.
However, we can consider the degree of error to be close to
$+10% because of the dispersion of data and possible system
error: Swenson's experimental data relate primarily to temper-
atures between 78-200 deg K. At 4.2 deg K we have another ex-
perimental point. This is why Swenson's function Kq(T) needs
experimental verefication.

Note that Gruneisen and Sckell (Ref.9) recommended earlier
tgat the value of the contractile coefficient is ,t=3.16¢107'!
mé/n when T=82 deg K and in the given refeience material there
was an extrapolation of data regardinyg liquid mercury.

In sorting the anal:-tical dependence K, (T), when p=latm,
the following are considered.

1) when T+09KT 0; }
2,

, ‘ 2) a correspondence of derivatives must be realized resulting
from conditions of phase equilibrium

ep = ACp 9.V dy _(r.'AV) .( dp )?
TT:_AV T 2( oT ),, ar ép Jr \ ar )’ ()

here, AV and AC, is an adhesion of specific volume anc heat capa-
city during fusion. :

It follows from the works of Busey and Giauque (Ref. 1ll), Kos
tryukov and Strelkov (Ref. 25) that the calculations Acp=Cg-CT =0
are within the limit c¢f error. 4

- In extrapolating the 33ta of Bigg (Ref. 35), at the melting g
point’ of mercury, we get VY=14.65064+0.0020 cm?®/mole.

?he density of solid mercury has not been satisfortorily in- |
vestigated. We can discover the specific density of solid mercury
at the melting point on the basis of Bridgman's data (Ref. 36),
wpen the volume of mercury is modified during fusion:AV=0.5083 cm/mole.
with a degree of error of $0.0015 cm?/mole. Then the specific den-

sity of solid mercury at the meltin oint will equal 14.142
$0.0C35 cm?/mole. v : ’

v

The preliminary development of the test data concerning the

ermal expansion of solid mercury (R=is. 37 and 38) gives us <
2?,~.,=(18.1 $+0.02) *10~°deg—!. »




On the basis of an extrapolation of Pena's data (Ref. 40)
l concerning the cogtractibilit of li?uid mercury at the melting
' point, we find: K%=(3.88 $0.05) 107 1T m2/N.,

The equation for mercury's melting curve was provided by Babb
in the form given by Simon's equation

L - AU

where T, is the melting temperature with p, for atmospheric pres-
sure; a-38215 $817 bar, e=1.177 $0.023 when p<10 bar.

tilizing the listed data with the help of Eq. 8, we can
find k% E .3=(3.66 £0.4)°10"!! m?/N.

We prefer this value of contractibility even though it makes
migy assumptions recommended by Swenson (Réf 33) who found
o= (3.82 $0.02)-12-!! m?/N in extrapolating his data to the
mait ing point ~ this is close to X ss,s and is excessive.

However, Swenson's data gives us some idea about the general
progress of KT(T) and, therefore, its processing together with
the above point K v.3 Jgives us an acceptable dependability within
a limit of error o% tiO

& = 2,807 - 10-1 - 1,556 - 10-16T2, 42/, ©)

The resulting dependency is shown in Fig. 2 by means of a solid
line.

Swenson also measured the contractibility of B-mercury when
the temperature varies from 4 to 78 deg K, which turned out to be
20% lower than the contractibility of a-mercury (Ref. 33).

The Thermal Coefficient of Expansion
a-l/V(dV/dT)p. 3
Experimental data about the actual coefficient of expansion

was used in creating the tables regarding the value of thermal
mercury expansion. , {

In 1931, Carpenter and Oakley, and Hull in 1965 performed simi-
lar calculations. Carpenter and Oakley (Ref. 37) measured the :
volumetric coefficient of solid mercury expansion in temperature J
intervals between 183 - 234 deg K with the aid of a glass dilatometer |
which consisted of a retort and capillary. The retort (flask)
was filled mostly by mercury with the remaining space filled with
alcohol. The change in the level of alcohol in the capillary
in accordance with a ri‘se in the temperature made it possible to
measure the coefficiei:® of mercury expansion. The authors concluded
that the error in measurement was 8a<3%.




The precision of the experimental method and the additional re-
search for evaluating the degree of error systematically verifies
the work of Carpenter and Oakley; the degree of error of the data
apparently does not exceed 13%.

Let us note that the anisotropic quality of mercury monocrystal
elicits various expansions of mercury according to differcat axi.
When mercury cools, crystallization can occur with a preeminent
orientation, which is the chief source of systematic errors relating
to the measurement of mercury's coefficient of expansion. Further
on we shall consider a to be the "thermodynamic" coefficient of
thermic expansion for polycrystals without preeminent orientation.

In this connection, the work of Hill (Ref. 38) is interesting
with regards to measuring the coefficients of linear expansion
along the main axis of monocrystalline mercury when T=113 - 160 deg K.

Experiments were performed with monocrystalline mercury, grown in
rod shapes, with various orientations of the central axis of the
crystal being relative to the end axis. We found the coefficient
of linear expansion along the main axis o|| and in the perpendicular
direction al according to the dependency of the coefficient of
linear expansion on the angle of orientation at a given temperature.
The volumetric coefficient of expansion was computed by the equation

a al| + 2a]

Hill's error of measurement of a was not evaluated; the dispersion
of experimental points of the leveling curve does not exceed 1l%.
The available data only allow for dependency a(T) in intervals
from 110 deg K to the melting point.

a = (13,631 — 0,0476367 + 2,5973 - 10-47%) . 10~5 zpad-".  (10)

Gruneisen's rvle is used in extrapolating ¢ from 110 deg K to ab-
solute zero

P = aV
rCo

= [dem, ’ (11)

which is approximately executed for most solid substances.

In order to compute the value of Gruneisen's constant we must
utilize the dependence Cp, Kp,and a and also the equation for
the mole volume of mercury recommended by Swenson (Ref. 33)

V = (13,7873 4 7,6473 - 10-3T == 1,248 - 10-5T* —
_2.90'2l . 10'37'1) . 103 -u:‘;'ls'.ilOJlb npu T =0 =+ 234°K. (l?.)

We obtain T' = 2,22 with 110 deg K, 2.15 at 130, 2.13 with 150
and 170, 2.17 with 190, 2.24 with 210, and 2.06 at 230.

From these values we can see that Gruneisen's rule for solid
mercury is executed with sufficient accuracy. The greatest de-
viations occur near the melting temperature and are probably due
to the formation of "gaps" unused bundles in the crystalline mesh
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structure. The value of ' at 110 and 170 deg K differs by about
4%. With temperatures below 110 deg K, the deviation from the

rule for I' = idem for mercury, apparently does not exceed 10 - 15%.
In further calculations we utilize the value = FT.xxo%z.zz.

We calculated the thermal coefficient of mercury expansion
with temperatures below 110 deg K with the aid of the relationship
resulting from equation (1l1l)

@=2.ur - CU'V-I[1 4 (1 + 42, C,TL2V-1)1 ] -1, (13)

In this area, the error of determination for a reaches 15 - 10%.
The general passage of a(T) is shown in Fig. 3.

The following indicates the comparison between the true cal-
culated value of a and the calculation for the average magnitude
of w. Grummach's values (Ref. 42) are too low: T(195+234 deg K)=
12.3°10"%deg~!. So are these by about 10%: (78¥194 deg K) = 12-10~°
deg~!/Ref. 43). The magnitude a=12.8:10"°%, according to Gruneisen
and Sckell (Ref. 9) coincides with the value a(80+190 deg K) =
13.1 X 10-°deg”!from Table 5, within the limit of error.

The electron heat capacity is lower than the crystal lattice
in the superconductive condition of mercury (T<4.16 deg K); we
don't have to take into account the influence of the electrons on
the coefficient of expansion. When T<4.16 deg K in the normal
state (in the magnetic field), the elctron heat capacity becomes
greater than the lattice, and the influence of electron gas on
the coefficient of expansion can predomeinate.

Specific Volume of Solitd Mercury

Swenson's data regarding specific volumes of mercury under
atmospheric pressure is adequately described by equation (12).
However, we are not able to determine the true magnitude of the
specimen with various temperatures and pressures by using Swenson's
methodology; we only measured the changes in the lengths of the
sample. That is why Swenson used the data of other efforts on
the capacity of capacity of data points to interpret his own cal-
culations of volumetric changes of mercury.

Swenson took the results of Denitz's calculations executed
together with Gruneisen and Sckell as the main data points with
an 82 deg K temperature:V (82) = 13.865 cm®/mole.

Swenson's resulting dependency V(T) agreed satisfactorily with
the small amounts of other data about the direct changes in density
of eolid mercury.

In determining analogous dependencies V(T) for solid mercury,
Grosse (Ref. 44) used primarily the basic data regarding density
by means of X-ray analysis of mercury crystal and also the data
about thermal expansion of solid mercury (Refs. 37 and 38) .As data
points, he accepted Barrett's data regarding the density of mer-
cury (Ref. 4) that were obtained by X-ray analyses with temperatures
of 5 and 78 deg K. Barrett's data corresporded poorly with those
of Denitz's measurements, and Grosse's results measure substantially
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highe: than those of direct calculation of mercury's density.
Barrett himself acknowledges that this points to a systematic
deviation of the data subjected to X-ray analyses. That is only
why we may consider Swenson's data (Ref. 33) regarding molar
volme of mercury to be more reliable

Conducting a correspondence 2f Swenson's data on the molar
volume of mercury with data concerning thermal expansion and with
the value V' T ), it is possible to substantially
specify the dESé%323c8°6?$) by means of the equation

T
WT) = V(T..) exp (fzdr). (14)
T :

Utilizing the values we obtained for a(T) and the molar volume
of mercury at boiling point, and also V(Th5i1ing point)=14-1423
$+0.0035 cm?/mole, according to Equation (1?? we 8oﬁpu¥§d the de-
pendence V(T) of solid mercury at all temperature intervals. The
intergal is taken graphically. We determine the error V,:

y fore  w. os
A V(T)= V,,0( (adT) 4+ AV,(T...). (15)
0 fu =
Iadrz ¢
In as much as 7, -0.025 $0G.0025 (the error a(T) is discussed

above) we find tnat the limit of error of the calculated volume
when 0 deg K AV,V#0.04 cm®/mole or BVO%tO.B%. The experimental
data 0 V calculated directly are similarly dispersed. Th: final
molar volume of mercury is V,=13.786 $0.04 cm®/mole at 0 deg K.

By these calculations we can determine heat capacity with a
constant volume Cv, according to Equation (2)

The relative error

3C,~12C, + CPC‘ R, =0, (16)
P

where
UC,— C)=a+3V + ur.

Errors in obtaining Cp,a ,K, V were indicated earlier. From
Table 4 we can see how errors §Cp and §(Cp - Cv) influence the
degree of error §Cv given various temperatures.

Table 4 shows the calculated limit of error; the probable
error would be smaller.

The adiabatic curve of contractibility of solid mercury is
determined by '

K=sr—m | (1)




Here we show the obtained values for the characteristic
properties of solid mercury of a-phase when p=l1l atm with the
indicated accuracy of the determination:

Temperature of B 1ting, Tgpecscsscccceees (234,28 £0.005) deg K
Molar volume, V (Tgp) eeveesescecesensss (14,1423 $£0.0035) cgc/mole
Coefficient of thermai expansion, a(Tgp).(16.728 $0.5°10 deg '
Coefficient of isothermal contractibiizty

Kg= -1/V(3V/3p)g when Tgp.......(3.336 £0.4)+107''m?/N

Thermal capacity,Cp (TBP)............,...(28.484 $0.05)J3/(mole*degq)
Thermal capacity,Cv (TBp) ceecscccccecsess (25,95 £0.5)7/(mole deg)
Entropy, S234,28 eccccccccsccsscssccsessss(59.353 £0.3)J/(mole-deg)

Enthalpy' |Iggl..2. - Ig‘latm|-00000000000(524501 th)J/mOIe

Temperature of the transition of Te from

a normal state to superconductive..(4.16 $0.0l1) deg K
Change in thermal capacity ACp when Tg,..(0.19 $0.02)+10-%J/ (mole-deq)
Molar volume when 0 deg K..vceveeeeeeeess (13,786 £0.04) cc/mole
Gruneisen's constant, TI'= aV/KpCV.:.:e....2.22 20.4
Parameters for a rhombohedral Iattice 0

at 78 deg Kivieeeeeososoesosoncseesoa=2,993 A, a=70 deg 45 min
Temperature of the a-8 transition........(79 $2) deg K

It is expedient to compare the data on the properties of
mercury to the results like efforts. The values of heat capacity
arid enthalpy the the MEI determined are compared with the computed
results of Busey , Giaugue (Ref. 11) and those in the reference
manual (Ref. 10). . .

The values of enthalpy coimcide within the limit of estimated
error. In structuring Busey's and Giauque's dependency Cp(T) in
areas of low temperature, Pickards and Simon's data (Ref. 20)
which are noticeably incorrect, were used, that is why the dis-
crepancy in the values for Cp when the temp is 15 deg K is under-
standable.

The coefficient for thermal expansion of mercury in interval
of 0 to 234 deg K in presented in Grosse's work (Ref. 44) and in
the NBE monograph (Ref. 45); a comparison is presented in Table 6.

The NBE data cbnform adequately in the entire temperature
interval. There is considerable disagreement with Grosse's data
in the area of extrapolation (T=0 to 100 deg K).

In so far as various data were used as points of departure,
our computed molar volumes differed considerably from Grosse's
results.

Grosse did not analyze the experimental works critically.
On the one hand he probably overestimated the accuracy of the
X-ray analysis of solid mercury. On the other hand, in computing
the changes of mercury's volume during the liquifaction, Grosse
simply averaged the experimental data; however, the work of
Bridgman is more reliable. That is why Goosse's data points on
the volume of solid mercury at the melting point and at T=0 deg K
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are doubtful. Table 7 compares the molar volume of mercury
that we got from our work and from Grosse's work.

.In Table 8 we present .the values of heat capacity Cp, the
caloric properties of solid mercury determined at 1 deg K pacing
and their initial differences. Table 9 shows the value of
thermal properties of solid mercury V,a , KT, Kg and heat capacity
Cv mainly distributed by a 10 deg K pace.

Let us make some comment regarding the completion of Tables
8 and 9. We did not level out the values according to differences,
but rounded them out by the usual rules of the nine-scale table
determined for M-20. Although the table of caloric functions were
joined only according to Cp, the initial differences in heat
capacity Cp change regularly only at the joints except in the
area of 189 - 193 deg K. There is a noticeable jump of the curved
line a(T) (Table 5) in the transition to the extrapolation area
according to Gruneisen's rule (T<110 deg K)

The recurvature points of heat capacity Cp and Cv are noticeably

displaced. Strangely, the curve of thermal capacity Cp and Cv (T)
(Tables 8 and 9) diminishes near the melting point. 1In this area
the behaviour of the Cp and Cv line, the aharmonic oscillations
of the mesh structure and the effect of vacancy formation is
determined. At the melting point, the value of aharmonic insertion
into the thermal capacity of mercury is 0.5-1%; they correspond
exactly to the mark (sign) in computing different works (Refs. ﬁ
46 and 47). The effect of gap formations should increase the cur-
vature. It seems natural that, taken as a whole, the curvature

, ' near the melting roint should increase, at least for the isobaric
thermal capacity. We can achieve this by changing the value (p

[ & from Table 8. within the limit of error of Busey's and Gianque's
experiments "0.1%.

The analysis performed indicates that it is necessary to ex-
plore anew the properties of solid mercury with greater precision.

We need precise thermal capacity data for a-phase where T=10-30
deg K, to explore thermal capacity of B-phase to determine the '
5 coefficient of volumetric expansion of mercury when T<1lll deg K,
% to investigate the velocity of sound in solid mercury, to establish
_ critical experiments to determine the contractibility at T+0, and
5 to determine exactly (with a degree of error less than $0.2%) the
change of volume of mercury when melting. For the sake of expe- 1
diency, we must alsc investigate the dispersion of neutrons in
solid mercury to determine the spectrum of mesh-structure oscillations.

The authors continue their work toward completing tables of |
mercury's properties and will gratefully accept any comments con-
cerning this problem




Table 1. Data on basic experimental efforts regarding thermal
capacity of solid mercury by the caloric method.
Author Year Laboratory Temp Interval, No. of Points Relative
deg K error,
ACp, %

Pollitser 1911 Physico-Chem.
(16) Institute, U of

Berlin, Ger. 61-233 % ) 1.0
Pollitser 1913 ditto 31-168 S 1.0
(17) | .
Simon (18)1922 ditto 19-232 15 0.5-1.5
Simon (19)1923 ditto 10-13.4 7 -
Carpenter,
Studli (22)1930 U. of South-
Pichard,
Simon(20) 1948 Claerendon

Lab.,0xford 3.5-95 0.5«1.5
Busey,
Giauque,
(11) 1953 V. of Calit,

Berkely 15-234 65 3 at 15 deg K

-1 at 20 deg K
0.1 at T 35>deg K

Smith, .
Wolcott,
(21) 1956 Clarendon

Lab. ,0xford 1.3-21 -
Van der
Hoeven(23)1964 Purdue Univ, 0.35-4.27 54 3.0

USA

Phillips,
Lambert,
Gardner, 1964 U. of Calif.
(24) Berkely 0.1-1.0 3.0
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Table 2. Coefficients a; of polynomials describing the -
dependency C,(T) = %a,T
’ ¥, 5 o o i
| i n’:m[ 0<T¢dN8 ﬁ‘pi. 4,16< T 200508 Flpn 60,5082 T < 234,24
- 0 0 —776,081718
0 0 —1,97926752 47,36:1931
1 0 0,750133661 —0,402512788 .
. 2 0 —0,118247003.10~! 0,432246578. |0°‘
3 0.275692380.10~2 0,486966166-10™3 —0,238008613- 10~3
4 0,202129136. 10! —0,158416718.104 o.7sooso7ox-no-m
5 -0,578127214.10=! 0,222021304-10~° —0,929902517.10
(i 0,749918233.10-! —0,110524244.10°8 0
7 —0,482031331.10~! 0 0
8 0,173331546-10~! 0 0
9 —0,370874892. 102 0 0
10 0.403751347.10°3 0 0
- 11 —0,190657737.10—% 0 0

Table 3.Errors in determining the caloric function of solid mercury

‘ , ; r-r o] ® =7 s ,;(q,o_[:
l 7, % wp' " §° as° ° A=) (Pr=19) )
e . ﬂgﬂiﬂ’lﬂk:’@)’i dresmors Jfr e o
15 3 5,07 0,15 48,6 | (s 27 .4 0.8
r - 1 15,11 0,25 208,35 4,0 230,5 4,8
234,28 0,! 89,35 0.29 3245.,1 8,9 $G69,1 59,1
1 Table 4. "
8C,=/(8C,. du, 8y, 8T) ' .
C.-C_ le.~C :
ks . o el ® | =P Ve =C ), 7 -
T.°K (1€, %4 (C,=C,). % c c (Cp=C%ic,, %
+—15 | 3 30 0,001 0,03 3
15-35 1 50 0.066 0.3 1.3
116—!170 0.1 16 0,047 0.8 0,9
170—234 0.1 0 0,090 1.8 1,9

Table 5. A comparison of the caloric functcion of solid mercury
Cp, 7J /( anrle - ¢ e‘tj)’ i [‘Zc f) T gk mele)

EL‘ '.' #¢/(W80.20- 300}, tiv jalil'l.’\x,'[[—[.

r. KN o g e

°l, £/ KNMO.15, NO 10iciTN

/ ' glEY
M3 (1 (10] Wan ay | pop
15 7,61 7.3+ | 7,63 48,6 45,1 —

1C0 21,26 | 24,25 2:.3 170+ 1702

1788
24,28 28,48 | 24,48 | 25,5 | 225

5240 | 5220

18
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Table 6. A comparison of the coefficients of thermal exgansion

Séq
o 10=% qmu". HO Adunum
T. °K A=/ wase |3 .
MU pocce 4]} HIDI [15)
0 0 0 0
10 2,13 0,82 3!
20 4,65 4,00 4.5
0 0,04 8.70 8.7
100 11,22 11,05 11,1
150 12,33 12,28 12,33
200 14,49 14,00 14,34
234,28 16,73 17,10 17,16

Table 7. A comparison of

the molar volume of mercury

V, Clh’%lt ole,
V. caisdoae, o gantm
T, °K Corecsa (44 Lp/&d

Fpocce [+1) Man

0 13,8479 13,786
78 : 13,9314 13,859
IOQ 13,9312 13,892
150 14,0096 | 13.974
200 14,0030 14,067
234,28 14,1725 14,142
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Table 8. The caloric properties of solid mer-
cury (a-phase) at atmospheric pressure
e kJ/ (kmole-deq) s

ToK ¢ °C . S X = xéxl(xﬁu-:pam =(¥=h.

0 -=273.15 0 0 ; 0 0
. 2 2 0

1 372,15 0,006 0,002 0,002 0,000
. 33 2 10

2 -=271,15 0,099 0,010 0,025 0,010
; 208 230 89 62

3 37045 0,397 0,270 0.114 0.072
%0 . 633 179 196

4,16 --268,99 0,938 1,054 0,330 0.318

. 4,16"" —238,99 0,968 1,054 0,330 0,318

[ =268, 15 1,529 2,10¢ 0,558 0,686
655 1858 337 721

6 -=27,15 2,184 3.962 0,89 1,407
643 2506 3 1084

7 -=2066,15 2,827 6,468 1,280 2,491
632 3144 419 1487

S —265,15 3,459 9,612 1,699 3,978
© 621 3771 413 1919
9 -264,15 4,080 1 13,283 2,142 5,807 _
612 4387 162 2371
4993 75 2310
. 593 5592 4 2

12 =261,15 5,588 28,356 3,505 14,430
_ 584 6182 495 3312

13 —260,15 6,472 34,538 4,060 18,242
576 6760 501 4310

14 -=259,15 7,043 41,298 4,361 29,552
566 7332 3 4813

15 —238,15 | 7.614 43,620 5,067 27,365
7894 209 5321

16 —=257,15 8,171 56,524 5,57 32,636
547 8445 511 1

17 =256,15 8,718 64,959 6,057 38,517
5 8938 514 G311

18 =245,15 9,256 - 73,957 6,60! 41,861
327 9521 513 5

15 =058 .10 9,783 83,478 7.116 51,719
517 1043 515 7373
; 5 1053 515 7833

) =252,15 | 10,505 104,07 8,146 ,980
: . 494 1106 514 02

%2 =231,15 1.300 115,13 8,630 75,382
2 1154 513 8916

'3 —9270,15 | 11,782 125,67 9,173 4,208
470 1202 311 9429

% —29,15 | 12,232 13%.69 9,684 93,727
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Table 9. Thermodynamic properties of solid mer-
cury (alpha-phase) from 0 deg K to mel-
ting point at atmospheric pressure
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of the experimental data obtained by various
authors foom an approximated dependence ¢»(T): .Y
1-Pollitser's data (16 and 17), 2-Simon 1922 ’
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Fig. 2. Dependence of isothermiccontractibility Kp on temperature |
at normal pressure p=1 atm:
l-Swenson's test data (33), 2-the value KJ at Tg obta&Bed
by extrapolation of Pena's test data (40), the value Kp
T computed by equation 7, dahed - dependence descrlbed
by Swenson's data.
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