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The thermal diffusivity of molecular cryocrystals
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Low-temperature thermal diffusivity of molecular cryocrystals (O3, N», CO, N,O and CO;) has been investi-
gated and some anomalies were found. The thermal diffusivity of these crystals vary by more than 4-6 orders of
the magnitude in the temperature range from 1 K up to their triple points. The thermal diffusivity displays jumps
at the phase transition points. It has been found that the thermal diffusivity of solid oxygen is nonmonotonic. Be-
low 4 K, the temperature dependence shows a plateau which is due to the fact that both the heat capacity and the
thermal conductivity have the cubic temperature dependence in this temperature range. For the cryocrystals of
the nitrogen group, a similar plateau is shifted to lower temperatures. The temperature dependence of the equali-

zation time for these crystals is studied.
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Thermal properties are important characteristics of sub-
stances. The heat capacity, thermal conductivity, and ther-
mal diffusivity describe the rates of change in internal en-
ergy, heat propagation, and temperature changes in thermal
processes in a substance. The first two properties are exa-
mined when the substance is in thermal equilibrium. In
non-equilibrium thermal processes, the rate of temperature
equalization over the substance is characterized by the
thermal diffusivity [1]. Information on this property is im-
portant for cryogenic technology, in planning of low-
temperature experiments, in space research, etc. Here we
present the temperature dependence of the thermal diffu-
sivity of simple molecular cryocrystals: nitrogen (N3), car-
bon monoxide (CO), nitrous oxide (N20O), carbon dioxide
(CO») and oxygen (O3) at low temperatures.

Heat propagation in a substance in the absence of inter-
nal heat sources is described by the equation of thermal
conductivity [2]

or =a(T)AT, a(T) = ﬂ,
ot p(IC(T)
where T is the temperature, 7 is the time, a is the thermal
diffusivity coefficient, A is the Laplace operator, k is the
thermal conductivity coefficient, p is the density and C is
the specific heat.

The temperature dependence of the thermal diffusivity of
these substances were obtained using the experimental data
on the density, the heat capacity and the thermal conductivity

both our own [3—8] and literature data from Refs. 9—12. The
resulting temperature dependences of the heat capacity, den-
sity, thermal conductivity and thermal diffusivity for oxygen
crystal and for the Np-type solids are shown in Figs. 1-5.

The temperature dependence of the coefficient of thermal
diffusivity of solid oxygen is shown in Fig. 1. The tempera-
ture dependences of the density, heat capacity, and thermal
conductivity of solid oxygen [3,4,9-13] are also shown in
Fig. 1. The temperature dependence a(7) of solid oxygen is
nonmonotonic. In low-temperature o and B phases, the coef-
ficient a(7) decreases with increasing temperature. In vy
phase of crystalline oxygen, the thermal diffusivity increases
with temperature, which is mainly due to an unusual behav-
ior of the thermal conductivity — it increases with increas-
ing temperature. In the vicinity of the phase transitions,
jumps of the thermal diffusivity are observed. At y— phase
transition, the a(7) undergoes an upward jump of 125%.
With further decrease of the temperature in the B phase, the
thermal diffusivity increases by about 100% which is due to
the fact that the heat capacity in the f phase increases with
increasing temperature, whereas the thermal conductivity
and the density do not vary significantly with temperature.
At the temperature of f—a phase transition, the jump of a
exceeds 350%. With further decrease of the temperature, the
thermal diffusivity sharply increases and in the region of the
maximum of the heat conductivity the growth slows down,
where an inflection is observed and the curve attains a plat-
eau which is due to the fact that in this temperature range
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Fig. 1. (Color online) Temperature dependences of the thermal
diffusivity « [cmz/s], the thermal conductivity & [mW/(cm'K)]
[3.4], the density p [g/cm3] [9-13] and the heat capacity C [J/(g'K)]
[9-13] for crystalline oxygen.

dependences on temperature, both of the heat capacity and
the thermal conductivity, vary according to a cubic law
while the density is almost independent of the temperature.
Figure 2 shows the temperature dependences of the co-
efficient of thermal diffusivity a(7) of solid nitrogen, as
well as the literature data on the temperature dependences
of the thermal conductivity [4,5], the density [9—13], and

N2
C
0
s00? 200000009
00?
Q
= 2
10 T
E 000
L L] ©0¢co0.
U [ *e P RSSECS
c 1 EAA L AAAAAN DINIINNIN  IAAAAAAAAAA/L
&5 =
- x
G“ -
-1
10 'F X
Fo
re x
_: *
-2 ° *
10 °p x a
*) *
C >
[ X
L X 3k
C *
1073||||I||||I||||I||||’I'T’|(TT’I(TT||
0 10 20 30 40 50 60

T,K

Fig. 2. (Color online) Temperature dependences of the thermal dif-
fusivity a [cmz/s], the thermal conductivity & [mW/(cm'K)] [4,5],
the density p [g/cmS] [9-13] and the heat capacity C [J/(g'K)] [9-13]
for solid nitrogen.
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the heat capacity [9—13]. The curve a(7) is monotonic,
although the dependence k(7) displays a sharp maximum.
The a(T) curve shows a jump at the temperature of o—f
phase transition. Unlike the case of oxygen, no plateau in
the area of liquid helium temperatures is observed.

The temperature dependences of the thermal diffusivity,
thermal conductivity [6], density [9—13], and heat capacity
[9—13] for solid carbon monoxide are presented in Fig. 3.
All curves are monotonous, except for the thermal conduc-
tion curve. In the given temperature range the value of the
thermal diffusivity of solid carbon monoxide varies by
4 orders of magnitude.

Figure 4 shows the temperature dependences of the
thermal diffusivity, thermal conductivity [7], density [9—13],
and heat capacity [9—13], of solid nitrous oxide. The curves
a(T), p(T), C(T) are monotonic. The value of a(7) varies
more than 5 orders below 60 K.

Figure 5 shows the temperature dependences of a(7), as
well as that of thermal conductivity [8], density [9-13], and
heat capacity [9-13] for solid carbon dioxide. The curves
a(T), p(T), C(T) are monotonous.

Figure 6 shows the thermal diffusivity curves for N, CO,
N20, CO; and O3 cryocrystals. It was found that the thermal
diffusivity for simple molecular cryocrystals vary by more
than 4-6 orders of magnitude in the temperature range from
1 K up to their triple points. Contrary to the case of solid O»,
the curves a(7) for solid N, CO, N2O and CO», do not dis-
play any plateau below 4 K. As mentioned above, the plat-
eau in the case of solid oxygen exists because in this tem-
perature range both the heat capacity and the thermal
conductivity have the same cubic dependence on temperature
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Fig. 3. (Color online) Temperature dependences of the thermal
diffusivity a [cmz/s], the thermal conductivity £ [mW/(cm'K)]
[6], the density p [g/cm3] [9-13] and the heat capacity C
[J/(g'K)] [9-13] for solid carbon monoxide.
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Fig. 4. (Color online) Temperature dependences of the thermal dif-
fusivity a [cmz/s], the thermal conductivity £ [mW/(cm'K)] [7], the
density p [g/cm3] [9-13] and the heat capacity C [J/(g'K)] [9-13] for
nitrous oxide cryocrystal.

while the density weakly depends on temperature. For the
crystals of the nitrogen group, the plateau should be shifted to
lower temperatures where the thermal conductivity as a func-
tion of temperature will obey the cubic dependence.

Let us consider the temperature dependences of the
equalization times for these cryocrystals. The ratio of tem-
perature to equalization time (t) is proportional to the ratio
of temperature to the square of the characteristic crystal
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Fig. 5. (Color online) Temperature dependences of the thermal dif-
fusivity a [cm?/s], the thermal conductivity & [mW/(cm'K)] [8], the
density p [g/cm®] [9-13] and the heat capacity C [J/(g'K)] [9-13] for
solid carbon dioxide.
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Fig. 6. (Color online) Temperature dependences of the thermal
diffusivity for cryocrystals CO, (1), N2O (2), N; (3), CO (4), Oz (9).

size (R2): T/tocal /R2, whence the equalization time
1o R%/a.

As an illustration, for the comparison purpose we calcu-
lated the temperature dependences of the equalization time
in solid oxygen and in crystals of the nitrogen group for
arbitrary taken the crystal size of 1 cm.

The obtained dependences were shown in semi-log scale
in Fig. 7. In the case of oxygen at low temperatures, the
equalization time is almost temperature independent. Above
liquid helium temperatures, the curve increases with tempe-
rature. At o—f phase transition, a jump of approximately
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Fig. 7. (Color online) Temperature dependences of the equalization
times in cryocrystals N (1), CO (2), N>O (3), CO; (4), O3 (5).
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370% is observed. In § phase of oxygen crystal the parame-
ter R/a keeps increasing with temperature. During the p—y
transition, the equalization time increases abruptly by more
than 120%. Finally, in the y phase of solid oxygen the equal-
ization time decreases with increasing temperature.

The equalization time curves for the crystals of solid ni-
trogen group are monotonous, with the exception of the
vicinity of phase transitions. The range of change of equal-
ization times for the temperatures spanning from 1 K to the
triple points is more than 4-6 orders of magnitude.

In conclusion, the temperature dependences of the
thermal diffusivity of simple molecular cryocrystals O»,
N»p, CO, N7O and CO;, have been analyzed. The thermal
diffusivity varies in the range of more than 4-6 orders of
magnitude in the temperature area from 1 K up to their
triple points, and in the phase transition regions displays
the jumps. In the case of solid oxygen, the temperature
dependence of the thermal diffusivity reveals a non-
monotonic character and goes to a plateau below 4 K. The
plateau for the cryocrystals of the nitrogen group is shifted
to lower temperatures. The thermal diffusivity decreases
with increasing temperature. However, in y phase of solid
oxygen, the coefficient of thermal diffusivity increases
with temperature.
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TemnepaTyponpoBigHICTb MOMNEKYNAPHUX
KpiokpucTtanis

B.B. Cymapokos, A. Jezowski, P. Stachowiak,
KO.O. ®perimaH

JocnipkeHo HU3BbKOTEMIIEpaTypHy TEMIIepaTypOIpOBiAHICTh
MOJeKyJsIpHUX  KpiokpuctanmiB (O, Np, CO, NoO i1 COy).
TemnepaTypOnpOBIAHICTh IIUX KPUCTATB 3MIHIOETHCS OIIbII HIK
Ha 4-6 nopsiakiB B obmacti Temmeparyp Bix 1 K 1o ix morpiiianx
TO4OK. B 0bmacti (a3oBuX mepeTBOPEeHb CIIOCTEPIraloThesi CTPUO-
KA TEMIIepaTypONpOBiAHOCTI. BusBIeHO, 1[I0 TeMmeparypo-
NPOBIZHICTh TBEPAOrO KHCHIO € HeMoHoToHHOI0. Hmkue 4 K Ha
TeMIIepaTypHIH 3aJIEXHOCTI CIIOCTEpIraeThCs IUIATo, sIke 00yMOB-
JIGHO THM, LIO SIK TEIUIOEMHICTh, TaK i TEIUIONPOBIJHICTH B LOMY
TeMIIepaTypHOMY Jlialla30Hi MaroTh KyOidHy TeMIIepaTypHy 3aie-
JKHICTh. JIJIs1 KpiOKpHCTaIiB a30THOI rPyNy MOAIOHEe IUIaTo 3Milly-
€Thesl B OiK OUIBII HU3BKHX TeMmeparyp. BuBueHno temmeparypHy

3aJIOXKHICTh YaciB BUPIBHIOBAHHS TEMIIEPATYPH UL LIUX KPHCTAIIIB.

Kiro4oBi cioBa: TEIUIONpPOBIAHICTD, TEMIEPATypOIPOBIAHICTS,
MHMTOMA TEIUIOEMHICTB, TYCTHHA, MOJIEKYJIIPHI KPiOKpUCTAIN.

TeMnepaTyponpoBOAHOCTb MOMNEKYNAPHbIX
KpMOKpUCTarnioB

B.B. Cymapokos, A. Jezowski, P. Stachowiak,
HO.A. ®perimaH

HccnenoBana HU3KOTEMIIEpATypHast TEMIIEPATypPONPOBOIHOCTD
MOJIEKYJIIPHBIX KpHOKpHCTALIOB (O, Ny, CO, N,O u CO,). Tem-
MepaTypoNnpoBOAHOCTh 3TUX KPHUCTAIOB H3MEHsETCsl Ooiee ueM
Ha 4-6 nopsakoB B obnactu Temmneparyp oT 1 K mo ux TpoHHBIX
To4eK. B obnactu azoBhIX epexooB HAOMIONAIOTCSA CKaYKH TEM-
nepaTyponpoBoaHocTH. OOHApPYKEHO, YTO TEMIIEPaTypOIpPOBOJI-
HOCTb TBEPJIOTO KUCJIOPOAa ABJIseTCsl HeMOHOTOHHOM. Hivke 4 K Ha
TeMITepaTypHOH 3aBHCHMOCTH HAOMIONAETCS ILUIATO, 00YCIOBIEHHOE
TEM, YTO KaK TEIUIOEMKOCTb, TAK U TEMIONPOBOJHOCTh B 3TOM TEM-
NepaTypHOM JHala3oHe UMEIOT KyOMYecKylo TeMIepaTypHyIo 3a-
BUCUMOCTb. J[J1 KPHOKPHUCTAIUIOB Q30THOW TPYIIBI ITOJO0HOE IIIa-
TO CMeIaeTcss B CTOpOHy Oojee HM3KHX Temmeparyp. l3ydena
TeMIepaTypHasl 3aBUCUMOCTb BPEMEH BBIPDABHUBAHUS TEMIIEPATYPhI
JUISI 3THX KPHUCTAJLIOB.

KitroueBble coBa: TEIIONPOBOAHOCTh, TEMIEPATYPOIIPOBOAHOCTS,
ylenbHas TEIUIOEMKOCTb, IIIOTHOCTb, MOJEKYJIIPHBIE KPUOKpPU-
CTaJlIbL.
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