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Thermal Conductivity of Single-Crystals Isotopically Enriched "°Ge, "*Ge,
74Ge in the Temperature Range of 80—310K
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The temperature dependence of the thermal conductivity x(T) of single crystals isotopically enriched °Ge
(99.926%), *Ge (99.980%), Ge (99.921%) has been measured in the temperature range 80—310K. In the
studied temperature range, the thermal conductivity is determined by anharmonic processes of phonon scattering;
a decrease in the thermal conductivity with increasing mass of the germanium isotope is experimentally observed.
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1. Introduction

A change of the isotopic composition of a chemical
element results in the change of the physical properties
of a solid, which can be caused both by the degree of
isotopic disorder of the crystalline lattice and by a change
in the mass of the isotope. The thermal conductivity of
k(T) nonmetallic crystals strongly depends on their isotopic
composition: the change of the isotopic composition results
in significant change of the degree of isotopic disorder of
the crystalline lattice characterized by the parameter

9 = Zci [(Mi = Ma,)/Ma,?,

where M; and ¢; — mass and concentration i-th isotope,
Ma, — average atomic mass. In most experimental
works devoted to the study of the thermal conductivity
of isotopically modified crystals, this effect was studied —
the dependence of thermal conductivity on the degree of
isotopic disorder. These papers study thermal conductivity
of isotope-enriched diamond [1-3], silicon-28 [4-7], ger-
manium [8-10]. There are practically no studies of the
dependence of «(T) on the mass of the isotope in the
case when the isotopic disorder does not play a significant
role. This is due to the fact that the masses of isotopes of
one chemical element differ slightly, and the isotopic effects
associated with the change in mass are small, which requires
high-precision measurements of thermal conductivity. The
measurement of the dependence of thermal conductivity
on the average mass of an isotope, provided that phonon
scattering on isotopic disorder plays an insignificant role,
allows for a correct comparison of the theory with experi-
ment, since changes of elastic constants and lattice constants
with the mass of the isotope can be neglected in the first

approximation [11]. The thermal conductivity of highly
enriched #Si (99.919%) was measured and compared with
the thermal conductivity of 28Si in [12]. It is shown that
for silicon with isotopic enrichment above 99.9% at low and
high temperatures, the thermal conductivity depends on the
average mass of the isotopes and does not depend on the
isotopic disorder.

The isotopic effect in the thermal conductivity of germa-
nium was first studied in [8]: the thermal conductivity of
the sample "*Ge was measured (with 95.8% enrichment) in
the range 2—300K. The thermal conductivity of samples
Ge with enrichment by the main isotope of 99.99%
and 96.3% was measured in the interval 2—300K in [9].
Except for those measured in [9] samples "°Ge, the results
of measurements of thermal conductivity "*Ge (with 86%
enrichment) and isotopically modified sample 7%/7°Ge with
a content of 43% 7°Ge and 48% 7°Ge are provided in [10).

The thermal conductivity of single crystals of isotopically
pure germanium "°Ge, >Ge, "*Ge with an enrichment of
over 99.9% by the main isotope was measured in the range
80—310K in this paper.

2. Experiment

High-purity single crystals of isotopically enriched ger-
manium "°Ge, "?Ge, "*Ge were obtained by the method
described in [13,14]. The single crystals were grown
using Chokhralsky method. The content of impurities
in the samples did not exceed the detection limit of the
mass spectrometric method of analysis (1075—107° wt.%).
The exception was an admixture of silicon, the content
of which in germanium crystals — 2-107>wt%. The
isotopic composition of the germanium samples studied
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Table 1. Isotopic composition of germanium samples
Sample Isotope content, at.% Moy, 200, g 10°
70 72 73 74 76
Ge-70 99.9260 0.0067 0.00007 0.06722 0.00001 69.92707 0.225
Ge-72 0.00011 99.97983 0.01565 0.00435 0.00006 71.92232 0.0067
Ge-74 0.0051 0.0077 0.0617 99.9207 0.0048 73.92030 0.035
Ge-nat™ 20.52 2745 7.76 36.52 7.75 72.63 587

Comment. * Data from [15] were used for the isotopic composition of natural germanium Ge-nat.

is given in Table 1. The resistivity of germanium single
crystals was 45—50Qcm at room temperature. Samples
for measurements in the form of rectangular parallelepipeds
with the same dimensions were cut out of initial single
crystals: 4 x 4 x 40mm. The samples were cut along the
growth axis: the long edge of the parallelepiped is directed
along the crystallographic axis [100], and the lateral faces
are parallel to the planes [100]. The sides of the sample
were sanded using a corundum abrasive with a particle size
of about 20 um.

As can be seen from Table 1, the values of the isotopic
disorder parameters g, for single crystals of isotopically
enriched germanium used for measurements differ quite
significantly. But, as it was found during measurements
of the thermal conductivity of various samples of isotope-
enriched silicon in [4-7], with enrichment by isotope 28Si
more than 99.8% in the temperature range 80—300K,
there is no experimentally significant difference, and the
difference in the value of thermal conductivity is determined
mainly by the mass of the isotope [12]. In [9] it was noted
that at room temperature the thermal conductivity of the
samples °Ge with an enrichment of 99.99% and 96.3%
coincide within the measurement error (2%). Thus, in
our case, the difference of thermal conductivity of isotope-
enriched germanium single crystals will be determined only
by the difference in isotope masses. Residual isotopic
impurities in the highly enriched samples measured by us
0Ge, ?Ge, *Ge at temperatures above 80K cannot make
an experimentally noticeable contribution to the scattering
of phonons.

Thermal conductivity was measured by the stationary
longitudinal heat flow method using two resistance ther-
mometers (platinum PT111 thermometers from LakeShore
Cryotronics, Inc.) and one heater (thick-film resistor
with a nominal value of 620€2) [4]. Thermometers were
mechanically attached to the sample using beryllium bronze
knives, and the heater was glued to the end of the sample
using a thin layer of glue. The opposite end of the sample
at a length of about 5mm was clamped in a copper cooling
pipe. The distance between thermometer mounting points
was 23—26mm. Measurements were carried out in high
vacuum, to reduce the error caused by thermal losses due
to radiation, a radiation shield was installed around the
sample. The systematic error of the absolute value of

thermal conductivity was about 2% at room temperature
and no more than 4% in the region 90—200 K.

3. Results and discussion

Experimental data on the thermal conductivity of x(T)
samples of isotopically enriched germanium °Ge, 7*Ge,
74Ge in the entire studied temperature range are shown
in Fig. 1.

As can be seen from Fig. 1, in the entire studied
temperature range for samples of isotope-enriched germa-
nium, a decrease in the thermal conductivity of germanium
samples is observed with an increase in the mass of the
isotope. The thermal conductivity of °Ge is higher than
the thermal conductivity of >Ge by 5% and "#*Ge by 10%
at a temperature of 90K. The difference decreases with
the temperature increase, and at room temperature reaches
2% between the thermal conductivity of the samples "°Ge
and >Ge and 4% between "°Ge and 7*Ge. Fig. 1 also shows
the data of [9] for the sample °Ge with an enrichment of
99.99%. The data obtained that we obtained for the thermal
conductivity of °Ge are well aligned with the data of [9]: the
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Figure 1. Temperature dependence of thermal conductivity of

#«(T) samples of isotope-enriched germanium °Ge (1), "?Ge (2),

™Ge (3) and germanium of natural isotopic composition (4);

asterisks — data [9] for °Ge (99.99%).
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Table 2. Values of thermal conductivity of isotopically enriched germanium and comparison with data for germanium of natural isotopic

composition
Ge-nat Ge-70 Ge-72 Ge-74
T,K Knat, K70, K72, K74,
W/em - K W/em - K K70/ Knat W/em - K K72/ Kiat W/em - K K14/ Knat
90 243 4.16 1.71 395 1.63 3.76 1.55
300 0.598 0.700 1.17 0.687 1.15 0.673 1.13

difference of the entire temperature range does not exceed
the measurement error.

An increase in the thermal conductivity of isotopically
enriched germanium compared to the thermal conductivity
of germanium of natural isotopic composition (curve 4) is
associated with a significant decrease in isotopic disorder
(coefficient g, in Table 1). The values of thermal
conductivity "°Ge, 7>Ge, "*Ge, obtained at temperatures of
90K and 300K, are provided in Table 2 in comparison with
data for germanium of natural isotopic composition.

Figure 2 shows a comparison of our data for the thermal
conductivity of 7*Ge with the data of [8] for "*Ge with an
enrichment of 95.8%. A satisfactory agreement with the
data of [8] is observed in interval 90— 150 K. Above 150K,
with increase of temperature, the difference increases, which
is most likely due to thermal losses due to radiation during
measurements in [8], which may be attributable to the shape
of the germanium sample.

According to the theory of Leibfried—Schleman [16], in
the high temperature range (of the order of the Debye
temperature ©p, which for germanium is 374K [17]),
the thermal conductivity of the crystal due to anharmonic
phononphonon processes with transfer, determined by the
formula

K(T) =A- (MayVy*03)/(°T), (1)

where A — a numerical constant independent of the average
mass of Mg, atoms in a crystal, Vy — atomic volume, y —
the Gruneisen parameter characterizing the degree of anhar-
monicity of the crystal lattice. From the above formula (tak-
ing into account that ®p M;vl/ 2) it follows that the ther-
mal conductivity depends on the mass of the atom as M ;,}/ 2,
The ratio of thermal conductivity values at high temper-
atures should be «("°Ge)/x("*Ge) = (72/70)'/? = 1.014
and k(7°Ge)/k("*Ge) = (74/70)"/? = 1.028 for germanium
crystals with atomic masses of 70, 72 and 74. Our experi-
mental data show that the ratio of the thermal conductivity
of Ge-70 to Ge-72 at room temperature is 1.02, and the
ratio of the thermal conductivity of Ge-70 to Ge-74 is
1.04. Taking into account the systematic measurement
error (2%), the experimental data obtained do not contradict
the theoretical assessment of the isotope effect. The lower
values of thermal conductivity in comparison with the
experiment when calculated using the formula (1) can also
be explained by the fact that the experimental data were
obtained at a temperature of 300 K are lower than the Debye
temperature.
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Figure 2. Temperature dependence of thermal conductivity of
«(T) samples of isotopically enriched germanium "*Ge: 1 — data
of this paper, 2 — data of [8].

At temperatures close to Op, the thermal resistance of
the germanium crystal lattice W (the inverse of thermal
conductivity) can be represented as the sum of [18]:

W = 1/x(T) = Ws + Wy +Wso, (2)

where the first term displays three-phonon anharmonic
scattering, the second —four-phonon scattering, and the
third — thermal isotopic resistance Wis,, which is due
to isotopic disorder in crystals and is determined by the
formula [19]:

Wigo = 472 - g3 - Vp - Op/hv?, (3)

where v is average phonon velocity. At high temperatures
(near Op) Ws, does not depend on temperature. For
natural germanium, the theoretically calculated value is
Wiso = 0.20cm - K- W~!. The expression (cm-K-W™1) is
proposed in [20] for the temperature dependence of the
thermal resistance of natural germanium in the temperature
range 0.50p < T < 1.60p):

W(T)=3.95-107T +3.38-107°T* +-0.17, (4)

ie. Wg =0.17cm-K-W~!. From experimental data
for °Ge and natural germanium obtained in [9.10],
it is calculated that at 300K the value of Wig, is
0.26cm-K-W~1 [21].
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Figure 3. Temperature dependence of thermal resistance of
germanium samples "°Ge (1), "*Ge (2), ™Ge (3) and germanium

of natural isotopic composition (4).

Figure 3 shows the temperature dependence of the
thermal resistance of germanium samples studied by us
in comparison with the data for natural germanium. As
can be seen from the figure, the temperature dependence
of the thermal resistance for all germanium samples in
the range 160—310K (0.40p < T < 0.80p) is close to
linear, and the dependences themselves in this range are
almost parallel. The difference in thermal resistance of
isotope-enriched samples compared to natural germanium is
025cm-K-W~! for Ge, 0.22cm-K-W~! for ”>Ge and
020cm-K-W~! for 7Ge and is kept constant from 170
to 300 K. This difference in thermal resistance corresponds
to the value Wis,. Thus, based on the experimental
data obtained by us, the value of the isotopic resistance
of natural germanium is Wso =0.22 £0.03cm-K - w-L
This value satisfactorily conforms with the theoretically
calculated value [19] and experimental data [9,10,20].

4. Conclusion

Experimental data obtained as a result of measurements
of the thermal conductivity of single crystals of isotopically
pure germanium "°Ge, ">Ge, "*Ge show that for germanium
with isotopic enrichment above 99.9% thermal conductivity
in the region of 80—310K depends on the average mass
of the isotopes. Thermal conductivity decreases with the
increase of isotope mass. The conclusions of the theory
of phonon thermal conductivity on the dependence of the
value x(T) on the mass arising from the fact that the average
speed of phonons is inversely proportional to the square root
of the average mass of lattice atoms are consistent with the
experimental results obtained.
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