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THERMAL CONDUCTIVITY
OF NaC(Cl SINGLE CRYSTALS DOPED BY Ca*™" AND OH™

LUDOVIT KUBICAR. * Bratislava

In the present paper the results of thermal conductivity measurements in an NaCl
single crystal doped by Ca** and OH~ within the temperature range of 5 K to 190 K are
presented. Some anomalies have been found in the temperature dependence of the
thermal conductivity. Contrary to earlier works.. a detailed analysis of the measured
results has shown that the “dips" in thermal conductivity are caused by localized modes
on larger aggregates due to impurities. In the past the “dips™ were interpreted by
localized modes on vacancy — bivalent impurity complexes.

YIAEJbHAS TEILTIONPOBOXHOCTbL MOHOKPBICTAJIOB NaCl
C NMPMMECAMH HOHOB Ca * W OH™

B Hactosiwen paboTe npuBOANTCR PE3VbTaThl WIMEPECHUA VACTBHOA TEMAOAPOBOL-
uocty B Morokpuctannax NaCl ¢ npumecamu woros Ca** w OH™ B obnacTti teMnepatyp
5°—190 °K. Bbiay 0o6HapyXKeHbl HEKOTOPBIE AHOMANUK B 3ABUCHMOCTH VIEAbHON Ten-
JAONPOBOJHOCTH OT TemnepaTypsl. B oTanune oT npexuux paboT. aeTanbHbif anann3
PE3YALTATOB U3MEPEHHIH MOKA3AN, CTO «CMAfbl» B VACABHOA TEMIOAPOBOJKOCTH Bbl3-
BaHbl JOKAAW30BAHHBIMM MOJAMHM HA OONbIIUX ATPErauufX.. KOTOPbiC OOVCAOBNICHDI
npumecimu. PaHblie 3TH «CNagbl» HHTEPIPETHPOBANHCH IOKANU3OBAHHBIMH MORAMH Ha
CBOGOJIHBIX JBYXBANIEHTHbIX KOMIIEKCAX. 0OPA30BAHHBIX MPUMCCAMIL.

I. INTRODUCTION

In ionic crystals the heat flow is provided by the transport of phonons. The value
of thermal conductivity is then limited by phonon scattering. At high temperatures
the thermal conductivity is given by multiphonon scattering. With decreasing
temperature the efficiency of the phonon-phonon scattering decreases whilst the
thermal conductivity increases within the limit given by phonon scattering on lattice
defects.

The influence of lattice defects on thermal conductivity was investigated both
theoretically and experimentally by many authors. A qualitative agreement bet-
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ween experimental results and theory was found. The influence of bivalent

impurity ions on thermal conductivity of ionic crystals within the temperature range

1 K to 100 K was investigated by Klein, Schwartz and Walker, Pohl and
m_mo.x [1—5]. They found that, in agreement with theory, the thermal conductivity
Bm.x_:is decreases with an increasing impurity concentration. Moreover, the
“dips™ in the temperature dependence of thermal conductivity were measured by
many authors [2, 4, 5]. For bivalent impurities in NaCl the anomaly occurs at
temperatures from 30K to 40 K. The anomaly of thermal conductivity was
theoretically interpreted by Wagner [6] as an influence of localized modes on the
thermal conductivity of crystals. Almost in all works in which the “dips” in thermal
conductivity were measured, the interpretation by means of the localized modes
was employed. .

In the present work the influence of Ca™ and OH" ions on thermal conductivity
of single crystals was investigated in order to elucidate the origin of the anomalous
course of thermal conductivity in the range of low temperatures. .

I EXPERIMENTAL PROCEDURE

The thermal conductivity was measured using the stationary method of Klein
and Caldwell [7] with certain modifications (cf. Fig. 1). When measuring thermal
.no:a:n:sQ by this method, the size of the samples presents one of the most
important problems. From the accuracy and measurement sensitivity viewpoints,
long samples are preferable. In the used crystal lengths a homogeneity in the
concentration of defects must be ensured. In our work 2 cm long samples were
used. The distance between thermometers was about 1.5 cm. For measurement of
temperature the Allen Bradley resistors with a resistance of 220 Q at room
Hivﬁm::n were used. Resistivity was measured by the potentiometric method
using the TETTEX compensator. The temperature of the sample was set by the
rnm:.oq (H1). The heater (H2) sets the temperature gradient in the sample. The
m:a_m-.: ranged from 0.1 K t0 0.2 K. The radiation influence during measurement
was eliminated by the shieldings (S1) and (52). In order to improve thermal
contacts vacuum seal was used.

The described arrangement enables measurements within a temperature region
from 2 K to 190 K with the help of a properly applied liquid medium (He, N,),
a suitable construction of the thermal bridge (TB) and heater (H1). In order to
ao.gommo the temperature of liquid helium or nitrogen, the vapour was removed
using the helium or nitrogen vapour pressure regulator, respectively. Before each
mcasurement the thermometers (T1) and (T2) were calibrated relatively to each
other so that the measured temperature difference between them was smaller than
0.005 K. From these calibrated points the temperature scale for the thermometers
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was obtained using the three-point least squares smoothing. After this procedure
the measurement itself was performed. The temperature gradient 0.1 K was set by
the heater H2 with the help of the upper heater H1 the thermal conductivity of the
single crystal was measured successively, point by point.

For our measurements a single crystal made by MONOKRYSTALY Co. in
Turnov containing bivalent Ca** impurities (in a concentration of several hundreds
ppm) and OH" anions was emploied. The sample was cut in the 100 direction. Its
size was 0.5 X 0.5 X 2 cm®. The surface of the sample was ground by abrasive paper.

N ,‘

M| T
N N[ S S
R m AL 22
Fig. 1. Sample holder. He — helium vessel, TB ) o_1
— thermal bridge, H1 — upper heater, H2 . Hy
— lower heater, SI and S2° — shieldings,

N — nylon tread, T1 and T2 — thermometers,
CM — measured sample.

L. RESULTS AND DISCUSSION

The measured thermal conductivity course as a function of temperature shown in
Fig. 2 is similar to that measured by Klein [2]in a crystal made by the HARSAW
Company. Thus, we may.judge that both crystals have similar properties. The curve
(a) corresponds to the cut crystal. The curve (b) corresponds to the crystal treated
thermally. for 12 hours at 750 °C and cooled slowly for 5 hours to room tem-

- perature. By this procedure the impurities built in the crystal were allowed to form

aggregates of a greater size [8]. Comparing the curves (a) and (b) one can see that
by the heat treatment the “dips” in thermal conductivity at a temperature range 30
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Fig. 2. Thermal conductivity of NaCl. (a) cut crystal. (b) crystal thermally treated for 12 hours at 750 °C
and then slowly cooled to room temperature.

to 40K .cnnman substantially more pronounced. From this it follows that the
anomaly is caused by the influence of localized (or quasilocalized) modes on larger
aggregates.

The influence of bivalent ions on the thermal conductivity of NaCl, KCI, and
KBr, s.mm.—:amm:aa by Schwartz and Walker [4]. They interpret the thermal
conductivity msoim_w by the formation of quasilocalized modes in such regions
&&mqmw vacancy is in the neighbourhood of the bivalent ion. The concentration of
Impurities in the investigated crystals was over 500 ppm. They studied the
E::gnn of Sr** and Ca** on the thermal conductivity of NaCl. Slack studied the
E:cﬂ._n.m. of Ca”* on the thermal conductivity of KCI. The concentration of
impurities varied from 60 to 200 ppm. In all these works the thermal conductivity
..a_um. were measured in the temperature range 20 K to 40 K. As follows from
w_nn:_nm_. dielectrical, and ITC measurements [9] the solubility limit for impurities
is m:c.mﬂm::m:w lower. It is clear that in measuring the thermal conductivity of the
szﬂ._osma crystals there was, in fact, measured the influence of localized and
quasilocalized modes on larger aggregates — and not on the vacancy-impurity ion
complexes. This is also confirmed by concentration measurements done by
Schwartzand Walker [5]. By increasing the concentration far over the solubility
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limit, the anomaly becomes more pronounced. This fact is supported also by
measurements presented in this paper (Fig. 2).

Another anomaly in the thermal conductivity occurs at a temperature of about
18 K. Klein [2] found in some HARSAW Co. crystals a deviation of the measured
points from the T rule. It was interpreted by a scatter of the measured values.
From electrical measurements it follows that the OH™ groups greatly favour the
formation of precipitates [10]. The HARSAW Co. crystals as well as the crystals
measured in this work contain OH™ groups. It is clear that the heat treatment in our
work accelerated the formation of precipitates. This can be seen in Fig. 2, where
already in the cut crystal some indication of a ‘“dip” is present.

1V. CONCLUSION

The value of the thermal conductivity of single crystals in the low temperature
region is dependent on the lattice defects. The interpretation of the thermal
conductivity dependence on temperature is not always unambigous, since many
scattering mechanisms may overlap. A detailed interpretation of thermal conduc-
tivity may be discussed only after taking into account other measurements such as
the ITC measurement of electrical conductivity, dielectric losses, mechanical
properties, etc. Another important factor for the interpretation of measurement is
the thermal treatment of the sample prior to the measurement. In this paper, the
interpretation was based on the electrical measurement results. Contrary to
previous works, it was observed that after the thermal treatment of an NaCl single
crystal the anomaly in thermal conductivity was caused by larger aggregates formed
by impurity atoms. Naturally, the form of aggregates at present cannot be predicted
from the shape of the “dips”.
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