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Thermal conductivity of pure and chromium- and titanium-doped a—Al,O5 crystals is
studied within 50-300 K temperature interval. It is shown that the additions of chro-
mium and titanium as well as high-temperature annealing essentially effect the thermal
conductivity of the investigated crystals.

HccnenoBana TEIONPOBOJHOCTh YMCTHIX W JETMPOBAHHBLIX XPOMOM M THTAHOM KPHUCTAJ-
108 a—Al,O5 B uaTepBane Temneparyp 50—-300 K. Ilokasano sHauuTeIbHOE BIUSHME LOGABOK

XpoMa, TUTaHa U BBICOKOTEMIIEPATYPHOTO OTXHUTI'a Ha TEeIJIOIIPOBOJHOCTH KPHUCTAJIJIOB.

1. Introduction

The crystal lattice of a—Al,O5 is anisot-
ropic and belongs to the ditrigonal-scaleno-
hedral symmetry class 3 m [1]. The pure
crystals (leucosapphire) possess high ther-
mal conductivity. Therefore, leucosapphire
coatings are used as elements removing heat
from some laser crystals which have low
thermal conductivity. The temperature de-
pendences of the thermal conduction of leu-
cosapphire are well-known [2-5]. Al,O3;Me
crystals are widely used as active media of
solid lasers. Up to now, the influence of
their doping additions and crystallographic
features on value of the thermal conductiv-
ity has been studied insufficiently. The ex-
isting theory [6, 7] does not allow to reli-
ably calculate such a kinetic characteristic
of the material. That is why experimentally
determined temperature dependence of ther-
mal conductivity B(T) is a useful certifica-
tion characteristic of the crystal connected
with its structure and composition. This in-
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formation is also necessary for revision and
development of the theory of heat transfer
in dielectric single crystals with different
content of defects.

The goal of the present research was to
experimentally determine the thermal con-
ductivity of pure and doped corundum crys-
tals within 50-300 K temperature interval.

2. Experimental procedure

The study was performed on the samples
of leucosapphire grown by the Kyropoulos
method [8], the Verneuil ruby Al,O5:Cr [9]
and ticor Al,O5:Ti, grown by the Czochralski
method [10]. All the samples had the dimen-
sions 4x4x40 mm3, their long axes were oriented
along the crystallographic directions
<0001>, <1012> and <1120> to an accuracy of
to 1°.

To reveal the influence of oxygen vacan-
cies on the thermal conduction of the crys-
tals, we studied the leucosapphire samples
annealed under reductive conditions (4 h,
1800°C) and in vacuum (6.5 h, 1950°C). The
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annealing in CO + CO, atmosphere at the
reduction potential of the medium equal to
230 kJ/mole raises the density of anionic
vacancies up to 1017 em 3 [11].

The value of thermal conductivity in 50—
300 K temperature interval was determined
experimentally by the method of longitudi-
nal heat flow using the facilities and meas-
urement procedure described in [12]. The
error of the determination of the absolute
thermal conductivity value in the whole of
the studied temperature interval did not ex-
ceed 5 %.

3.Results and discussion

Leucosapphire. The dependence k(T) for
leucosapphire samples of different crystal-
lographic orientation is shown in Fig. 1. At
room temperature A(T) is considerably
stronger than the classical T~1 dependence.
In all the three cases it is described by the
function 7716, In the vicinity of T = 100 K
this dependence tends to ~T3-6. At the low-
est of the considered temperatures the
curves start reaching the low-temperature
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Fig. 1. Temperature dependences of thermal
conductivity of leucosapphire along the crys-
tallographic directions: 1 — <1012>; 2 —
<0001> ; 3 — <1120>.

Table. Smoothed values of thermal conductivity (W/(m-K))

T, K Al,O, Al,0,:Cr ALO4Ti
<1012> | <0001> | <1120> [Cr 0.05 % | Cr1 % |Ti0.06 % |Ti 0.08 % |Ti 0.2 %

50 9970 6200 5400 5200 402 190 177 85
60 4470 3270 2800 2900 328 196 185 91
70 2160 1800 1600 1620 274 194 185 95
80 1150 1020 990 930 232 187 180 97
90 700 668 607 590 195 176 172 97
100 468 490 408 410 163 161 159 96
110 332 360 306 136 147 145 93
120 257 277 233 119 134 132 88
130 202 210 185 103 119 119 84
140 164 171 153 90.0 105 106 79.6
150 187 142 128 79.7 95 96 75.0
160 118 121 109 70.1 86 87 70.2
170 102 105 95 63.2 79 80 65.8
180 90 92 85 58.0 72 73 61.1
190 82 83 ki 53.6 66.4 68 57.2
200 75 76 69.7 49.4 61.5 62 54.2
210 68.3 69 63.5 46.2 57.3 58 51.4
220 63.0 63.4 59.1 58.5 43.0 53.7 54.8 48.3
230 58.6 58.9 54.9 54.1 40.6 50.7 51.8 45.7
240 54.6 54.8 51.5 50.5 38.4 47.5 48.4 43.6
250 51.1 51.2 48.2 47.5 36.0 44.6 45.5 41.9
260 48.1 48.1 45.3 44.9 33.9 42.1 43.2 40.0
270 45.4 45.8 42.6 42.2 32.3 39.7 40.9 38.2
280 42.9 42.9 40.1 40.0 30.9 37.6 38.7 36.5
290 40.3 40.7 87.7 38.1 29.6 35.7 36.8 35.1
300 37.9 38.7 35.9 36.3 28.4 34.0 35.2 33.9
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Fig. 2. Temperature dependences of anisot-
ropy of thermal conductivity for leucosap-

phire: I — €3 2 — g5; 3 — &3.

maximum characteristic of single crystals.
For corundum crystals this maximum is ob-
served at relatively high temperature
T ~ 40 K [13]. However, all the mentioned
features are typical of the crystals with
high melting temperature (T4:% =2327 K
[6]) and, consequently, high characteristic
Debye temperature (according to the cal-
orimetric data [14], for Al,O3 ®p = 1000 K
at T = 300 K).

At T =300 K the absolute values of
thermal conductivity (see Table) lie within
the limits of the known literature data for
leucosapphire [5, 13]. At T =50 K the
value of thermal conductivity for the crys-
tallographic direction <1012> is close to
10 kWt/(m-K) that testifies that the crystal
has high chemical purity and structure per-
fection (the absence of a large number of
point defects).

The obtained results also permit to esti-
mate the anisotropy of thermal conductivity
of leucosapphire. Presented in Fig. 2 are the
points &(T) of the temperature dependence
of the relative difference of the thermal
conductivity along the crystallographic di-
rections calculated from the formulae:

g1 = (B1012 — #0001/ #0001
g9 = (Booo1 — #1120)/ #1120
&3 = (B1012 — £1120)/ E1120-

The said figure shows the presence of
two bands with the boundaries € = Const(T)
= +0.05 (corresponding to the error of the
determination of the absolute thermal con-
ductivity value) and &= Const(T) = £0.03
(corresponding to reproducibility of the
measured thermal conductivity value and,
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Fig. 3. Temperature dependences of thermal
conductivity of ruby crystals with different
chromium content: I — nominally pure, 2 —
0.05 %, 3 —1%.

consequently, the possibility of the experi-
mental procedure in samples comparison).

The thermal conductivity of leucosap-
phire is anisotropic in a wide temperature
region. At T =50 K the value of thermal
conductivity for the directions <1012> is
twice as high in comparison with that for
<1120>. For this pair of the directions the
anisotropy index g > 0 within the whole of
the investigated temperature interval.

Another situation is observed for the
pair of the directions <1012> and <0001>.
At the lowest of the studied temperatures
the thermal conductivity along the direction
<1012> is essentially higher than the one
along the third-order axis <0001>. How-
ever, in the vicinity of T =110 K the rela-
tion between the thermal conductivity val-
ues becomes reversed; with the rise of the
temperature the obtained k(T) values turn
out to be the same.

The thermal conductivity for the direction
<1120> is the lowest among all the investi-
gated values, at least in 50-300 K range.

A zigzag location of the points of the
graph g, in the region of 50-150 K seems
to be caused by high sensitivity of the effi-
ciency of phonon scattering to different
structure defects (inevitably present in
small quantities even in undoped crystals),
as well as by the character of this scatter-
ing depending on the temperature.
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Fig. 4. Temperature dependences of thermal
conductivity of ticor with different titanium
content: I — nominally pure, 2 — 0.06 %;
3 — 0.08 (%); 4 — 0.2 0/0; 5 —0.5%.

The spread of the points E(T) with re-
spect to the approximating values may be
explained by the use of rounded-off tabu-
lated values of thermal conductivity in the
calculations of &(T).

AlL,O3:Cr crystals (rubies). We compared
the values of thermal conductivity of two
ruby crystals with different content of chro-
mium. In one of the samples the concentra-
tion of chromium was typical of laser rubies
(0.05 at. %). The other sample contained
1 at. % of chromium, which was close to
the limiting chromium concentration in
dark-red ruby. Shown in Fig. 8 are the tem-
perature dependences of thermal conductiv-
ity for ruby with low and high concentra-
tions of chromium. Presented for compari-
son is the curve R(T) for leucosapphire
grown by the Kyropoulos method. As is
seen, low quantity of Cr (0.05 at.%) is re-
sponsible for small diminution of the ther-
mal conductivity of ruby in comparison
with that of the undoped sapphire sample
within the whole of the investigated k(T)
interval. On the contrary, 1 at. % content
causes a cardinal decrease of the considered
characteristic. At T =50 K the difference
between the values of thermal conductivity
of the reference sample and the doped one
(containing 1 at. % of Cr) is more than an
order of magnitude, at room temperature
such a difference is a quarter of an order.

AlL,O3Ti crystals. The results of the
study of the thermal conductivity of
A|2032Ti3+ (ticor) single crystals in compari-
son with the data obtained for k(T) of Sam-
ple 5 in [16] are shown in Fig. 4.

As is seen, the doping of corundum with
titanium gives rise to a considerable de-
crease of the thermal conductivity wvalue.
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Fig. 5. Temperature dependences of thermal
conductivity of leucosapphire: I — after re-
ducing annealing; 2 — after vacuum anneal-
ing; 3 — without annealing.

The obtained A(T) dependences characterize
this material as a highly concentrated solid
solution. Such a form of the curves testifies
to the crystal structure imperfection. The
degree of temperature maximum diffuseness
increases with the rise of the doping addi-
tion concentration, and this maximum shifts
towards higher temperatures, which is typical
of dielectric single crystals with different de-
gree of structure imperfection [7].

The decrease of the quantity of Ti®* ions
(which isomorphically replace APR* ions in
Al,O5 lattice) gives rise to a noticeable in-
crease of the degree of crystal structure im-
perfection. This is explained by the fact
that the coefficient of titanium incorpora-
tion into the crystal lattice (=0.2) is essen-
tially lower than that of chromium [16]. We
assume that non-uniform distribution of
Ti3* ions in the bulk of the investigated
sample is connected with crystal growth pe-
culiarities leading to the appearance of local
stress maxima [17] which may cause con-
siderable phonon scattering in a wide tem-
perature range and the corresponding de-
crease of the thermal conductivity.

Influence of high-temperature annealing.
The results of the study of thermal conduc-
tivity for two annealed leucosapphire sam-
ples in comparison with that of the initial
sample which has the same crystallographic
direction of the long axis — <1120> — are
presented in Fig. 5 in linear scale for T <
90 K.

A weak effect of the annealing is ob-
served at the lowest among the studied tem-
peratures. In both cases the low-tempera-
ture thermal conductivity increases in com-
parison with &k(T) of the non-annealed
sample. This may be explained by the effect
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of structure normalization at high-tempera-
ture annealing, as well as by the decreased
level of the total and local stresses.

4. Conclusions

The thermal conductivity of nominally
pure 0—Al,O3, as well as of chromium and
titanium-doped crystals, is studied experi-
mentally. The obtained results allow to con-
clude that the additions of chromium and
titanium considerably influence the thermal
conductivity of the crystals. High-tempera-
ture annealing increases the low-tempera-
ture thermal conductivity.

The work was supported in part by the
grant 2.1.1/10747 in the frame of the pro-
gram "Development of scientific potential
of higher school™ of Ministry of Education
and Science of Russian Federation.
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TennonposigHicTe uncTux i aeropamux Cr3+ i Tid*

mMoHoKkpucraiis Al,O; B inTepBasi Temmnepatyp
50-300 K

I1.A.Ilonoe, B.Z].Conomennix,
Il.B.Gensaes, JI.A.lumeunoe, B.M.Ily3ixose

Hocaig:xkeHo TeNJONPOBIAHICT, YMCTUX Ta JIErOBAHMX XPOMOM Ta TiTAHOM KPUCTAIIB

0a—Al,O; y remmeparypromy imTepBani 50—-300 K. IloxasaHo 3HAUHHIl BIIMB [JOMIIIOK
XpoOMy, TiTaHY Ta BHCOKOTEMIIEPATYPHOI'O BiAIIajgy Ha TEIIONPOBiAHiCTHL KpHCTAIIB.
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