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Thermal expansion of a high purity synthetic diamond single crystal at low temperatures
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Measurements of lattice parameters were made for a single crystal of a high-purity synthetic diamond using
the x-ray-diffraction Bond method between 4.2 and 300 K. The key features of the present measurement are as
follows: (1) The lattice parameter is determined with an accuracy 0f1(2) A very small negative thermal
expansion is detected between 30 and 903KThermal expansion shows a behavior of Tfdaw represented
by the Debye theory within the measuring temperature range. By comparing the present results with the
previously reported results for nitrogen-doped diamond and boron-doped diamond, it is found that diamond
becomes harder following doping by nitrogen.
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[. Introduction While most materials expand upon heat- In the low-temperature range, where host crystal contri-
ing, many tetrahedral semiconductors exhibit negative thetbutions are themselves small, defects can have relatively
mal expa2r1$ion below gscertain temperattife; example, 48 |arge effects on the thermal expansion. In order to detect the
K for Ge? 120 K for Si 55 K for GaP} and 80 K for InP. negative thermal expansion of diamond, which is expected to
It is generally believed that this unusual negative thermal,o very small, we should use a defect-free single crystal. So

expansion behavi_or in se_miconductor crystals can be attrih- e have measured the lattice parameter of a high-purity syn-
uted to the negative Gngisen parameters of the tr_ansversethetic single-crystal diamond, which contains nominally ni-
acoustic phonons near the Brillouin-zone boundafyXu

et al? calculated phonon-dispersion curves, @isen pa- trogen atoms with concentrations 9f less than several ppm.
. This paper is organized as follows: the experimental proce-

rameters, and the coefficients of thermal expansion for sili- . : .
con and diamond. Their theoretical results showed that thg_‘ures are described in Sec. Il. Results of the experiments and

transverse acoustic-phonon modes of Si behaved anomil€ temperature depgndence of the thermal expansion coeffi-
lously. On the other hand, their results showed that suclkient are presented in Sec. Ill. _
behavior was not expected in the corresponding phonon !l- Experimental procedureA single crystal of synthetic
branches of diamond. In 1956, Thewlis and Daégvesti-  high-purity diamond used in our experiment was provided by
gated the lattice parameters of two diamond samples, indu$umitomo Denko. The specimen is type-lla diamond. The
trial and preciouggem-quality diamonds, by x-ray analysis nominal defect is nitrogen, whose concentration is less than
from 123 to 1223 K. They found that in the case of industrialseveral ppnthereafter we call this specimen high-purity dia-
diamond the thermal expansion coefficient passed through mond. The specimen is transparent, and has a shape of a
sharp minimum of negative value @t=243 K. In the case thin square plate with dimension %X®.7x0.3 mnt. The

of the precious diamond the curve of the thermal-expansiosurfaces are oriented parallel to ti®0) planes. In general,
coefficient had no minimum. They assumed that thenitrogen is the most common atomic impurity found in natu-
anomaly could presumably arise from some intracrystallingal and as-grown synthetic diamond. Diamond is classified
impurity. In 1960 Novikov&" measured a relative change of according to its infrared spectrum of the defect-induced one-
length of the two natural diamond crystals, and reported ghonon absorption in the region between 500 and 1500
small negative thermal expansion between 20 and 90 Kecm %, which results from vibrations at different atomic ar-
Parson¥ pointed out that Novikova’s result was within the rangements of nitrogel?.We performed the infrared absorp-
experimental error, and therefore the confirmation of negation measurements at room temperature by a Simazu IR-
tive thermal expansion was incomplete. In 1992 Harune8200DC Fourier transform infrared spectrometer. The
et al!®> measured the lattice parameter of nondoped synthetimavelength range was from 1.3 to 28ufn. The concentra-
diamond crystal in a temperature range between 4.2 and 32bn of nitrogen in single-substitutional nitrogen atoms
K by using the x-ray Bond method. The nondoped specimerC-form nitrogen was determined from the strength of ab-
was a |b type, in which nitrogen atoms of 100 ppm or lesssorption of the peak at 1130 ¢th!® The high-purity dia-
were included and it was colored yellofuereafter we call mond did not show a peak at 1130 thin the spectrum.
this specimen nitrogen-doped diamoni@he negative ther- This result confirms that the nitrogen concentration of the
mal expansion was not detected, even with the accuracy dfigh purity diamond is less than several ppm.

1078 in their measurements. In 1998 Saotostal* mea- In measurements of the thermal expansion of lattice pa-
sured the thermal expansion of boron-doped diamond singleameter, the x-ray Bond method was used to determine the
crystal in temperature range between 4.2 and 320 K by theemperature variation of the lattice parameter. With nearly
x-ray-diffraction method. This specimen contains about 100perfect crystals the lattice parameters can be measured to a
ppm boron(hereafter we call this specimen boron-doped dia-few parts in a million:’ For the x-ray source, a fine-focus Fe
mond. They also did not detect a negative thermal expantarget was used with a collimator of 0.2 mm in width, at-
sion. tached to make the x-ray beam thinner. To improve the ac-
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[T ' ' ‘ ' ] negative thermal expansion, as suggested by Novikova. In

a Boron-Doped 4, the figure the solid line gives reasonable values of the lattice

o Nitrogen-Doped ;( parameters that are fitted to the fifth-order polynominal
o

[

Lattice Parameter [A]

2 High-Purity 4 ,’/

5
3.5668 . a=>, a,T" (1)
n=0

N These coefficients, determined by the method of least
squares, for the high-purity diamond, are as followag:
=3.566503,a,=2.99x10 /, a,=—6.98x10 %, a;=5.79
1 X101, a,=-1.62x10 ¥ and ag=2.74x10 %6 As
shown in Fig. 1 the effects of boron and nitrogen impurities
are likely to be appreciable in the low-temperature range.
, . . ! . I According to Mainwoodf the relaxation sets the boron in an
0 100 200 300 equilibrium position with a 10% elongation of the C-B bonds
Temperature [K] over the normal C-C distance. This elongation causes an
) impurity-dependent difference in the lattice parameter of
FIG._ 1. Temperature dependen_ce of the lattice parameter. Thﬁoron-doped diamond. Lareg al2° measured the increase of
open trlangle_ repres_ents_the experimental _data of the lattice parankq |attice parameter of a diamond containing 88-ppm nitro-
eter of the high-purity diamond. The full line represents the fifth _ "5
polynomial. The open circle represents the result of the nitrogengen at room tempgrature to m/a_ 1.18x 1.0 . When
doped diamond. The open square represents the result of the borcztll?-e fractional at0m|c Concgntratlon of s.ubstlltuthnal. nitrogen
doped diamond. Is denoted byc(N) m_ato_mlc_ ppm, the dilatation is given by
Aa/a=0.14c(N), which indicates that the effective volume
curacy, the highest possible diffraction line of t#00) re-  of a single substitutional nitrogen atom in diamond is 3
flection was used. For this planef2 160.01°, wheref is X (0.14)=1.42 times that of the carbon atom it replaces at
the measured Bragg angle. The wavelength oftjgeline is  room temperature. This result is consistent with the fact that
taken as 1.756 53 A. We must be sure that the atomic planée stable relaxation makes a 5-10 % increase of the length
of the sample is sufficiently parallel to the axis of rotation. of the C-N bond? In the case of the nitrogen-doped dia-
To this end the tilt angle of the specimen was carefully addnond which is type Ib, the lattice dilatation caused by the
justed before each measurement. The temperature was varigdbstitutional nitrogen can be given at 300 K by
in the range from 4.2 to 300 K. To perform the low-

3.5666

temperature measurements, a glass cryostat specially de-  Aa/a=|ajrogen-dopet300 K)

signed for the Bond method was used. The details of the _

cryostat were reported in Ref. 18. The temperature of the @igh-purin 300 K) / @igh-purinf 300 K)
specimen during the measurement was controlled within an —=1.11x 1075,

accuracy of 0.1 K by using an automatic temperature con-
troller. Hence the relative accuracy of 10was finally at-  After combining this dilatation with Lang’s relatioAa/a
tained in determining the temperature variation of the lattice=0.14c(Ng), we can estimate the nitrogen concentration to
parameter. be 78 ppm, which is consistent with the data published by
[ll. Experimental results and discussiongleasurements the Sumitomo Denko Company.
of the lattice parameter were repeated twice, in the decreas- In the above equation we assume that the high-purity dia-
ing and increasing temperature cycles. In Fig. 1 we show therond is defect free. In accepting the lattice parameter value
temperature dependence of the lattice parameter between 4joted for defect-fregtype-Il) diamond, caution is needed
and 300 K. The values are corrected for refraction, absorpfor two aspects. First, the absence of a nitrogen impurity
tion, and Lorentz factors. There is no obvious systematishould be confirmed by the infrared-absorption spectra. In
variation of the lattice parameter. Figure 1 also shows, foour high-purity specimen infrared spectroscopy verified that
comparisons, the results of the nitrogen-doped diamond oldhe nitrogen concentration was below the level of a few ppm.
tained by Harunat al® and those of the boron-doped dia- The second caution stems from the fact that specimens have
mond obtained by Saotomet all* In the high-purity dia- crystal dislocations. The population of such a dislocation
mond we do not observe an apparent minimum in the latticenay increase the mean lattice parameter by a measurable
parameter over a wide temperature range. However, the figgmount. Our high-purity diamond is a synthetic single crys-
ure shows that the lattice parameter has a tendency to déal, so that the dislocation concentration may be negligible.
crease faintly with increasing temperature between 30 and 98ence, we may conclude that the lattice parameter of our
K. This anomalous temperature region corresponds to a tentigh-purity diamond represents the lattice parameter of
perature region in which Novikovaalready reported that a defect-free diamond. Our value of the lattice parameter of the
small negative thermal expansion appeared in natural digdigh-purity diamond at 300 K is 3.5668&. In 1951 Strau-
monds. As mentioned in Sec. I, the theoretical résuttes manis and Ak& carried out a lattice parameter determina-
not predict the negative thermal expansion for diamondtion of four diamond samples from the Belgian Congo. The
However, it is our opinion that there is likely a very small three clear white diamond samples showed the same lattice
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parameter: 3.56679 A at 293 K. The lattice parameter of the I

gray board was 3.56687 A at 293 K. Furthermore, they re- 3.5670 e

o Boron-Doped

vealed the presence of 15 elements in the sample by means "+ Nitrogen-Doped o
of spectrographic analysis, and reported the possibility of a L Pl P
very small amount of silicon or other elements in gray board ~ ° ¢ High-Purity I
diamond to increase the lattice parameter by 0.000080 A.
Until 1957 a number of investigators already determined the
lattice parameters of diamond. However, a considerable
variation of data existed. The knowledge at that time did not
support the thesis of compositional variation sufficiently well
to explain the differences among references. Skffreso
doubted if the large variation in the lattice parameter was due
as much to compositional variation as to experimental errors
in the different methods of measurement. At that time too [ |
diamonds studied were not chemically analyzed, and, even 0 2 4 6 8
when analyses were made, investigators generally did not T [10° K4
state whether the impurities were present as inclusions or in
solid solution. Skinner studied a single colorless fragment of FIG. 2. T* plots of the lattice parametex. Notations are the
diamond from southwest Africa, and further performed specsame as in Fig. 1.
trographic analysis of the sample. The major impurity was
silicon, whose concentration was smaller than 40 ppm. Silifespectively. Theoretically Saotonet al.™ obtained the ex-
con is a common component of the minerals frequentlypression Aa/a=0.95<10"*“T*. The slope in theAa/a
found as inclusions in diamond. The silicon atom is about— T* line is inversely proportional to the bulk modulus. If we
50% larger than the carbon atom, and a large isotr@ioic  can neglect change of the Grisen parameter by doping
tally symmetrig distortion of 25% is necessary to accommo- impurities, we obtain the following ratios of the bulk modu-
date it in diamond. The lattice parameter of natural diamondlus of the doped diamonds to that of the high-purity dia-
which contained Si less than 40 ppm was 3.56688 A amond: B(nitrogen-doped)3(high-purity)=1.23 and
298.16 K. The lattice parameter obtained by Kaiser and3(boron-doped)B(high-purity)=1.09. Hence, we come to
Bond™ for natural diamonds, which did not show nitrogen- the conclusion that by doping nitrogen the bulk modulus of
dependent infrared absorption, was 3.56682 A. In Ref. 24diamond becomes greater. Han and thrimvestigated the
infrared-absorption spectroscopy verified that nitrogen constructure and electronic properties of diamond with vacan-
centration was down to the level of a few ppm. That deter<cies in order to understand the behavior of hard materials in
mination of the lattice parameter of natural diamond washe presence of vacancies and impurities. After replacing car-
3.566 89 A. Hollowayet al?® reported measurements of the bon atoms surrounding the vacancy by nitrogen or boron
lattice parameter of single-crystal synthetic diamonds aneitoms, the bulk modulus of the material with nitrogen sub-
obtained 3.56714 A at 298 K. The literature values rangestitution is greater than that without substitution, although it
from 3.566 82 to 3.567 14 A. Our value for the high-purity is still smaller than that of vacancy-free diamond. On the
diamond is between two values. other hand, boron substitution has the opposite effect. Han
To investigate the thermal expansion, it is necessary t@nd lhm’s results is qualitatively consistent with our experi-
estimate the usual effect of the anharmonic contribution ofnental results. So we may expect that it is possible to make
the thermal vibration of atoms of the lattice. The low- a “superhard diamond” by doping nitrogen impurity.

3.5668

3.5666

Lattice Parameter [A]

|l4

temperature expansion can be expressed as The thermal expansion coefficients are calculated from
the observed lattice parameter values. The linear thermal ex-
Aala=(3m*kNykgT415V,03), pansion coefficient is defined byw=[1/a(He)(da/dT)],

wherea(He) is the lattice parameter at liquid-He tempera-
wherex=1/B is the compressibility anB is the bulk modu-  ture. The calculated results are plotted in Fig. 3. In this figure
lus. yis the Grineisen constan¥/, is the volume of a crystal  the solid circlesa are calculated by taking the difference in
of N atoms.®p, is the Debye temperature arg is the  the lattice constanta and the temperatureT, respectively,
Boltzmann constant, respectively. In Fig. 2 we plot the latticepetween successive data values and by using the relation
parameter against. The thermal expansion curves can be =[1/a(He)](Aa/AT). The solid line traces reasonable val-
expressed as ues of the thermal expansion coefficients, that are fitted to

the fourth-order polynominal
Aa/a(high-purty =[(a(T)—a(0))/a(0)]=1.30x 10" *T*, POl

4
Aa/a(nitrogen-dopep= 1.05x 10~ 1414 a= EO apT". 2)
n=
and The coefficients, determined by the method of least squares,
are as follows: ay=0.00, a;=4.10x10" 10 a,=-1.42
Aal/a(boron-dopegi=1.19x 10~ 1414, X101 a3=1.46x10 2 and a,=—1.55x10 6 The
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[10°K"Y | ' ' ] method excluding abouf=0 K (see black dots in Fig.)3
- . Hence we conclude that the polynominal equati@nrepre-
—o— High-Purity / sents the experimental thermal expansion very well.
---- Nitrogen-Doped 4 From Fig. 3 we find that high-purity diamond tends to
—— Boron-Doped RER possess larger thermal expansion coefficients compared with
I Novikova iy other doped diamonds in the high-temperature region. This
1k .e;'/ 4 tendency arises from the fact that the compressibility of the
Calculated o e high-purity diamond is larger than the those of other doped

diamonds. Straumanis and ARareported a thermal-
expansion coefficient of (1.280.12)x10 ¢ K~! between
283 and 323 K. Skinnét reported 1.01%10 ® K™ ! at
298.16 K. The values obtained in our work are 1.60
%10~ % K~ 1 at 300 K for high-purity diamond. Furthermore,
in Fig. 3 the results of Novikova's observation of the
thermal-expansion coefficient of diamond are shown. No-
, , , 1 , vikova’s results show the same tendency as our results for
0 100 200 300 the high-purity diamond.

In summary, we have shown that a precise x-ray Bond
method provides an accurate determination of the lattice pa-

FIG. 3. The temperature dependence of the thermal-expansioi@meter of high-purity diamond as a function of temperature.
coefficient. The open circle represents the experimental data of therom the results for high-purity diamond and those for
lattice parameter of the high purity diamond. The full line repre-boron-doped and nitrogen-doped diamond previously ob-
sents the fifth polynomial. The dashed line represents the result dained, the following conclusions are obtained.
the nitrogen-doped diamond. The bold dashed line represents the (1) The lattice parameter of the high-purity diamond has a
result of the boron-doped diamond. In Novikova's results, data plottendency to decreasing faintly with increasing temperature
ted show the spread of results obtained. Black dots show the resulisetween 30 and 90 K. This temperature range is consistent
using = (1/a(He))S{_;na, 7" . with the temperature range proposed by Novikova, in which

the extremely small negative thermal expansion appears.

values ofa obtained from this point-by-point determination _(2) For nitrogen-doped diamond Lang's relation may pro-
are susceptible to random errors. In order to reduce the raiyide the relation between the dilatation and impurity concen-
dom error as much as possible, we first take the least-squar&tion at room temperature. .
fitting of the lattice parametea to polynominal inT that is (3) In the range of observed temperature, &heT" law
a(T)=%%0a,T", from which «=[1/a(He)](da/dT)  holds. o _
—[1/a(He)]=%_ ,na,T"" ! can be calculated directlf. The _(4) Via _doplng nltrogen,“dlamond bec_omes h?rder, so_that
values of @ are less susceptible to random errorsaifT) It s possible to make a “superhard diamond” by doping
than those obtained by a point-by-point determination. Thd'trogen:
thermal-expansion coefficient calculated by this method is We are grateful to Professor Michiko Inoue for many
close to that obtained by the point-by-point determinationhelpful discussions concerning the subject of this paper.
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Temperature [K]
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