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Rietveld refinement for indium nitride in the 105–295 K range
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Results of Rietveld refinement for indium nitride data collected in the temperature range 105–295
K are presented. Acicular microcrystals of indium nitride prepared by reaction of liquid indium with
nitrogen plasma were studied by X-ray diffraction. The diffraction measurements were carried out
at the Swiss-Norwegian Beamline SNBL~ESRF! using a MAR345 image-plate detector. Excellent
counting statistics allowed for refinement of the lattice parameters of InN as well as those of the
metallic indium secondary phase. In the studied temperature range, the InN lattice parameters show
a smooth increase that can be approximated by a linear function. Lattice-parameter dependencies
confirm the trends indicated earlier by data measured using a conventional equipment. The relative
change of both thea andc lattice parameters with increasing the temperature in the studied range
is about 0.05%. The axial ratio slightly decreases with rising temperature. The experimental value
of the free structural parameter,u50.3769~14!, is reported for InN for the first time. Its temperature
variation is found to be considerably smaller than the experimental error. The thermal-expansion
coefficients~TECs!, derived from the linearly approximated lattice-parameter dependencies, are
aa53.09(14)31026 K21 and ac52.79(16)31026 K21. The evaluated TECs are generally
consistent with the earlier data. For the present dataset, the accuracy is apparently higher for both,
the lattice parameters and thermal-expansion coefficients, than for the earlier results. The refined
lattice parametercIn of the indium secondary phase exhibits the known strongly nonlinear behavior;
a shift ~DT equal about250 K! of the maximum incIn~T! dependence is observed with respect to
the literature data. ©2003 International Centre for Diffraction Data.@DOI: 10.1154/1.1566957#
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I. INTRODUCTION

Indium nitride is a semiconductor@with earlier assumed
direct energy gap of value 1.89 eV, after Tansley and Fo
~1986!; now thought to be about or below 1 eV, see Inushi
et al. ~2001!; Wu et al. ~2002!; Bechstedt and Fu¨rthmüller
~2002!# that has applications as a component of pseudo
ary thin III-V layers~such as InGaN and InGaAlN! in mod-
ern short-wavelength optoelectronic devices. Using indi
in solid solutions allows for tuning of the~direct! energy gap
and lattice parameters over a broad range. Also, using InN
a solution component allows tuning of the thermoelas
properties of the solution. One of the achievements in
field of III-V based optoelectronics is the continuous-wa
operation of~In,Ga!N multi-quantum-well structure laser d
odes with a long lifetime~Nakamura, 1999!. Additionally,
the presence of indium was recently found to greatly i
prove the optical efficiency of nitride-based light emittin
diodes~LEDs! and laser diodes; the nature of this effect
under study ~Nakamura, 2000a, 2000b; Chichibuet al.,
2000; Godlewski and Goldys, 2001!. A growing interest in
applications resulted in a rapidly growing number of pap
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devoted to this compound family@number of papers involv-
ing these compounds increased by two orders of magnit
in 26 years, as shown by Monemar~1999!#.

Indium nitride, InN, is a compound difficult to synthe
size from both the vapor and liquid phase. Vapor based c
tal growth methods are not applicable when the difference
vapor pressures or in melting points is too great. Grow
from solution fails because the equilibrium pressure of nit
gen is very high and limits the possible growth temperatu
~Grzegoryet al., 1993a, 1993b, 1994!. Additionally, the ki-
netic barriers prevent dissolution of nitrogen in liquid i
dium, and thus prevent InN synthesis~Krukowski et al.,
1998a; Romanowskiet al., 2001!. So far, bulk InN has been
synthesized effectively either by chemical metho
~Goryunova, 1965; McChesneyet al., 1970; Podsiadlo,
1995!, by reaction of the components or by reaction of m
ten indium with nitrogen plasma~RNP! ~Anguset al., 1997;
Krukowski et al., 1998b!. Chemical methods lead to highe
impurity levels in the crystals, which cause poor crystal
graphic quality. The RNP method is accompanied by di
culties in controlling the growth conditions; this may lead
small size and deterioration of the crystallographic quality
the material.

The InN crystal structure is of wurtzite type~space
group P63mc). Thin layers also can be grown with th
zincblende structure type. Reported room-temperature la
1142003/18(2)/114/8/$18.00 © 2003 JCPDS-ICDD
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TABLE I. For a comment concerning the lattice parameter error see text. Lattice parametersa, c, unit cell volume,V, axial ratio,c/a, for the wurtzite-type InN.~The
values ofV, c/a, were calculated from citeda and c values if not given in the reference.! In each of groups, the data are chronologically ordered. ‘‘MV
denotes samples prepared by microwave plasma method. The following abbreviations are used to designate the theoretical models: PP—pair poteethod,
LMTO—linear muffin-tin orbital, LDA—local density approximation, CGA—generalized gradient approximation, HF—Hartree–Fock, PWPP—plan
pseudopotential, SE—semiempirical model, and VCM—various calculation methods. ‘‘rt’’ refers to room temperature.

No. T ~K! a ~Å! c ~Å! V (Å3) c/a u Reference Remarks

Experimental data~bulk crystals!—wurtzite structure

1 rt 3.540 5.704 61.90 1.6113 Juza and Hahn~1938!

2 rt 3.54 5.71 62.0 1.613 MacChesneyet al. ~1970!

3 rt 3.544 5.718 62.20 1.613 Osamuraet al. ~1975!

4 rt 3.529~5! 5.694~5! 61.4~2! 1.613~4! Sheleg and Sevastenko~1976!

5 296~3! 3.5376~3! 5.7036~5! 61.81~2! 1.6123~3! Juza and Hahn~1938! MV, sample S3

6 rt 3.5366~5! 5.7009~5! 61.75~2! 1.6120~4! Dyck et al. ~1999! MV

7 295~1! 3.53774~18!a 5.7037~4!a 61.821~11!a 1.61224~20!a 0.3769~13! This work MV, sample S3

Experimental data~layers!—wurtzite structure

8 rt 3.5446 5.7034 62.058 1.6090 Pichugin and Tlachala~1978! epitaxial layer

9 rt 3.5480~5! 5.7600~5! 62.79~2! 1.6234~3! Tansley and Foley~1986! thin film

10 rt 3.540 5.705 61.91 1.612 Kubotaet al. ~1989! epitaxial layer

11 rt 3.6 5.74 64.4 1.59 Striteet al. ~1993! epitaxial layer

Theoretical data—wurtzite structure

12 rt 3.536 5.709 61.818 1.615 0.380 Yehet al. ~1992! LDA

13 rt 3.483 5.7039 59.93 1.638 0.3767 Munoz and Kunc~1993! PP

14 rt 3.501 5.669 60.176 1.619 0.3784 Wright and Nelson~1995! PWPP

15 rt 1.644 0.3749 Bessonet al. ~1996! LDA

16 rt 3.53 5.54 59.8 1.57 0.388 Kimet al. ~1996! LMTO

17 rt 3.5428 5.7287 62.27 1.6170 0.3784 Pauluset al. ~1997! HF

18 rt 3.53 5.69 61.40 1.6119 Chisholmet al. ~1999!

19 298 3.53743 5.70273 61.800 1.6121 Wang and Reeber~2001! semiempirical model

20 rt
rt

3.509
3.5848

5.657
5.8002

60.32
64.551

1.6121
1.6180

0.3791
0.37929

Zorodduet al. ~2001! LDA
CGA

21 rt 3.544/3.614
@3.50-3.61#

5.762/5.884
@5.54-5.88#

62.67/66.55
@58.8-66.4#

1.626/1.628
@1.57-1.63#

0.377/0.377
@0.375-0.388#

Stampfl and
Van de Walle~1999!
@reviewed#

LDA/CGA
@various calculation
methods#

Experimental data~layers!—ZB structure

22 rt 4.98~1! 123.5~7! Strite et al. ~1993! epitaxial layer

23 723 5.04~9! 128~7! Lima et al. ~1999! epitaxial layer

24 rt 4.97 122.7 Tabataet al. ~1999! epitaxial layer

25 rt 4.98~1! 123.5~7! Lima et al. ~1999! epitaxial layer

26 rt 5.09~4! 132~3! Bhattacharyaet al. ~2002! thin film

Theoretical data—ZB structure

27 rt 4.9870 124.0 Pauluset al. ~1997! HF

28 rt 4.92 119.1 Kimet al. ~1996! LMTO

29 rt 4.964 /5.109 122.3 /133.4 Zorodduet al. ~2001! LDA /CGA

30 rt 4.92-5.109 119.1-133.4 theoretical values reviewed in
Stampfl and Van de Walle~1999!
and Tabataet al. ~1999!

various calculation
methods
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parameters of InN are collected in Table I for both struct
types.

Thermal expansion of each material used for optoe
tronic device construction is a factor influencing the prop
ties of the product through the thermal strain. In particu
for In12xGaxN and In12x2yGaxAl12yN solid solutions, the
knowledge of thermal expansion is helpful in determinat
of the layer composition. Therefore, detailed studies of I
thermal expansion may be useful in designing and improv
the technologies involving this material as a component
has been reported that heteroepitaxial growth of wurtz
type GaN or InGaN starts through growth of zincblende
lands; this phenomenon can be observedin situ ~see, e.g., Wu
et al., 1996; Li et al., 1998; Kim et al., 2002!. It clearly
shows that for any III-V nitride, the elastic properties
both, zincblende and wurtzite, polytypes have to be stud
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InN is known to exhibit relatively low thermal expan
sion, comparable to that of other III-V nitrides. Very limite
information about InN expansivity can be found in literatur
According to the first published experimental data~Sheleg
and Savastenko, 1976; see also Tansley, 1994! available for
the range 190–560 K, the TECs increase with temperat
aa from 3.431026 K21 to 5.731026 K21, ac from 2.7
31026 K21 to 3.731026 K21. Recent studies include a
experimental work on lattice parameters and thermal exp
sion~Paszkowiczet al., 1999, hereafter referred to as Ref.!,
and calculations based on a semiempirical model~Wang and
Reeber, 2001!. The data of Ref. I concern the expansion
the 100–673 K range based on diffraction data collec
with a conventional laboratory instrument. Average TECs
termined for this range areaa53.6(2)31026 K21 and
115Rietveld refinement for indium nitride in the 105–295 K range
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ac52.6(3)31026 K21. Due to the scatter of experiment
points obtained with the use of conventional equipme
there is a lack of detectable TEC variation in the investiga
temperature interval for these data, in contrast to the dep
dencies reported, in a smaller range, by Sheleg and Sa
tenko, ~1976!. In the most recent work~Wang and Reeber
2001! the lattice parameters and TECs have been calcul
in the range 50–800 K based on a semiempirical model.
a zincblende-type indium nitride layer, a lattice-parame
value at 723 K has been reported~Lima et al., 1999!; due to
a large error~0.09 Å!, this result cannot be used for reliab
evaluation of the TEC for the zincblende polymorph. T
dependence of the lattice-parameters on temperature ca
concluded to be not known accurately. Therefore, a new
perimental effort was justified.

An intense synchrotron X-ray beam combined with 2
detectors allows collection of data with counting statist
suitable for performing highly accurate structural analysis
order to demonstrate the improvements of data quality
abled by the intense incident beam, in this work the result
Rietveld refinement of InN powder diffraction patterns in t
temperature range 105–295 K collected at a third-genera
synchrotron radiation source are presented. The obtaine
sults include the lattice parameter dependence on temp
ture and averaged TECs for indium nitride.

II. EXPERIMENTAL

Fine InN powder was synthesized at the High-Press
Research Center, Warsaw, by reaction of liquid indium w
nitrogen plasma in a vertical microwave plasma reactor@for
preparation details see Krukowskiet al., 1998b and Ref. I#.
The material selected for this study was the sample S3 c
acterized in Ref. I.

For the purpose of crystallite-orientation analysis, ad
tional patterns were collected~CuKa radiation! using a labo-
ratory Bragg-Brentano diffractometer. To reveal the crys
lographic orientation of the side faces of the acicular I
crystals, a small quantity of the powder was spread usin
drop of ethyl alcohol on a flat plexiglas holder. The cryst
lographic long axis of the crystallites was determined us
the same procedure for a holder differing from the stand
one by parallel 0.2 mm wide grooves of triangular cro
section machined on its surface. The grooves were filled
the powder, a drop of alcohol helped in alignment of t
needles along the grooves, and the side face of this ho
was mounted as a sample for the Bragg-Brentano meas
ment. Only a small quantity of needles ‘‘standing’’ at the si
face could effectively diffract. Nevertheless, the signal w
strong enough to be helpful in analysis of the crystallite o
entation.

The X-ray diffraction measurements were made at
Swiss-Norwegian Beamline BM1A of the European Sy
chrotron Radiation Facility, Grenoble, using Debye-Sche
geometry. For data collection, a MAR345 image plate~IP!
with 1503150mm2 pixel size was employed. The beam si
on the sample was 0.530.5 mm2 and the sample to detecto
distance was 120 mm. The wavelength~0.698670 Å! and the
IP position were calibrated using NIST 640b silicon sta
dard,a55.43094 Å. The InN powder was mounted in a~sta-
tionary! sealed thin-wall~0.01 mm! boron-glass capillary of
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0.4 mm inner diameter. The temperature~105–295 K! was
controlled by an Oxford Instruments Cryostream appara
and kept constant within 1 K. The measurements were
formed at increasing temperature using 30 to 40 K tempe
ture steps. Typically, a delay of 5 min was used for the te
perature stabilization. One powder pattern was collected
15 s.

The images were integrated to one-dimensional pow
patterns using the FIT2D program~Hammersley, 1995!
within the angular range 10–55°~2u!. The integrating proce-
dure included a polarization correction. The Rietve
refinement program Fullprof.2k v.1~Rodriguez-Carvajal,
2001! was used for the structural analysis. A pseudo-Vo
profile-shape function was assumed. The following para
eters~total 26! were refined by the Rietveld procedure: la
tice parameters of both phases, profile parameters, free p
tional parameter of InN, and six background parameters.
zero-shift parameter was fixed at a value common for
temperatures, because there is no physical reason to va
during a single series of measurements. Preferred orienta
parameters were not refined in the final refinements, as
ing them did not lead to improvement. The lattice paramet
of the indium secondary phase could be studied owing
excellent counting statistics. For this phase, the peak w
parameters and the scale factor were refined independe
The errors for the refined parameters are the standard de
tions yielded by the refinement program.

III. RESULTS AND DISCUSSION
A. Morphology and orientation of crystal axis and
faces

The phase analysis confirmed that, as for other sam
described in Ref. I, the studied sample contains a meta
indium secondary phase which gives diffraction peaks
weak~several percent! intensity; no other phase was detect
~see Figure 1!. The crystal morphology was revealed by o

Figure 1. Result of Rietveld refinement for a powder diffraction pattern
InN ~data collected atT5105 K using wavelength equal 0.698 670 Å!.
Crosses denote experimental points, and the solid line is the calculated
tern. Calculated reflection positions for the main InN phase and the In
ondary phase are marked below the pattern using vertical bars~upper and
lower row, respectively!. The difference pattern is shown in the lower part
the figure. The inset illustrates the refinement quality for the In second
phase~all untruncated peaks in the inset belong to the In phase!.
116Paszkowicz, Černý, and Krukowski
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tical microscopy: long needles, 1–10mm thick, with a length
larger by an order of magnitude~see Figure 2!. Their regular
shape suggests that at least a large part of them are s
crystals. Their morphology is different from that for micro
rystals prepared by a related method by Anguset al. ~1997!
~small facetted crystals! and by Dycket al. ~1999! ~dendritic
and platelet type morphology!. Among the InN needles, tear
shaped indium droplets were seen. The above observa
can be compared with the results of earlier studies on w
ker growth of III-V nitrides. For InN, very limited data ar
available~Mamutin, 1999; Paralaet al., 2001!. Paralaet al.
~2001! reported CVD growth of InN whiskers at 773 K on
sapphire substrate, with a thickness of 0.1–0.5mm and
lengths exceeding 10mm. These whiskers from the latte
reference have tips ending with indium droplets; the relat
intensity of the indium-phase reflections is similar to th
measured for our sample. The needles in our sample
more uniform in size and larger than these whiskers.

Results of laboratory experiments with crystallit
aligned in the sample holder plane and vertically to it a
shown in Figure 3. Numerical values of reflection intensit
are compared to the literature data in Table II. As shown
Table II, the data for a virtually randomly oriented powd
are consistent with earlier reported patterns. For the e
gated shape, one can assume that a considerable fracti
needles was aligned with the holder surface or along
grooves, causing dramatic changes in the measured pea
tensities.

Figure 3 shows that the dominant needle axis is@001#
~the strongest intensity increase relative to the random ca!,
while the side faces of the needles are mostly~100!, ~110!
and ~201!. A similar @001# whisker-axis orientation can b
deduced from the diffraction pattern by Paralaet al. ~2001!,
where the 002 reflection is particularly strong~whiskers tend
to grow vertically to the substrate surface!, cf. Table II. A
number of methods lead to whiskers or acicular crystals
AlN ~Tanakaet al., 1997; Zhouet al., 2000; Vaidhyanathan
et al., 2000; Bockowski, 2001!, and for GaN~Elwell et al.,
1984; Prywer and Krukowski, 1998; Mamutin, 1999!. The
present finding of@001# orientation of the long axis of InN
crystals correlates with the most frequently observed dir
tion reported for III-V nitride microcrystals. It is noteworth

Figure 2. Crystallites of InN~sample 3! seen under optical microscope i
transmission mode.
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that the growth of AlN whiskers may be affected by oxyg
impurity ~Miao et al., 1997; Wanget al., 2001!; the grain
shape in thin films is known to be dependent on the prese
of hydrogen~Lee et al., 1995!. Thus, it seems possible t
deduce the presence of certain impurities from the III-V
tride crystallite shape.

B. Lattice parameters and thermal expansion

A powder pattern collected at 105 K is shown as
example in Figure 1, together with the refined pattern. T
Rp andRwp factor values were in the ranges 5.0%–5.3% a
9.0–9.4, respectively, for the studied patterns at the end
refinement. The inset presents a low angle part of the diffr
togram illustrating the high quality of refinement of the i
dium secondary phase. The differential intensity plot sho
the good quality of the refinement. The intensities obser
in this study, which employed the Debye-Scherrer meth
marginally differed from those determined using Brag
Brentano diffraction geometry~cf. Table II!. This agreement
occurs despite the acicular morphology of the microcryst
showing that the efforts to minimize preferred orientatio
together with the preferred orientation correction applied
the refinement~for the Bragg-Brentano data!, were success-
ful. This conclusion is consistent with the lack of improv
ment when attempting to refine the preferred orientation
rameter for the studied sample.

The refined structural data of InN are given in Table I
Those at 295 K,a53.5377~2! Å and c55.7037~4! Å, are
consistent with earlier data~cf. Table I!. The room-
temperature lattice-parameter values of InN are ident
~within the error margins! to the data for the same samp
given in Ref. I. A comparison with the literature shows th
in general, there is a satisfactory agreement of lattice par
eters between the present and reported experimental and
oretical data determined at room temperature. In particu
the discrepancy with a sample independently prepared by
same method in another laboratory~Dyck et al., 1999! is
quite small~aboutDa50.001 Å,Dc50.003 Å!.

The value of the room temperature atomic positional
rameter, resulting from the refinement,u50.3769~13!, gen-

Figure 3. Powder diffraction patterns~collected using CuKa radiation! for
crystallites oriented randomly~lower curve! and in the axial~middle curve!
and parallel~upper curve! positions. The arrows mark particularly stron
reflections that indicate the dominant axis or face orientations.
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TABLE II. Intensities of selected Bragg peaks for indium nitride measured using different geometries. Abbreviations:I DS—intensity measured by a Deby
Scherrer method,I BB—intensity measured by a Bragg Brentano method, ‘‘face’’/‘‘axis’’—needles~whiskers! mounted parallelly/vertically to the sampl
holder surface, ‘‘random’’—sample preparation in a random way. ‘‘w’’ and ‘‘nd’’ denote weak and not detected peaks~respectively!. Intensities of reflections
that are particularly strong/weak in respect to the patterns of random samples~or calculated pattern! are indicated by underlinedbold/italic font. The numerical
data from the work by Paralaet al. ~2001! were evaluated from a figure in the cited paper.

h k l d ~A!

Calculated
~random!

~PDF 79-2498!

I BB ~random!
sample S3

~Paszkowicz, 1999!

I DS ~random!
sample S3
~this work!

I BB ~axis!
~Parala, 2001!

I BB ~axis!
sample S3
~this work!

I BB ~face!
sample S3
~this work!

1 0 0 3.065 37 44 34 35 137 181
0 0 2 2.853 32 41 31 74 187 25
1 0 1 2.700 100 100 100 100 100 100
1 0 2 2.088 17 24 19 7 w 22
1 1 0 1.769 22 50 30 23 50 108
1 1 2 1.503 19 40 31 9 nd 30
2 0 1 1.480 12 30 19 6 w 60
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erally agrees with the theoretical data obtained by the L
u50.3749 ~Besson et al., 1996!, by the PP method,u
50.3767~Muñoz and Kunc, 1993!, by the LDA and CGA
methods,u50.377 ~Stampfl and Van de Walle, 1999! and
u50.379~Zorodduet al., 2001!, ~note also the perfect agree
ment of the axial ratio with the experiment for the LD
case!, by the PWPP method,u50.3784~Wright and Nelson,
1995!, and by the HF method, alsou50.3784~Pauluset al.,
1997!. No published experimental data exist. Earlier repor
theoreticalu values for InN have been reviewed by Stam
and Van de Walle~1999!, they range from 0.375 to 0.38
~most frequently from 0.377 to 0.380!. Our experience for
InN shows that Rietveld refinement of laboratory Brag
Brentano data collected with poor statistics yields overe
matedu values of about 0.39–0.40, which tend towards m
reliable lower values if the statistics are improved.

The variation of InN lattice parameters with temperatu
is shown in Figure 4. The dependence is found to be smo
for botha andc. It can be satisfactorily approximated by th
following formulas:

a~T!53.5345~1!11.09~5!31025T, ~1!

c~T!55.6989~2!11.59~9!31025T. ~2!

The relative change of botha andc lattice parameters with
increasing~in the studied range! temperature is about 0.05%
Earlier data are also shown in Figure 4, including the unp
lished preliminarya(T) results~range 10–297 K! collected
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at the B2 beamline, Hasylab/DESY, Hamburg~Paszkowicz
and Knapp, 1999, hereafter referred to as Ref. II!, for another
indium nitride sample.

The axial ratio illustrated in Figure 3 smoothly decreas
with increasing temperature, confirming the tendency
served~in a larger range! in Ref. I. The observed decreas
rate is markedly smaller~relative change as low as 5
31025 in the studied temperature range, i.e., below the st
dard deviation of a single point! than that obtained from the
semiempirical model~Wang and Reeber, 2001!. The axial
ratio has been also studied for III-V nitrides as a function
increasing pressure at a fixed room temperature: a decr
of c/a has been found theoretically for AlN~Christensen and
Gorczyca, 1993! and experimentally for InN~Ueno et al.,
1994!. The decrease ofc/a with increasing bothp andT may
indicate that both these factors enhance the ionicity of
chemical bond in wurtzite-type III-V nitrides.

Relative temperature changes of the free structural
rameter,u, are of the order of 431024 with a decreasing
tendency on increasing temperature, but the variation
much smaller than the standard deviation of a single po
More certain detecting of systematic changes ofu with tem-
perature would perhaps be easier in a much larger temp
ture interval. As far as we know, the temperature effect ou
has not been experimentally determined for any of III-V n
trides. Only a pressure effect has been calculated. For I
Bessonet al. ~1996! have predicted thatu should increase
TABLE III. Rietveld refinement results: lattice parametersa andc, axial ratio,c/a, volume,V, and positional parameteru for wurtzite-type InN, anda andc
values for the In secondary phase as a function of temperature. Statistical refinement errors are indicated. Coefficients of polynomial fitting of all parameters,
Ai , are also given.

InN In

T a c c/a V u a c c/a V

105 3.535 55~18! 5.7005~4! 1.612 32~20! 61.710~11! 0.3773~13! 3.2377~3! 4.9342~7! 1.6965~3! 44.794~14!

135 3.536 09~18! 5.7013~4! 1.612 32~20! 61.738~11! 0.3775~13! 3.2387~3! 4.9368~7! 1.6981~3! 44.847~14!

175 3.536 40~17! 5.7018~4! 1.612 31~20! 61.754~11! 0.3774~13! 3.2409~3! 4.9391~7! 1.6982~3! 44.927~14!

215 3.536 77~18! 5.7023~4! 1.612 29~20! 61.772~11! 0.3771~13! 3.2446~3! 4.9398~8! 1.6952~3! 45.037~14!

255 3.537 23~18! 5.7029~4! 1.612 26~20! 61.796~11! 0.3770~13! 3.2495~3! 4.9390~8! 1.6895~3! 45.165~14!

295 3.537 74~18! 5.7037~4! 1.612 24~20! 61.821~11! 0.3769~13! 3.2549~3! 4.9371~9! 1.6821~3! 45.299~14!

A0 3.53449~11! 5.69894~19! 1.612 225~5! 61.656~6! 0.3777~1! 3.2390~8! 4.9187~4! 1.6797~11! 44.691~17!

A1 1.09(5)31025 1.59(9)31025 1.77(9)31026 5.5(3)31024 22.8(7)31026 25.0(8)31025 T 1.94(4)31024 2.44(12)31024 3.7(19)31024

A2 29.7(5)31029 3.54(20)31027 24.49(10)31027 28.0(3)31027 5.8(5)31026

A3 1.31(9)310211
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Figure 4. ~a! and~b! Dependence of lattice-parameters,a andc, on temperature for indium nitride~squares!. The solid lines represent polynomial fits of th
experimental data. Earlier experimental~Ref. I, Ref. II! and calculated~Wang and Reeber, 2001! data are included.~c! Dependence of the axial ratio on
temperature. Calculated data of Wang and Reeber~2001! are included for comparison.~d! Variation of the refined atomic displacement factors wi
temperature.
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with increasing pressure. A similar behavior has been ca
lated for AlN ~Christensen and Gorczyca, 1993!.

The data from Ref. II presented in Figure 4 were c
lected for several selected reflections, resulting in a ra
smooth dependence for lattice parametera, but highly scat-
tered points for lattice parameterc ~not shown!. ~A high scat-
ter of c values was also seen in Ref. I.! Thea~T! dependence
is flattened at low temperatures, below about 100 K. The d
of Ref. II are the first experimental indication that therm
expansion of InN tends to vanish at low temperatures. F
ther studies are needed to experimentally demonstrate
~expected! behavior for botha andc below ;100 K.

The TECs derived from the linear lattice parameters
pendencies are aa53.09(14)31026 K21 and ac
52.79(16)31026 K21. A comparison with literature value
is given in Table IV for a fixed temperature of 200 K. Th
temperature value was chosen because it constitutes
middle of the range studied in the present article. The res
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indicate that the thermal expansion in the basal plane
somewhat lower than that given in earlier papers, while t
in the c direction is confirmed. Nevertheless, as the num
of experimental points and the studied range were sm
further studies~possibly employing synchrotron radiation!
would yield more complete information on the thermal e
pansion of InN at low temperatures.

The lattice-parameter data~quoted in Table III! for the
indium phase exhibit the known nonlinear behavior,
shown in Figure 5. However, some discrepancies with
spect to the literature data were encountered. First, the la
parametera is larger while the lattice parameterc is smaller
than those reported by Wolcyrzet al. ~1981! and Flower and
Saunders~1990!. Second, the maximum at the temperatu
dependence of the lattice parameterc is shifted in relation to
the literature data~Wołcyrz et al., 1981; Flower and Saun
ders, 1990! by DT equal about 50 K towards lower temper
tures. Also, the temperature variation of the parametera is
TABLE IV. Comparison of experimental and calculated thermal-expansion coefficients at 200 K.

aa

(1026 K21)
ac

~1026 K21) Remarks Reference

3.45 2.72 experimental, nonlinear in the range 100–560 K Sheleg and Savastenko~1976!
3.501 2.526 calculated, nonlinear in the range 50–800 K Wang and Reeber~2001!
3.6~2! 2.6~3! experimental, approximation by constants in the range 100–673 K Paszkowiczet al. ~1999!
3.09~14! 2.79~16! experimental, approximation by constants in the range 105–295 K this work
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found to be somewhat different from the two literatu
datasets. Various factors may contribute to the above disc
ancies in behavior, such as impurities in the indium ph
~e.g., hypothetically dissolved nitrogen!.

The present temperature dependencies are smooth
the main phase as well as for the secondary phase. This
contrast to the results for InN obtained with the classi
laboratory equipment~Ref. I!, where insufficient counting
statistics as well as possible sample displacement with t
perature due to both, the sample holder construction
heating method, are thought to contribute to the obser
scatter of experimental points.

IV. SUMMARY

Lattice parameters and TECs for InN microcrystals
the temperature range from 105 K up to 295 K were stud
using X-ray powder diffraction at a synchrotron radiati
source. The shape and face orientation of the elongated
crocrystals were determined. It is shown that the domin
orientation of the long axis of the microcrystals is@001#
while those for the side faces are~100! and~110!. The lattice
parameters of the studied sample at 295 K area53.5377~2!
Å, c55.7037~4! Å. In the studied temperature range, t
TECs are aa53.09(14)31026 K21 and ac52.79(16)
31026 K21. The discussed dependencies of lattice para
eters on temperature confirm the trends indicated earlie

Figure 5. Dependence of lattice-parameters,a and c, on temperature for
metallic indium ~full squares!. The line represents a polynomial fit. Th
errors for thea parameter are smaller than the symbol size. Literature d
by Wołcyrz et al. ~1981! and Flower and Saunders~1990! are shown for
comparison~solid lines are a guide to the eye!.
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data measured using conventional equipment and those
tained from calculations based on a semiempirical mod
The free structural parameter,u, was experimentally deter
mined. Its value at room temperature, 0.3769~13!, agrees
with earlier theoretical predictions; its variation with tem
perature is not conclusive because the changes are m
smaller than the error margin. It may be concluded that
plication of a highly intense third-generation synchrotr
source combined with a 2D position sensitive detector
advantageous for studies of thermal expansion.
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