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L- ~ 1. Phys.: Condens. Matler 5 (1993) 6149-6154. Printed in the'UK 

Lattice dynamics of a-quartz: I. Experiment 

D Straucht and B Domert 
t lnstitut fur Themetkche Physik. 7Jniuenit;i. 0.93053 Regensburg, Federal Rephlic of 
Germany 
$ lnstitut he-Langevh, F-38042 Grenoble Cedex, France 

Received 22 April 1993. in find form 16 June 1993 

Abstract. Using inelastic neutmn scattering we have determined seven out ofthe nine dispenion 
branches of each of the A I ,  A2 and A3 representations far waveve~tors along the threefold screw 
axis as well as the 13 branches of the TI symmetry along the twofold axis. Sfrong dispersion 
o m r s  even in s a n e  of the highest-frequency branches. 

1. Introduction 

The bonding between silicon and oxygen is a subject of continuing interest, both from the 
experimental and theoretical points of view. On the one hand, Si& exists in the glass state 
as well as in a variety of crystalline phases, and considerable effort is devoted to the study 
of these phases as well as their transitions [1,2]. On the other hand, oxygen is the primary 
impurity in amorphous as well as crystalline silicon, and total-energy calculations [3-51 
have shown that the 3-0-Si bonds of the oxygen impurities in silicon networks are very 
similar to the ones in crystalline and amorphous SiO2. As the bonding is reflected in the 
vibrational spectra we undertook a detailed study of the lattice dynamics of e-quartz as a 
representative of an Si02 network. 

Inelastic neutron scattering experiments have been carried out previously by Elcombe 161 
in the A direction (r-A) and by Domer and co-workers [7] in the T (T-K-M) and C (r-M) 
direction. The Brillouin zone of quartz with the standard notation of special points is shown 
in figure I. These experiments had been restricted to frequencies below 8THz. Joffrin and 
co-workers 181 have investigated the long-wavelength acoustic modes in the r-A direction, 
and Boysen and co-workers [9] have studied the soft modes at the M point. The dynamics 
near the w-fl phase transition has been investigated by Bethke and co-workers [I]. We have 
extended the measurements in the A and T directions up to the highest frequencies. The 
experimental details will be given in section 2. Section 3 contains the results. 

In the course of the present experiments it has turned out that the higher-frequency 
modes are rather poorly reproduced by previous model predictions [6,10,11]. A preliminary 
account of this work has been published elsewhere [U]. 

2. Experiment 

The experiments have been performed on the inshument IN8 for frequencies up to 22THz 
and on IN1 for frequencies between 740THz. For the lower frequencies IN1 was used 
mainly when a large momentum "fer was required Constailt-Q scans have been recorded 
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Figure 1. The upper half of the Brillouin mne of quartz with slandard notation: after B m n  
and co-workers 1101. 

with the final momentum fixed at kr = 4.1 A-' (IN8) and kr = 6.2.k' (INl). Various 
collimations have been used in order to achieve a satisfactory resolution over the whole 
energy range. A graphite filter was mounted in front of the analyser of the instrument IN8 
in  order to reduce higher-order contamination. 

The hydrothermally grown crystal~of cylindrical shape (5 cm height, 4 cm diameter) was 
mounted in a Displex cryostat and kept at about 20K. At this temperature ihe background 
(multiphonon) scattering was drastically reduced as compared to that at room temperature. 

With three SO2 formula units in the primitive cell of quartz there are 27 phonon 
branches. Symmetry selection ~ l e s  can be employed. and for momentum m s f e r  in the 
r-A (2) direction the phonons of either one of the A , ,  AI or A? representation (nine 
branches each) contribute to the cross section; similarly, for momentum transfer in the T-K 
(x) direction phonons of Ti symmetry (13 branches) contribute to the cross section, while 
the 14 branches of T2 symmehy are invisible. 

The data have been analysed by a least-squares Gauss plus constant-background fit. The 
peak centre has been taken as the phonon frequency. and the peak width times height as the 
scattering intensity (up to a normalizing factor). The frequencies are given in tables 14. 

Table 1. A ,  phonon frequencies (in THz) in a-quam a1 20K for wavevectors q = [O.O.el 
along the r-A direction (IO. 0. 0.51 is the mne boundary). 

t- VI U3  U4 U5 U6 r? vs U 9  

0.0 - 6.53 10.4 12.36 14.09 15.80 - 32.48 36.70 
0.1 - 6.56 9.94 12.10 13.99 16.40 - 32.39 - 
0.2 2.10 6.64 9.21 12.50 14.00 16.77 - 32.46 - 

.. . 

0.3 2.91 6.40 8.52 12.66 13.92 16.96 - 32.45 36.76 
0.4 3.31 - 8.09 12.75 13.87 17.21 - 32.48 36.59 
0.5 3.71 - 8.12 12.80 13.93 17.57 - 32.48 36.41 

In inelastic neutron scattering experiments only limited attention is often given to the Q- 
resolution of the instrument. The underlying idea is that the gradient of the dispersion surface 
as well as the accompanying structure factor change only little within the volume defined 
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Table 2. A? phonon frequencies (in THz) in or-quam at 20K for wavevedm q =~ 10, 0. $1 
along the T-A direchon. 

! "1 U2 U3 U4 vs vs Y us Y9 

~. 0.0 - 3.84 7.95 11.82 13.50 20.91 23.85 32.16 34.86 
0.1 - 3.76 8.26 - - 20.23 -- - 35.29 
0.2 1.86 3.71 - - - 19.57 - - 35.55 
0.3 3.30 3.82 8.38 - - -  18.88 - - - -~ 35.82 
0.4 3.70 4.38 8.42 13.14 14.W 18.12 - - ~ 36.15 
0.5 3.77 - 8.12 12.80 . 13.93 17.57 ' '  - ' 32.48 36.41 

Table 3. A3 phonon frequencies (in THz) in =-quartz at 20K for wawvedan q = [O, 0.51 
along the r-A direction. 

e U1 Y U 3  V4 U5 u s ' -  Ul vs U9 

0.0 ~ - 3.84 7.95 11.82 13.50 20.91 23.85 32.16 34.86 
0.1 0.81 4.05 7.80 11.58 13.55 21.86 - , - 34.57 
0.2 125 4.32 - 11.58 13.24 2228 - - 34.22 
0.3 1.47 4.69 6.80 ~ 11 .62 '  12.87 23.19 23.67 - 34.07 
0.4 1.53 5.13 6.40 11.89 12.57 23.15 23.54 - 33.92 
0.5 1.90 5.15 6.07 12.31 12.60 23.45 - - 33.94 

Table 4. TI phonon frequencies (in THz) in or-quartz at 20 K for wavwedors q = [e,  0.01 
along the T-K-bl dimnon ([0.5,0,01 isIhe M-point). 

6 Vl ~ U2 Y v4~ .. ,VS V6 U7 VU u9~ ~ VI0 VI1 , W? V13 

0.0 - 3.84 6.21 7.95 10.68 12.03 13.92 15.27 20.91 2421 32.55 34.86 37.05 
0.05 - - - 8.12 10.76 12.16 14.1 16.09 - -~ 32.66 35.50 37.40 
0.10 1.95 4.52 6.53 8.55 10.13 12.43 13.90 16.10 - 24.60 32.74 35.00 37.10 
0.15 - - 6.60 8.94 9.83 12.80 13.73 16.15 22.13 24.53 - - - 
0.20 3.W ~ 5.66 6.79 9.08 10.00 12.63 13.64 16.29 22.08 24.75 32.66 35.50. 37.00 
0.25 - 6.05 6.86 8.77 10.60 12.40 13.78 16.70 2231.24.88 32.54 36.13 - 
0.30 3.81 6.17 6.83 8.79 11.21 ~12.22 13.88 16.94 22.60 24.60 32.60 35 .50 ' -  

0.40 4.27 5.90 7.06 - 11.12 12.39 14.18 18.67 22.43 24.29 32.63 35.00 - 
0.45 - - 7.26 - .~ 10.59 12.60 14.27 19.10 21.90 24.35 - - - 
0.35 - . 6.13 6.9 - 11.60 12.00 14.13 17.70 2250 24.29 - - - 

0.50 4.29 5.48 7.22 - 10.30 12.76 ' 14.20 19.30 21.60 24.50 33.00 35.W - 

by the resolution ellipsoid. However, this assumption is only justified under the condition 
that the size of the ellipsoid is very small  on the scale on which the eigenfrequencies and 
eigenvectors change appreciably. ?Lpically, the latler scale is given by the size of the 
Brillouin zone. "hits condition was only poorly fulfilled in ow measurements in particuh 
on IN1. leading to a small Q-dependent shift in the measured frequencies. As this effect 
inffuences the errors of the absolute value of the measured frequencies we consider an 
accuracy of 0.2THz appropriate for most of the data points, although relative errors of 
frequencies determined at neighbouring points in reciprocal space are smaller. We have 
used the calculated instrumental resolution to determine close-lying frequencies even if 
they are unresolved in the experimental specaa. We have not been able ta determine 
all of the branches near 23 and 32THz in the A direction for reasons of lack of sufficient 
scattering intensity. The missing branches have eigenvectors whose components are oriented 
predominantly peqxndicular to the A direction. In the geomehy Q parallel to the A 
direction, which provides the selection rules mentioned above, these branches show therefore 
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3. Results 

The resulting dispersion curves are shown in figures 2 and 3, where the extended zone 
scheme is used for the phonons of A symmetry. The low-frequency poltion is in close 
agreement with the room-temperature data of Elcombe [6] and Domer and co-workers [71. 
The frequencies at the r p in t  are slightly different from the optical data [13-15]. 

-0 -0 -. -c -a 

_ _ - -  -.-e-. " - 

40.0,-i r A r A 

Wave ~ector<[2x/c] 

Figure 2. Dispnion curves of u-quartz at 2OK for the r-A direction. Symbols: experimental 
frequencies. Curves: theoretical results from shell model SM(4) (see the following paper). An 
extended-zone scheme is used to plot lhe dispenion curves for the three different irreducible 
representations separately. 

Contrary Io model predictions [6,10,111 some of the phonon dispersion curves in the 
high-frequency region exhibit a very strong dispersion. Likewise, model and experimental 
scattering intensities are at variance. 

The scattering intensities indicate numerous areas in the energy-momentum space where 
there is an eigenvector exchange between different branches. Details will be discussed in 
the. following paper [16], where the experimental dispersion curves will be analysed in terms 
of various models. As a result, quartz will turn out to be a strongly ionic crystal. 
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Figure 3. Dispersion culves of a-qwm at 20K for the r-K-M direction. Symbols: 
experimental frequencies: closed drcles. Ti representation; opm circles. T2 representation (taken 
fmm Domer and co-workers PI). Curves: theoretical results from shell made1 SM(4) (see the 
following paper); - TI representation; . . . . . . T2 representation. 
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