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Abstract. We have done energy-dispersive x-ray diffraction for liquid As, Sb, GeS, GeSe, 
GeTe, and found that there is a relationship between medium-range order (MRO) and the 
Peierls distortion (or charge-density-wave structure) in these liquids. The prepeak disappears 
when the Peierls distortion is suppressed. In this paper we explain the relationship between 
MRO and Peierls distortion in liquids by a tentative assumption that the prepeak could be a 
remnant of satellite peaks in the Peierls-distorted crystals. 

1.  Introduction 
Arsenic (As) is known to be a typical example that shows an A7 structure due to the Peierls instability. 
[1] Peierls distortion (or charge-density wave structure) is originally suggested by use of an one-
dimensional chain model shown in figure 1.[2] When the one-dimensional lattice [figure 1 (a)] is 
electronically half-filled as shown in (c), the system will show a Peierls instability, which leads to 
more energetically favourable structure (due to the change of the Fermi level) shown in (b). Since the 
valence-electronic configuration of group-V elements is s2p3 and the s electrons are deep in level and 
basically do not participate in the bonding, simple cubic (SC) structure [figure 1 (e)] could be thought 
of as an apparent stable structure because of the orthogonal nature of px, py, and pz electronic orbital. 
However, the Peierls distortion is thought to take place in x, y, and z directions, and the actual 
structure results in the A7 structure shown in (f), because electronic structure can be regarded as 
effectively that of three almost independent one-dimensional systems.[1] One can easily see that the 
short-long alternation is taking place in the three directions, x, y, z in (f).  

There is a well-known pressure-induced phase transition in crystalline As from A7 structure to SC 
structure.[3]. In liquid state, we have found that the same kind of pressure-induced suppression of the 
Peierls distortion takes place for liquid As as well as for liquid GeX (X=S, Se, Ge) compounds.[4] In 
this paper we shall explain the relationship between the medium-range order and the Peierls distortion 
in liquids from the ground up.  
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Figure 1. Schematic figures of the comparison of the crystal structure, the 
electronic configuration, and diffraction pattern between the states with and 
without Peierls distortion (right and left column, respectively). (a) One 
dimensional lattice. (b) Peierls-distorted one dimensional lattice. (c) and (d) 
show electronic configurations of (a) and (b), respectively. (e) Simple cubic 
structure. (f) A7 structure. (g) and (h) show the diffraction pattern without and 
with satellite reflection, respectively. (i) and (j) show the structure factor of 
liquids without and with prepeak, respectively. 

2.  Experimental  
We have carried out energy-dispersive x-ray diffraction experiments at MAX80 installed at the beam 
line NE5C at PF-AR, KEK, Japan and SPEED1500 installed at BL04B1 at SPring-8, Japan. The 
measurements are done at about 50K above the melting point at each pressure for each sample, except 
for the lowest pressure 1GPa for liquid As, which was measured just above the melting point to avoid 
the melting of the NaCl sample cell. Details of the methods of measurements and analysis are given in 
Refs. 5 and 6, preliminary results in Refs. 7 and 8, and main results in Ref. 4. 

3.  Results 
Figure 2 shows the low- k  part of the pressure dependence of the structure factor  for liquid As. 

Here  denotes the wave number. We note that the pressure dependence of wider region of  up 
to 10A-1 have been published in Ref. 7, and reliable data was taken up to at least 18.3 A-1 for each 
pressure. In figure 2, we observed a prepeak in low pressures which disappears at high pressures. At 
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lower pressure, importantly, Bellissent et al. published a sharper prepeak for the same liquid As.[9] 
We note in passing that prepeak is rarely seen in elemental liquids and the origin of the prepeak is 
often related to the concentration fluctuation in liquid multi-element compounds.[10]  

We also observed the same disappearance of the prepeak for liquid IV-VI compounds,[4] and at 
lower pressures Raty et al. published structure factor in which the prepeak was also observed and 
importantly it seems to be sharper and clearer.[11] For liquid Sb, we observed almost no prepeak, but 
we may say that there was some remnant. This result is consistent with the papers that suggest no 
Peierls distortion in liquid Sb [12] or very little distortion remains.[13]  

 

Figure 2. Low-  part of  of liquid As at 
high pressures.  

k )(kS

4.  Discussion 
Here we consider the physical meaning of the prepeak. The essence of the diffraction patterns of the 
not-distorted and Peierls-distorted crystalline structures are schematically shown in Fig.1 (g) and (h), 
respectively. The simplest explanation for figure 1 (g) is shown in figure 3: The Bragg reflection is 
caused by the optical path difference shown in figure 3 (a). When the path difference is equal to the 
integral multiple of the wave length, i.e.,  na sin2 , Bragg condition is satisfied. Here a denotes 
the distance of the periodicity in Fig.1 (a), 2  is the scattering angle shown in (b),  is the wave 
length of the x-ray we use in the experiment. The momentum conservation law in the scattering 
process is shown in figure 3 (b). Here the scattering is basically elastic, thus, , and it follows 

that . The relation 
if kk 

 /sin4sin2  ikk  na sin2  above then results in the Bragg condition 

an /2k  , which finally results in the scattering pattern in figure 1 (g). When the Peierls distortion 
takes place and charge-density-wave long-range order is nearly achieved, the periodic lattice distortion 
gives the satellite reflections around the Bragg peak as shown schematically in figure 1 (h), whose 
intensity, shape and width will depend on the domain size of the charge density wave.[14] In short, 
when the Peierls distortion takes place, the satellite reflection appears, and finally the Brillouin zone 
reduces down to half as shown in figure 1 (d).  

 

Figure 3. (a) shows the periodic structure and its optical path 
difference, and (b) shows the momentum conservation law in the 
scattering process, respectively.  
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In liquid state, the structure factor  could be regarded as a counterpart of the Bragg reflection 

[See figure 1 (g) and (i)]. Thus the pseudo Brillouin zone boundary is defined at , where  is 

the first peak position of . This concept could be naturally accepted when one reminds that the 
acoustic dispersion relation in liquids: The energy of the acoustic mode takes maximum at around 

 and minimum at around .[15] In this sense, the prepeak could be regarded as a remnant of the 
satellite peak for the Peierls distorted crystals [See figure 1 (h) and (j)]. In general, it has been 
suggested that the prepeak can be regarded to define a narrower pseudo Brillouin zone and the 
dispersion relation of the acoustic mode follows this narrower pseudo Brillouin zone when the prepeak 
exist, [16] and also the de Gennes narrowing of dynamic structure factor has been suggested at the 
prepeak position.[17]  
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In figure 2, we observed the prepeak disappears when the Peierls distortion is suppressed 
significantly. Here the suppression of the Peierls distortion can be judged by the pressure dependence 

of , where  and  are the first and second peak positions of the pair distribution function. 

That is, this ratio reduces down to 
12 / RR 1R 2R

2  at 9 GPa, and this result shows that the bond angle is nearly 90 
degree and that the Peierls distortion is almost suppressed at this pressure.[4] Our result in figure 2 
thus suggests there is a relationship between the prepeak and the Peierls distortion in liquid As. The 
same results for the compounds [4] also suggest the relationship. There may be a correspondence 
relationship between the charge-density-wave long-range order in Peierls distorted crystals and the 
medium-range order in Peierls distorted liquids.  

Furthermore, liquid As at low pressures are thought to be semiconducting [9] and the high pressure 
phase metallic.[18] We may say that the "Peierls distortion" scenario seems to naturally work, 
regarding such electronic nature as well as the structural changes. Although this might be a too 
simplified suggestion, and we note that the prepeak in figure 2 is small and does not appear at , 

we may also note that a sharper prepeak at lower pressure in Ref. 9 is observed at almost  [19] 
and our simple suggestion could be related to the nature of the issue “Peierls distortion” in liquids. 

2/1k

2/1k

5.  Conclusion 
We suggest from our diffraction measurements that there is a relationship between medium-range 
order and "Peierls distortion" in liquids. In this paper we suggested and explained a correspondence 
relation between the satellite peaks in Peierls-distorted crystals and the prepeak in Peierls-distorted 
liquids, as an attempt at interpretation of "Peierls distortion in liquids".  

Acknowledgement 
We thank S M Bennington, A C Hannon, R McGreevy, K Knight for collaborations in analysis and 
valuable discussions, H Abe, T Weller for valuable discussions, and T Higaki and M Sugisaki for their 
helpful collaborations in experiment. This study is supported by MEXT, Japan. 
 

References 
[1] See, for example, Burdett J K Chemical bonding in solids (Oxford University Press, 1995).  
[2] Peierls R Quantum Theory of Solids (Oxford University Press, 1955).  
[3] Haussermann U, Soderberg K, and Norrestam R 2002 J. Am. Chem. Soc. 124 15359, and 

references there in. 
[4] Chiba A, Tomomasa M, Hayakawa T, Bennington S M, Hannon A C and Tsuji K, Phys. Rev. B 

2009 80 060201(R). 
[5] Tsuji K, Yaoita K, Imai M, Shimomura O and Kikegawa T 1989 Rev. Sci. Instrum. 60 2425. 
[6] Funamori N and Tsuji K 2001 Phys. Rev. B 65 14105.  
[7] Chiba A, Tomomasa M, Higaki T, Hayakawa T and Tsuji K 2008 Journal of Physics: Conf. Ser. 

98 012011.  

Joint AIRAPT-22 & HPCJ-50 IOP Publishing
Journal of Physics: Conference Series 215 (2010) 012077 doi:10.1088/1742-6596/215/1/012077

4



 

 

 

 

 

 

[8] Tomomasa M, Higaki T, Hayakawa T, Chiba A and Tsuji K 2008 Journal of Physics: Conf. Ser. 
121 022007. 

[9] Bellissent R, Bergman C, Ceolin R, Gaspard J -P 1987 Phys. Rev. Lett. 59 661.  
[10] For example, Elliott S R 1992 J. Phys.: Condens. Matter 4 7661. 
[11] Raty J -Y, Gaspard J -P, Bionducci M, Ceolin R and Bellissent R 1999 J. Non-Cryst. Solids 

250-252 277.  
[12] Bichara C, Pellegatti A and Gaspard J -P 1993 Phys. Rev. B 47 5002. 
[13] Seifert K, Hafner J and Kresse G 1996 J. Non-Cryst. Solids 205-207 871. 
[14] See, for example, Rouziere S, Ravy S, Pouget J-P and Thorne R E 1999 Phys. Rev. B 59 15121. 
[15] See, for example, Cusack N F The Physics of Structurally Disordered Matter: An Introduction, 

(Adam Hilger; illustrated edition, 2003).  
[16] See, for example, Ribeiro M C C 2006 Phys. Rev. B 73 014201. 
[17] Tolle A, Schober H, Wuttke J and Fujara F 1997 Phys. Rev. E 56 809.  
[18] Li X -P 1990 Phys. Rev. B 41 8392. 
[19] Although the authours of Ref. 9 stated the prepeak position to be 1.38 A-1, their data in figure 1 

of Ref. 9 shows a prepeak around 1.2 A-1. 

Joint AIRAPT-22 & HPCJ-50 IOP Publishing
Journal of Physics: Conference Series 215 (2010) 012077 doi:10.1088/1742-6596/215/1/012077

5




