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Correlated Atomic Displacements in the Chemically Random 
Gal Jn,P Alloy. 
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PACS. 63.75 + z - Statistical mechanics of displacive phase transitions. 
PACS. 81.30Bx - Phase diagrams of metals and alloys. 
PACS. 82.20Wt - Computational modeling; simulation. 

Abstract. - Monte Carlo simulations of a chemically random Gal-,In,P alloy are carried out. An 
interatomic potential has been parametrized to fit first-principle total-energy calculations of 
various ordered GaP/InP structures. Using this potential, good agreement between predicted 
and measured properties of the Gal-,In,P alloy are obtained. This potential is then used to 
predict positions of atoms in Gal -,In,P yielding for the phosphorous 
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a perfectly random distribution of atoms, there exists a highly correlated static position 
distribution whereby the P atoms are displaced deterministically in certain high-symmetry 
directions. The unusual diffraction features observed [ 121 in nominally random bulk 
Gal -,In,P alloy could therefore reflect correlated atomic displacements, as suggested by 
Glas[13]. We further find that as the temperature is raised, the static (111)-type 
displacements are smeared out, while the (100) displacements persist. Dynamic simulations 
show that the root-mean-square (r.m.s.) displacement 0 obey GI, > up > UGa.Tc 
11.8 0 0 11.6  0 11.
385

attribute this minor variation to the strong vibrational coupling between anions and cations 
resulting from the existence of strong bonds. 

The excess configurational energy is modeled here by a modified Keating VFF[7] 
potential by adding three more parameters to the 3-body interaction term [8]. Their values 
have been determined by fitting the excess total energies of 25 superlattices (Gap), /( InP), 

to those calculated by the first-principle density-functional formalism [9] using simulated 
annealing optimization. We find the following results: 

i) Figure la) shows the calculated average In-P and Ga-P nearest-neighbor bond 
lengths vs. composition, confirming the well-known [ 11 bimodal distribution. The average 
bond length change AAC = 



A. 
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(Ga, In) reside on the ideal f.c.c. sites and that the P-centered Ga4-,In, ( n  = 0, ..., 4) 
tetrahedra occur a t  composition x with the random Bernoulli probability 

There are fifteen positions that the P atom can take which are deduced from the geometries 
of the Ga4-,In, tetrahedra. The P atom is assumed to deviate from its zincblende site toward 
the direction of the shorter bonds according to the specific nearest-neighbor cases. The above 
deviations determine the atomic locations, while their probabilities are determined by the 
Bernouilli distribution (eq. (1)). Figure 3 compares the plane projected deviations of the 
direct simulation for the Gao.61no.5P random alloy at  T = 0 with the projections of the model 
(after broadening the displacements by a Gaussian). It is clear that the simple model 
reproduces the essential physics. Thus, the static deviations of the P atoms are affected 
mostly by the nearest-neighbor geometries. 

To calculate the time-average probability of the atomic displacements we apply an MD 
algorithm to our T-VFF potential. The time-averaged position probability obtained by MD 
calculations will have a minimum at  the bottom of the potential surface, where the static 
displacements (obtained by energy minimization) have a maximum probability (fig. 2). 
Gal-,In,P samples of 512 atoms were used in the calculations and the initial In/Ga 
substitution was chosen randomly according to the required composition. Then, an MC 
algorithm was applied to equilibrate the atomic positions at a temperature T = 300 K using 
the T-VFF potential. The time evolution of the atomic coordinates was calculated using the 
Gear algorithm [16]. 500 MD cycles were used for initial equilibration and then the average 
displacements of the atoms were calculated for 2400 additional MD cycles. The r.m.s. average 
displacements defined as 

c [Uj - U, (t,)I2 
(AU)j  = /? (2)  

were calculated separately for each atom in the sample. Here U,  ( t i )  is the position of atom j at  

Fig. 3. - Comparison between the results of the MC simulations and the simple model for the 
displacements (at T = 0) of P atoms in a chemically random Gao,51no,5P alloy. The displacements are 
presented in three projections (loo), (110), and (111). 
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the instant ti = i At ,  and is the time-averaged position of atom j given by q. = 

= ( l / n )  2 U, (ti). The above algorithm was applied for 100 different initial random atomic 
configurations and the average r.m.s. displacements for each species a were calculated. The 
MD results are shown in fig.4. We observe the following: 

i) In the pure GaP and InP binaries the anions and cations have similar mean-square 
dynamic displacements (MSDD) in agreement with Garbulsky and Ceder [171. 

ii) The cation MSDD increases monotonically with In composition. This can be 
explained as follows: we saw in fig. la) that the Ga-P bond length in In-rich alloys is longer 
than the same bond in pure Gap, thus, in the alloy environment, the shorter of the two bonds 
(Ga-P) elongates, while the longer of the two (In-P) shortens. Since vibrational frequencies 
decrease with bond elongation, this means that a)  bond relaxation reduces the frequency 
difference w In-P - w Ga-P in the alloy relative to  the pure binaries, b)  the vibrational frequency 
of dilute alloys (e.g., the Ga-P mode in In-rich alloys) is close to the vibrational frequency of 
the pure complementary compound (here pure Gap), as 



t h a n k s  N R E L  f o r  h o s p i t a l i t y .  W e  t h a n k  

D r s .  S.-H. W E I  f o r  p r o v i d i n g  t h e  L A P W  r e s u l t s  a n d  J. T E R S O F F  f o r  d i s c u s s i o n s .  

( l )  W e  o b t a i n e d  t h e  followin r.m.s. d i s p l a c e m e n t s  f o r  t h e  b i n a r i e s  Z n T e  a n d  C d T e :  U,, (ZnTe) = 
= 0.071 A, UT, (ZnTe) = 0.060 6, U,, (CdTe) = 0.065 A, and (CdTe) = 0.080 A. These should be 
compared with the experimental results of Comedi and Kalish Uz,(ZnTe) = (0.125 i 0.01)8, 
UT,(ZnTe) = (0.095 2 o.ol)A, UT,(CdTe) = (0.135 f o.ol)k, and UCd(CdTe) = (0.155 ? 0.01)A. We 
observe that although there is a factor of about 2 between these experimental results and ours, the 
trend in the relations between the anions and cations is reproduced. 
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