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Abstract. Some possibilities of s tudying real microscopic 
s t ructures by x-ray kinetic techniques are considered. 
Tak ing var iable-composi t ion P d - W alloys as examples, 
a compara t ive t ime dependence analysis of the x-ray 
diffraction pa t t e rn (i. e. of the intensity and width of 
diffraction max ima) is carried out for p a l l a d i u m - m e t a l 
alloys relaxing after hydrogen sa tura t ion . It is shown tha t 
the dependences are of n o n m o n o t o n i c — at some relaxat ion 
stages, of oscil latory — character . Analysis indicates tha t 
these dependences are due to the self-organisation effect 
opera t ing dur ing the diffusion evolut ion of an alloy 
s t ructure having submicroscopic heterogeneity. The self-
organisa t ion mechanisms most likely for a system of local 
shor t - range order regions, hydrogen-conta in ing clusters, 
defects, and hydrogen a t o m s are considered. Classes of 
mater ia ls al lowing such p h e n o m e n a are discussed. 

1. Introduction 
The p h e n o m e n o n of self-organisation, which is the subject 
of synergy, is k n o w n to occur in var ious systems in physics, 
chemistry, biology, sociology, etc. [1] where behaviour is 
characterised by a n u m b e r of posit ive-feedback h y d r o -
dynamic modes ; it is the feedback p rope r ty which gives rise 
to self-organisation. (By a hyd rodynamic m o d e is meant , 
convent ional ly [1, 2], a long-wavelength collective fluctu­
at ion cor responding to the coherent mo t ion of a large 
number of microscopical ly long-lived particles.) F o r a 
coherent self-organisation regime, it is necessary tha t the 
cont ro l pa ramete r determining the sys tem's phase d iagram 
posi t ion becomes supercritical. As a result, the system 
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undergoes a bifurcation t ransi t ion and its behaviour 
changes character dramatical ly . In the simplest case of 
phase t ransi t ions , the cont ro l pa ramete r is the t empera tu re , 
the hyd rodynamic modes are related to the order p a r a ­
meter and the associated field, and the sys tem's 
rea r rangement reduces to its order ing [3]. 

The aim of the present paper is to consider and analyse 
evidence [4, 5] for self-organisation processes in hyd rogen-
conta in ing crystal alloys. As far as semiconductor electronic 
subsystems are concerned, synergetic effects have long 
a t t rac ted a t tent ion [6]. These effects are characterised by 
relatively short t ime scales of the order of the Maxwel l 
re laxat ion t ime. As can be seen from Section 2, the 
characterist ic t imes considered here are of the order of 
several days. This suggests tha t the self-organisation effects 
here are due to slow diffusion-assisted a tom redis t r ibut ion 
processes acting in a solid dur ing s t ructura l t r ans fo rma­
t ions. It seems obvious at first tha t crystal s t ructure defects 
should be considered separately. A systematic s tudy [7] 
shows, however , tha t a defect is an autolocalised region 
which has unde rgone a s t ructura l t rans format ion , so the 
characterist ic behaviour of defects is determined only by 
their dimensional i ty and by the n a t u r e of their spatial 
dis t r ibut ion. 

Synergetically, the dist inguishing feature of such t r a n s ­
format ions is tha t they are generally reached by the simplest 
scenario of a l l — b y a phase t ransi t ion. The set of h y d r o -
dynamic modes then reduces to a single degree of freedom 
whose ampl i tude is characterised by the order pa ramete r , 
which completely specifies the behaviour of all the r ema in ­
ing degrees of freedom (hierarchy principle) [1]. As for m o r e 
complex scenarios (of B e l o u s o v - Z h a b o t i n s k i i react ion 
type), these seem to be extremely unlikely in solid 
s t ructura l t rans format ions . This, however , is only t rue if 
the latter proceed homogeneous ly , wi thout giving rise to 
localised regions of a new phase , to defects, etc. A real 
exper imental s i tuat ion is generally much m o r e complex: the 
regions, or nuclei, of the new phase m a y be distr ibuted in a 
he te rogeneous way in the volume; a s t ructura l t r ans fo rma­
t ion m a y involve considerable lattice dis tor t ions, which lead 
to defect mult ipl icat ion dur ing the mot ion of the interface 
b o u n d a r y ; etc. [8]. It is well k n o w n tha t even as few as two 
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defects m a y give rise either to self-oscillations [9] or 
au to catalytic defect mult ipl icat ion [10]. This raises the 
quest ion of whether we can have a nontr iv ia l self-organisa­
t ion scenario in which some of the hyd rodynamic degrees of 
freedom result from s t ructura l t r ans format ions and some 
from the redis t r ibut ion of the crystal s t ructure defects. 

Basically, such a scenario resembles the following. First , 
the process mus t develop in t ime, and this requires a s tudy 
of the t ime behaviour of the x-ray diffraction pa t t e rn , i. e. of 
the x-ray diffraction kinetics. Second, since such a scenario 
must also involve defect redis t r ibut ion, the x-ray diffraction 
analysis must include the measurement of the intensity and 
width of the diffraction maxima . Third , the object under 
s tudy mus t be a microhe te rogeneous system of regions of 
different composi t ion . 

In this connect ion, to observe the self-organisation 
scenario out l ined above it is necessary to apply a special 
me thodo logy which includes the search for: 

(a) suitable objects in which submicroheterogenei t ies on 
abou t a mesoscopic scale m a y be expected to exist; 

(b) some influences capable of enhancing or diminishing 
the heterogeneit ies, and 

(c) investigation techniques al lowing the s tudy of no t 
only the defect s t ructure per se, bu t also those of its t ime 
dependent characterist ics amenab le to a p roper c o m p a r ­
ison. It is this app roach which was taken in Refs [4, 5]. 

The choice of the system is explained in the following 
way. On the one hand , it was k n o w n [11, 12] tha t the P d - W 
system with W content of abou t 10 a t .% has local shor t -
range order . This appears as regions a few nanome te r s in 
size which are most p robab ly ordered as P d 5 W and hence 
are tungsten enriched. Their vo lume fraction is 1 0 _ 1 , and 
they stabilise if there are excess vacancies to compensa te for 
the order ing- induced lattice expansion (for m o r e details, see 
I~6 in Ref. [3]). Clearly the appea rance of these regions 
depletes the remain ing pa r t s of the crystallites of tungsten. 
On the other hand , it was k n o w n tha t in view of the s t rong 
P d - H affinity (discovered back in Ref. [13]), the hydrogen 
sa tura t ion of pa l lad ium causes a first-order, i somorphic 
a —> ft t r ans format ion accompanied by a marked lattice 
expansion (the a phase here is a h y d r o g e n - F C C pa l lad ium 
solid solution with no m o r e t han 0.02 hydrogen a toms per 
pa l lad ium a tom; the ft phase is the same nons to ichiometr ic 
solut ion, bu t with no less t han 0.6 hydrogens per pa l lad ium; 
the lattice per iods are 3.892 and 4.025 A, respectively; the 
concept of a meta l -hydrogen alloy as an alloy with no 
definite s toichiometry was in t roduced in Ref. [14]). Cycling 
the ' sa tura t ion-degass ing ' process generates powerful fields 
of defects such as vacancies, dislocation loops, pores , etc. 
[15]. As a result, the P d - W alloy thus repeatedly sa tura ted 
with hydrogen possesses a he te rogeneous s t ructure of 
mesoscopic local shor t - range-order regions ( L S R O R s ) 
while at the same t ime being a he te rophase mixture of 
the a phase with mesoscopic phase regions tha t vary in 
their defect and H-interst i t ia l content . Since hydrogen is 
practical ly insoluble in tungsten , it m a y not be a b u n d a n t in 
an L S R O R . This indicates, first, tha t p a l l a d i u m - t u n g s t e n 
alloys are highly he terogeneous no t only in composi t ion bu t 
also in hydrogen affinity and, second, tha t this he t e ro ­
geneity m a y be varied by sa tura t ing the mater ia l with 
hydrogen . Thus , the appl icat ion of the hydrogen sa tura t ion 
me thod m a y either enhance or diminish heterogeneity. 

F r o m the methodologica l s tandpoin t , the studies in 
Refs [4, 5] m a y be characterised as follows: 

(a) the pr incipal characterist ics measured were the t ime 
dependence of the intensity and width of the x-ray 
diffraction max ima ; 

(b) measurements were carried out for a long per iod of 
t ime (up to three and a half m o n t h s after each 'hydrogen 
d i s tu rbance ' of the sample) and at strictly prescribed t ime 
intervals; 

(c) in addi t ion to the diffraction pa t t e rn from the 
samples under study, scattering from cont ro l samples 
with t ime-constant diffraction characterist ics was studied. 

In Section 2 we present x-ray da ta which show tha t the 
system described above has a very nontr iv ia l synergetic 
behaviour . Namely , it displays bea t s caused by oscillatory 
modes of different per iods associated with the per iodic 
vacancy redis t r ibut ion between the phase region and 
L S R O R s on the one hand , and between s tructures such 
as pr ismat ic dislocation loops on the other . Section 3 
presents a synergetic analysis of such behaviour . It is 
found, in par t icular , tha t the volume-averaged values of 
the tungsten and vacancy concent ra t ions play the role of the 
cont ro l pa rame te r s of the system. The var ia t ion of the 
concent ra t ions leads to the bifurcation of the oscil latory 
regime into a re laxat ion one and vice versa. 

2. Experimental data 
Exper imenta l da ta were obta ined mainly by x-ray measu re ­
ment s in Refs [4, 5]. The electrolytic sa tura t ion and x-ray 
techniques are described in detail in Refs [ 1 6 - 1 8 ] . A 
special check was m a d e to see if hydrogen a t o m s pene t ra te 
the sample vo lume th roughou t . F o r the P d - 1 1 . 3 at .% W 
alloy, the electrolytic sa tura t ion t ime was 15 min for a 
current density of 80 m A c m - 2 . The hydrogen sa tura t ion 
regimes for the P d - 7 a t .% W alloy are shown in Table 1. 
The integrated intensity, width, posi t ion, and profile of the 

Table 1. Square of the width of the diffraction maximum (400), in 
degrees squared. 

Sample Degassing Deformed Annealed 
state t ime /h sample sample 

Initial state — 0.689 0.223 

First hydrogen 0 0.796 0.340 
saturation 24 0.776 0.425 
(40 mA c m - 2 , 15 min) 48 0.278 

140 0.776 — 

240 0.764 — 

430 — 0.402 

Second hydrogen 0 0.796 0.336 
saturation 24 0.776 0.140 
(80 mA c m - 2 , 15 min) 48 0.776 — 

72 0.336 
170 0.776 

700 — 0.402 
1200 0.764 — 

3500 0.780 — 

Third hydrogen 0 — 0.535 
saturation 24 — 0.535 
(80 mA c m - 2 , 30 min) 170 — 0.418 

800 — 0.472 
2500 — 0.518 
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diffraction max ima were measured with the x-ray diffract-
ometer D R O N - U M 1 using m o n o c h r o m a t i c C u K a 

rad ia t ion . Scat ter ing on cont ro l samples (fused quar tz , 
annealed a luminium, and pa l lad ium) was also system­
atically measured . 

Evidence for a n o m a l o u s behaviour was first found [4] in 
the P d - 7 at .% W alloy. The quan t i ty studied was the t ime 
dependence of the square of the width of the diffraction 
m a x i m u m (400) for the process of degassing of a hydrogen 
presa tura ted sample. The latter was t aken as either 
deformed (following lapping and polishing) or annealed 
(at 500 °C for 2 h). F r o m Table 1 it is seen tha t the 
hydrogen sa tura t ion leads to b roaden ing of the m a x i m u m 
because of the increased defect density. In general, in the 
course of the subsequent degassing the defect content first 
decreases (ord inary re laxat ion) , then anomalous ly increases 
and ul t imately stabilises. The behaviour of the annealed 
sample once sa tura ted is even m o r e surprising: here the 
defect content also first increases, then d rops to be low its 
initial value, and then again increases to sa tura t ion . In other 
words , P d - 7 at .% W m o r e often exhibits an oscillation of 
abou t half a per iod, bu t in the annealed sample which was 
only once sa tura ted with hydrogen , a full per iod m a y 
sometimes occur. 

Clearly, the above experiment does no t necessarily imply 
the occurrence of an oscil latory regime in the sys tem's 
behaviour . Ra the r , the discovery of the n o n m o n o t o n i c 
p rope r ty s t imulated the search for an alloy with such a 
composi t ion and such p re t rea tment and hydrogen sa tura t ion 
regimes as would m a k e oscil latory behaviour possible. The 
answer was that , first, the tungsten content should be 
increased to 11.3 at .% W and, second, sa tura t ion should 
be repeated. 

A content analysis for var ious types of defects was 
carried out by compar ing the diffraction max ima (400) and 
(200). F o r the former, the increase in intensity is k n o w n [19] 
to be due pr imar i ly to the appea rance of so-called defects of 
the first class, which include vacancies, small-size disloca­
t ion loops and other equiaxial microscopic-scale s t ructures 
(clusters)t . On the other hand , the decrease in the intensity 
7(200) is due pr imar i ly to extinction effects, which reflect 
the reduct ion in the degree of disor ientat ion of the mosaic 
s t ructure and possibly the growth of its b locks (the defects 
of the first class affect 7(200) much less t han they do 7(400)) 
[19]. Wi th this in mind, we studied the t ime dependence of 
the intensity rat io 7 (400)/7 (200) taken in the semilogari th-
mic scale. I ts form after the third hydrogen sa tura t ion is 
shown in Fig. 1. 

It is seen tha t after two days there is a m a x i m u m , 
cor responding to the min imal concent ra t ion of the defects 
of the first class. The next three distinct max ima are 
found 7, 14, and 21 days after the first one. This stage 
of re laxat ion clearly displays periodici ty even t hough the 
curve in Fig. 1 is no t ha rmon ic . Ano the r obvious feature is 
the f luctuation abou t the oscillating line. After the second 
sa tura t ion , the first m a x i m u m in the curve was also seen 
after two days. The subsequent evolut ion was however less 

f According to Ref. [18], defects are classified based on the value of 
the exponent n in the relation a oc r~n, where a are the stresses the 
defect produces at a distance r away. Defects of the first class, which 
act to reduce the intensity of diffraction maxima, have n > 5/2 (e.g., 
for vacancies n — 3). Defects of the second class, for which n < 5/2 
(for a rectilinear dislocation, n — 1) wash out the maxima. 

7(400) 
17(200) 

- 0 . 8 -

90 r /days 

Figure 1. The time dependence of the logarithm of the intensity ratio 
of the diffraction maxima (200) and (400) in the process of degassing 
of a P d - 1 1 . 3 at.% W alloy subject to three hydrogen saturations. 

clear than after the thi rd sa tura t ion . N o t e tha t an increase 
in defect concent ra t ion soon after hydrogen sa tura t ion was 
also seen in the P d - 7 a t .% W alloy. 

28 days after sa tura t ion the character of the diffraction 
pa t t e rn alters sharply in tha t the diffraction lines n o w 
display a s t rong b roaden ing . If the (400) line in annealed 
Pd is 0.40° wide (which m a y be t aken as an ins t rumenta l 
width) , and if for those P d - W alloy states which maximise 
its intensity we have 0 .53° -0 .55° , then at the instant of its 
sudden b roaden ing values of 0 .85° -1 .1° are reached. Thus , 
after 28 days the diffraction b roaden ing is 3 to 5 t imes 
greater t han usual . This is clearly seen in Fig. 2, where the 
m a x i m u m profiles for the following states (marked by 
a r rows on the t ime axis of Fig. 1) are represented: 
(a) the min imum in the t ime dependence of 
7 ( 4 0 0 ) / / (200) before the fourth m a x i m u m ; (b) the fourth 
m a x i m u m : (c) the state cor responding to the m a x i m u m 
smearing of a diffraction m a x i m u m ; (d) the first m a x i m u m 
on leaving the state of the m a x i m u m smearing of the 
diffraction m a x i m u m ; (e) the state emerging three weeks 
after the preceding state. The diffraction profiles of Fig. 2 
show clearly tha t a few days after three oscillation per iods , 
an a n o m a l o u s b roaden ing of the diffraction profile occurs 
(dash-dot line). The diffraction profile then na r rows again, 
and the value of 7(400) /7(200) again oscillates in t ime. At 
this stage the oscillation becomes stochastic, however . 
A b o u t a m o n t h after their first b roaden ing stage is over, 
the lines start b roaden ing again, and this lasts four days. 
After tha t the diffraction profile n a r r o w s again. 
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7(400) 

104° 

Figure 2. Diffraction profiles for characteristic instants during the 
degassing process (29 is the scattering angle). 

Thus , as the hydrogen-sa tu ra ted P d - 1 1 . 3 a t .% W alloy 
relaxes, the intensity rat io I ( 4 0 0 ) / / (200) first increases and 
then enters the stage of a near ly per iodic var ia t ion, to be 
followed by the s t rong b roaden ing of diffraction maxima . It 
should be no ted tha t in the latter case the integrated 
intensities cannot be measured proper ly because of the 
loss of the 'wings ' extending far away from the line. The 
na r rowing of the max ima gives way to an aperiodic 
intensity var ia t ion, and then again the lines b r o a d e n and 
na r row. 

3. Analysis of experimental data 
The results indicate tha t hydrogen sa tura t ion leads to a 
significant increase in the initial defect concent ra t ion . 
D u r i n g the first two days the concent ra t ion decreases to 
well be low equil ibr ium values, which is the reason for the 
subsequent 25-day oscillations. F r o m 28 days on, the defect 
content becomes so high tha t the oscillation process 
collapses and for the four days tha t follow the s t ructura l 
state of the system is unchanged . Then the oscillatory 
regime re turns , bu t in a m o r e stochastic form. This suggests 
tha t the average concent ra t ion of the defects suppor t ing 
oscillation is reduced considerably at the instant of the 
collapse. 

W e will first describe the oscil latory intensity changes 
based on the hypothes is in Ref. [5] tha t the reduct ion of the 
diffraction m a x i m u m (400) is due pr imar i ly to the presence 
of mesoscopic L S R O R s . As ment ioned in the In t roduc t ion , 
these are clusters of the ordered phase of P d 5 W , no m o r e 
t han 10 n m in size and with a vo lume fraction of 1 0 _ 1 . The 
crucial po in t here is tha t the format ion of these clusters is 
accompanied by a significant expansion of the lattice which 
leads to high elastic stresses [11]. Exper imenta l condi t ions 
were such as to ensure a posi t ion on the P d - W alloy phase 
d iagram for which, provided there are no mechanisms for 
stress relaxat ion, the elastic energy makes the order ing 
process the rmodynamica l ly unfavourable . In alloys with 
local order , however , an excess number of vacancies are 
in t roduced at the outset (e.g., by hardening) ; the elastic field 
pulls these into an L S R O R thus causing stress re laxat ion 
and leading to the stabil isation of the ordered regions (see 
§6 in [3] for the details). The poin t to bear in mind in the 
discussion below is tha t if an L S R O R collapses for some 

reason or another , the excess vacancies absorbed will go 
free and the ordered regions will appear to be their sources. 
W h e n initially absorb ing vacancies, they played the role of 
p r eda to ry beasts devour ing their prey, vacancies: ano ther 
example of the familiar ecological ' p r e d a t o r - p r e y ' sce­
nar io [20]. 

It is clear from Section 2, however , tha t the oscillatory 
behaviour of this system is obta ined only when the P d - W 
alloy is sa tura ted with hydrogen . This means tha t at least 
the ' l aunching ' of the oscil latory process must be associated 
with the appearance of hydrogen enriched regions in the 
crystal. Regions like tha t must indeed arise from hydrogen 
sa tura t ion , because hydrogen depleted regions in the P d - W 
alloy must undergo an a —> phase t rans format ion , with 
mesoscopic regions of the phase appear ing at its initial 
stage. Being an intersti t ial solution, this phase has a much 
larger lattice pa ramete r t han does the initial a phase . 
Therefore, as in the case when the ordered phase of 
P d 5 W is being formed, the appearance of ft regions 
involves a significant lattice expansion, which also leads 
to elastic stresses tha t require an influx of vacancies for 
their re laxat ion. Thus , in this case we also encounter the 
' p r e d a t o r - p r e y ' system, with ft phase regions act ing as the 
former, and the same vacancies as the latter. The growth of 
the elastic energy causes these regions to lose their 
t h e r m o d y n a m i c stability. In order for the elastic energy 
to decrease, these regions must either disintegrate, losing 
hydrogen in doing so, or they must decrease their specific 
vo lume by absorb ing a vacancy. Since vacancies m a y only 
come from L S R O R s , these latter will gradual ly become 
m o r e and m o r e deficient in defects, and so the reverse 
process, the diffusion of vacancies from regions into 
L S R O R s , must set in. It is the combina t ion of these two 
diffusion processes which m a y be the cause of the 
diffraction pa t t e rn oscillations in the case under study. 
In this s i tuat ion the format ion of ft phase regions has the 
effect of displacing the su r round ing a toms . The a m o u n t of 
displacement depends on the a t o m ' s distance from the 
region. The result ing clusters lead to the weakening of 
the diffraction maxima . The subsequent sa tura t ion by 
vacancies decreases the clusters ' specific vo lume and 
eliminates their ability to displace the su r round ing 
a toms . As a consequence, the intensity of the diffraction 
max ima will increase, and so on. At the same t ime, the loss 
of hydrogen by the phase regions is a far slower process, 
and is no t a major factor at this stage of re laxat ion. 

W h a t makes the present synergetic system nontr iv ia l is 
tha t in an a u t o n o m o u s regime each of the ' p r e d a t o r - p r e y ' 
pai rs shows dissipative behaviour , which manifests itself in 
tha t the system monotonica l ly (and fairly rapidly) crosses 
over to a s teady-state regime, which is the format ion of 
L S R O R s for a ha rdened P d - W alloy and of ft regions for 
hydrogen sa tura ted pa l lad ium. On the other hand , the 
exper imental da ta of Section 2 show tha t when the two 
pai rs coexist, bifurcat ion into a bis table regime occurs [21]. 
Physically, this means tha t since in either pair the prey 
componen t is vacancies, the pa i r ' s p r eda to r s come into food 
shor tage conflict with one another . Even at this level of 
in terpre ta t ion it is readily seen tha t such condi t ions m a y 
p roduce an oscil latory behaviour and tha t the p rob lem m a y 
be t reated at either of two levels of complexity: in a m o r e 
complete formulat ion one should consider one prey and two 
types of compet ing p reda to r s , whereas in a simplified 
descript ion one prey and the popu la t ion difference of 
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the p reda to r s are enough. W e next describe the analytical 
schemes cor responding to these two approaches . 

W h e n const ruct ing the most complete theory one should 
begin by no t ing tha t the p reda to r 'on the verge of 
ext inct ion ' is the source of vacancies, whereas the one 
increasing in popu la t ion represents their sinks. Let the 
concent ra t ion of the former be g, and tha t of the latter, 
r. The concent ra t ion of vacancies is n. If the dis t r ibut ion 
over the vo lume is uni form, the quant i t ies g, r, and n depend 
only on t ime t. The set of equa t ions for de termining the 
dependences n{t), r(t), and g(t) is wri t ten in the form 

dn n ( n r g 
dt t0 \ n0 r0 

dr r f n 
dt 

dt t 

(1) 

(2) 

(3) 

H e r e we have in t roduced the t ime scales t0, tr, and tg for 
the var ia t ion of the cor responding quant i t ies when in the 
a u t o n o m o u s regime; as well as the scales n0 and n° for 
changes in the vacancy concent ra t ion , and the cor respond­
ing scales r 0 and g0 for the sinks and sources. The first te rm 
in Eqn (1) describes the Deb ye vacancy generat ion process 
opera t ing under an external influence; the second term 
accounts for the m u t u a l annihi la t ion of the vacancies due to 
their clustering; the thi rd term in E q n (1) describes the 
decrease in the vacancy concent ra t ion at sinks, and the last 
te rm its increase due to sources. E q n s (2) and (3) govern the 
sinks and sources respectively; their first te rms account for 
the D e b ye relaxat ion, and the second ones for the growth of 
the concent ra t ion of the p reda to r s due to vacancy a b s o r p ­
t ion. It should be kept in mind tha t r and g vary in the 
opposi te directions, so the signs of r and g in E q n s (1) are 
different. The sign symmetry of E q n s (2) and (3) implies 
tha t in this case the r and g var ia t ions are measured from 
their respective values mos t dis tant from the c o m m o n level. 

The analytical solut ion of the set of nonl inear equa t ions 
( l ) - ( 3 ) is no t generally possible. One should therefore 
resort to a quant i ta t ive analysis using the phase space 
me thod [22]. The phase space of the system is depicted 
in Fig. 3a. The phase trajectory m a y run between the tu rns 
of a surface resembling a loose roll of paper whose axis FFf 

is formed by the intersection of the p lanes n • and 

n 
n0 

l ) + ^ r . 
7*0 

Clearly, the oscil latory regime is mos t p r o n o u n c e d when 
the phase trajectory lies in the p lane perpendicular to the 
axis. In the o p p o s i t e — p a r a l l e l — case oscillations are 
virtually absent . The phase d iagram given in Fig. 3a 
helps to explain the exper imental dependence shown in 
Fig. 1. To this end it suffices to assume tha t those por t ions 
of the d iagram cor responding to oscillations in the intensity 
rat io 7 ( 4 0 0 ) / / ( 2 0 0 ) are described by a phase trajectory in 
the p lane perpendicular to the FFf axis, the s t rong dips 
cor responding to the system's evolut ion a long a trajectory 
paral lel to FFf. As for the irregular feature ment ioned in 
Section 2, this is easily accounted for by in t roducing 
fluctuating te rms in the r igh t -hand sides of E q n s ( 1 ) -
(3) [23]. 

n0 

n — const — n 

--go 
n0 

>FF' 

Figure 3. Three-dimensional (a) and two-dimensional (b) phase 
portraits representing the behaviour of the system. 

Nex t we present the abr idged descript ion of the 
exper imental s i tuat ion. This follows immediately from 
E q n s ( l ) - ( 3 ) if the concent ra t ions of the sources and 
sinks for the vacancies are not t reated as independent 
bu t are instead assumed to be related by p = r — g, which 
gives the difference between the popu la t ions of the 
compet ing p reda to r s . Subt rac t ing E q n s (2) and (3) t e rm-
by- term we arrive at the set 

dn n / l _ ! L _ p _ \ 

" o PoJ dt t0 

dp = _ 
dt (5) 

where we have pu t tr = tg = t . The physical mean ing of 
the te rms on the r igh t -hand side of Eqns (4) and (5) is 
evident from the discussion of the cor responding te rms in 
the set ( l ) - ( 3 ) . The advan tage of the abr idged scheme is 
tha t it goes over from three-dimensional phase space to a 
two-dimens iona l pic ture (as clearly i l lustrated in Figs 3a, 
3b). The two-dimens iona l por t ra i t , in par t icular , permi ts a 
m o r e detailed description of the sys tem's behaviour . 
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F r o m Fig. 3b it is seen tha t the phase p lane pn has three 
special po in ts , namely the focus F with coordina tes 

PF= 1 " 
n0 

nF = n 

and the saddle po in ts (0,0) and (0, n0). F o r physically 
reasonable values of the variables p , n > 0, whatever the 
initial vo lume fraction of L S R O R s and the initial vacancy 
concent ra t ion , the evolut ion of the system is characterised 
by a phase trajectory spiraling to the focus poin t F. Such 
behaviour cor responds to an oscillatory crossover to the 
steady-state regime p = pF, n = nF with a frequency 

co = t0 

f4(i--)-
n0 

1/2 

and a decrement 

a : 
n 

2rti o 

(6) 

(7) 

Thus , a p r o n o u n c e d oscil latory regime is possible only 
when the sources and sinks of vacancies have sufficiently 
short re laxat ion t imes: 

'o<(5)V (8) 
This explains why the oscil latory regime is a t ta ined for 
sufficiently small phase clusters — i.e. for mesoscopic 
L S R O R s — and is no t for macroscopic uni ts . In the 
former case the format ion t ime t° is sufficiently short , 
whereas in the latter the growth in the size of the inclusions 
makes it much longer. On the other hand , E q n (8) requires 
tha t the m u t u a l vacancy annihi la t ion (characterised by the 
pa ramete r n°) be less intense t han the absorp t ion of 
vacancies by the L S R O R s (parameter n°). If the vacancies 
do no t cluster (n 0 = oo), the upper saddle (0, n0) goes off 
to infinity, the focus F becomes the centre, and the helix 
tu rns change into closed curves a r o u n d it. It is in this case 
tha t we come to the classical formulat ion of the 'p reda tor -
p rey ' p rob lem [20]. The evolut ion of the system in this case 
cor responds to the mot ion a long one of the closed curves 
with a frequency co = ( V ° ) ^ 2 a n d a decrement a = 0. 

The da ta in Fig. 1 show tha t the per iod of the 
oscillations is 7 days and their collapse interval is from 
21 to 28 days. Hence the quant i t ies (6) and (7) are related 
by co/a = 3 /4 . As a result, for the pa rame te r s of the 
mode l ( 4 ) - ( 5 ) we obta in the est imate 

' " ° ) 2 ^ 1 0 , (9) 

showing tha t condi t ion (8) has a safety factor of ten. 
Hence , in est imating the frequency from Eqn (6) the 
subtracted term under the radical m a y be neglected, and 
after subst i tut ing a per iod of 7 days we find 
^0^° ~ 1 0 1 0 s 2 ~ 1 day. Since the t ime scale t0 for vacancy 
generat ion under external condi t ions [cf. E q n s (1) and (4)] 
must be much less t han the characterist ic re laxat ion t ime t° 
of mesoscopic L S R O R s , it can be concluded tha t 
^ o ^ l day, and t° > 1 day. M o r e accurate est imates 
require a knowledge of the microscopic mechanisms 
involved. 

As al ready noted , a characteris t ic feature of the 
oscillations is tha t they collapse in a sudden j u m p ra ther 
t han damping out . This behav iour is readily unde r s tood by 
assuming tha t the system has m o r e t han one self-organisa­

t ion mechanism. It suffices to assume, for example, tha t the 
' p r e d a t o r - p r e y ' system is a t ta ined no t only for L S R O R s , 
vacancies, and ft phase regions, bu t also for the dislocation 
loops tha t result from vacancy clustering. The dependence 
of Fig. 1 then arises from bea ts due to the superposi t ion of 
oscillations whose frequencies co and co' cor respond to the 
above mechanisms . As seen from the da ta in Section 2, their 
ra t io is determined by the condi t ion {co' — co)/co = 1/28 
giving co' J co = 5 /4. 

The explanat ion given above is formal in character . It 
seems therefore appropr i a t e to elucidate the essence of the 
oscillation collapse mechanism as it appears at the mic ro ­
scopic level. The phase por t ra i t in Fig . 3b suggests tha t the 
change in the vacancy concent ra t ion n(t) in the mat r ix is 
one quar ter of the per iod ahead of the cor responding 
change in the intensity I(t) of the diffraction m a x i m u m 
(400). So before the dependence I(t) arrives at the thi rd 
oscillation m a x i m u m (tc = 23 days) the mat r ix vacancy 
concent ra t ion has reached its m a x i m u m value. Apparen t ly 
it becomes so large as to satisfy the condi t ion n(t) > nc, 
where nc is the critical value beyond which the vacancies 
cluster into pr ismat ic dislocation loops . In other words at 
the t ime tc given by the condi t ion n(t) = nc, a second self-
organisa t ion mechanism sets in, the 'devour ing ' of vacan­
cies by dislocation loops . Wi th respect to the first 
mechanism, in which p reda to r s are represented by 
L S R O R s and phase inclusions, the above reduct ion in 
vacancy concent ra t ion m a y be reflected by a sudden 
decrease in the annihi la t ion pa rame te r n0 in E q n s (1) 
and (4). On the phase p lane pn (Fig. 3b) this will lead 
to the bifurcat ion-induced rea r rangement of a stable centre 
( sur rounded by closed trajectories) into an a t t rac t ing focus, 
i.e. the oscillations will t ransform into a re laxat ion process . 
It is this latter which cor responds to the dip in Fig . 1. 

As t ime goes on, some of the pr ismat ic dislocation 
loops — whose density exceeds the s ta t ionary value — 
disintegrate into isolated vacancies. As a result, the p a r a ­
meter n0 g rows again, so tha t the vacancy concent ra t ion 
regains the value n necessary to keep the oscillation process 
going by the first mechanism. Since, however , no t all of the 
vacancies escape their t raps , the oscillations will n o w be less 
regular in character . As the process evolves further, the 
supply of catalysing vacancies is reduced render ing the 
oscillations stochastic. F r o m the synergy viewpoint this 
means tha t the average vacancy concent ra t ion acts as a 
cont ro l pa ramete r whose value determines the behaviour of 
the system. In par t icular , this explains the need for mult iple 
hydrogen sa tura t ion: its role is to secure the required initial 
value of the cont ro l pa ramete r n. 

In addi t ion, necessary condi t ions for the existence of the 
p reda to r themselves, i.e. of the L S R O R s , must be met . The 
fact tha t oscillations fail to occur for the P d - 7 at .% W 
composi t ion indicates tha t the tungsten concent ra t ion is 
ano ther cont ro l pa ramete r . However , in contras t to the 
vacancies, the role of the tungsten concent ra t ion is qui te 
trivial: whereas the vacancy concent ra t ion secures the self-
organisa t ion oscil latory regime by par t ic ipa t ing actively in 
the process, the tungsten concent ra t ion jus t specifies the 
poin t on the phase d iagram of the P d - W alloy which 
cor responds to the region of existence of L S R O R s [3] and 
secures the format ion of an (LSROR-re la t ed ) mesoscopic 
hydrogen-affini ty heterogeneity. 
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4. Conclusion 
Thus , the me thodo logy outl ined in the In t roduc t ion — an 
x-ray-kinetic s tudy of microhe te rogeneous samples pre l im­
inarily sa tura ted by hydrogen — g i v e s evidence for an 
oscil latory regime in the s t ructura l changes in a solid 
solut ion with a complex he te rophase and defect s t ructure. 
A characteris t ic feature is a large oscillation per iod, due to 
the mesoscopic size of the L S R O R s and ft phase regions 
whose vo lume fraction varies as a result of vacancy 
diffusion. This means tha t the app roach we adop ted has 
enabled us to discover an unusua l type of s t ructura l 
t rans i t ion exhibit ing the auto-osci l la tory behaviour of the 
system. 

It m a y be conjectured tha t the present da ta reflect some 
features of the s t ructura l t rans i t ions occurr ing in open 
systems with dissipative s t ructures . A m o n g these m a y be 
listed var ious types of solid-state systems conta in ing gas 
a t o m s (H, O, etc), as well as systems relaxing after powerful 
external d is turbances ( radia t ion, etc.). 

A l though the synergetic scenarios of Section 3 are of 
course not the only ones possible for the oscil latory 
behav iour of the alloy studied, we believe them to be 
the most p robab le . In par t icular , we did no t t ake into 
account the presence of the dislocation ensemble, which is 
k n o w n [16, 17] to play a major role in the process of 
degassing of a hydrogen sa tura ted metal ; nor did we include 
the diffusion of hydrogen a t o m s from the system, the 
displacement of tungsten a toms , etc. Therefore the review 
of results and the da ta general isat ion and analysis we 
present here should ra ther be considered as a repor t on 
nontr iv ia l exper imental p h e n o m e n a , complemented by 
theoret ical explanat ions which we believe are qui te p l au ­
sible ones. Fu r the r exper imental and theoret ical work will 
show whether our belief is correct. 
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