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Results are presented of a field-ion microscopy analysis of the kinetics of pulsed (atom-by-atom) field 
evaporation of tungsten samples, both defect-free and containing crystal-structure defects. Values are 
obtained of the effective polarizabilty of surface atoms on the edges of the { 1121 planes (a,,Z3.0 A'), of the 
distances from the surface, at which field evaporation of ions with different charges takes place (from 0 to 0.8 
A for n = 1 to 3), and for the critical field intensity (F, ~ 6 . 1 7  V/A) at which the evaporation rate reaches a 
maximum. A qualitative mechanism of field evaporation in fields of medium strength (F = F , , ~ 5 . 7  V/A for 
tungsten) and high strength (F-F, = 6.17 V/A) is proposed. The advantages of using pulsed field 
evaporation (compared with the continuous regime) are demonstrated for use in the analysis of the defect 
structure of metals. 

PACSnumbers: 79.70. + q, 61.70. - r, 61.16.Fk 

INTRODUCTION frequently individual point defects19 and  dislocation^^^ 
in our systematic investigation of radiation damage in 

Evaporation with the aid of a field, f irst  discovered 
metals. 

using a field ion microscope,' plays an indispensable 
role a s  a most important technique, in field-ion micro- 
scopy. It i s  a t  the same time of independent scientific EXPERIMENTAL PROCEDURE AND RESULTS 
interest. It i s  known that this phenomenon i s  realized 
in two regimes: continuous and pulsed. The former 
calls for maintaining a t  the metallic-sample surface 
an electric field of intensity exceeding the evaporation 
field F,, (the start  of field evaporation, see,  e. g. , 
Table I of Ref. 2) for a time much longer than the time 
of evaporation of a single surface atom At-ki:  (k, is  the 
evaporation-rate The second regime i s  
realized when the indicated times a r e  of the same order 
of magnitude. An experimental investigation of the 
field-evaporation kinetics yields information on the de- 
tails of the mechanism of the process and on some of 
its parameters, and reveals the most beneficial sample 
surface treatment for field-ion-microscopy analysis 
(see, e. g., Refs. 5-11). Most useful in the interpreta- . - .  
tion of the experimental data i s  simulation of the field 
evaporation process with a computer. 9712 The pulsed 
field-evaporation method has in addition two other im- 
portant methodological applications: in probe analysis 
of the chemical nature of individual particles and small 
complexes on the surface of a and in the 
analysis (study) of the defect structure of metals. The 
latter pertains in particular to solitary point defectsI5 
and to the point structure of pores and depleted zones. 
As shown earlier,16.17 continuous field evaporation of the 
sample material leads not only to additional corrosion 
of the pores that emerge to the surface and hence to an 
artificial increase of their dimensions, but also, under 
previously determined  condition^,'^*'^ to a qualitative 
regeneration of the defects-depleted zones and pores. 
The use of pulsed field evaporation gets around these 
difficulties to a considerable degree. 

The present study, a continuation of our earlier work: 
was aimed at analyzing the character of pulsed field 
evaporation of tungsten samples, both defect-free and 
containing crystal-structure defects. The choice of the 
faces for the analysis ((112)) was dictated by the fact 
that it is  precisely on these faces that we identified most 

All the experiments were performed with the instru- 
ments and apparatus described in Ref. 9. The pulsed 
field evaporation was produced using a high-voltage 
pulse generator with amplitude AU ranging from 230 
to 4600 V (adjustable in steps of 100 to 800 V) and dura- 
tion At from 0.1 to 10 psec (in steps of 0.1 psec). The 
investigation procedure ensured production of a stable 
ion-emission image of the surface of the tip (at a best 
surface-image voltage U,) and its photography, applica- 
tion of the evaporating pulse with specified parameters 
(rise time At for a tip potential r i se  AU), repeated 
photography of the image, etc. Just a s  in our preced- 
ing study, the investigated samples were made of tech- 
nically pure tungsten of VA-3 brand. 

We note that even the determination of the field-evap- 
oration parameters (let alone the analysis of the ma- 
terial crystal-structure defects) by using the pulsed 
regime offers certain advantages over the continuous 
regime. The reason is the negligibly small change of 
the average electric field intensity a t  the surface of the 
tip before and after one evaporating pulse. Since, how- 
ever,  the field-evaporation process has a probabilistic 
character, the measurements of low evaporation rates 
(one o r  several atoms per second) will be subject to a 
much larger e r r o r  than in the case of measurement of 
higher (by several orders of magnitude) evaporation 
rates. At the same time experiments a t  high evapora- 
tion ra tes  do not reveal such interesting effects as, 
e. g., the existence, observed in Refs. 9 and 10, of 
metastable configurations of atoms in the plane, the 
dependence of the "lifetimes" of the atoms in such con- 
figuration on the surface of the sample on the linear 
dimensions of the configurations, and the like. 

The field-evaporation rate k,, was determined in the 
present study (as in most others) by directly counting 
the number n, of the atoms removed from the edges of 
the two upper planes in a single evaporation pulse: k,, 

695 Sov. Phys. JETP 52(4), Oct. 1980 0038-5646180llOM95-05$02.40 O 1981 American Institute of Physics 695 



TABLE I. 

= n,/At atom/psec. We take i t  into account here that 
this definition is  arbitrary and does not make full al-  
lowance for the difference between the coordinations 
of the evaporating ions on the surface of the tip. 

In the calculation of the evaporation-field intensity we 
used the empirical formula3 

The local radius R ,  of the tip was determined from the 
number of the imaged crystal-plane edges between the 
two poles, and the geometric factor ,!3 was determined 
considering the fact that the field intensity for the best 
surface image corresponds to the conditions for field 
ionization of helium and amounts to 4.4 v/W. 

The pulsed field evaporation showed itself on the ion- 
microscope screen in different manners: in some cases 
a single evaporation pulse removed individual edge 
atoms, in others it removed the entire outer ring of the 
plane, and in still others, finally, a "collective" re -  
moval (simultaneous within the time interval At) of the 
atoms of the entire upper plane was observed. 

Data representing the dependence of the field-evapora- 
tion rate key on the electric field intensity F, calculated 
from series of field-emission images of non-irradiated 
tungsten a r e  gathered [for the (112) face] in Table I. 
It i s  seen from this table that the weakest field a t  which 
signs of evaporation of the (112) plane of tungsten can be 
observed is 5.68 v/A. This agrees with the value 5.7 
v/A obtained by others2 for the (112) plane of tungsten. 

DISCUSSION OF RESULTS: PARAMETERS OF FIELD 
EVAPORATION OF ATOMS FROM THE (112) FACE 

To obtain quantitatively the values of certain param- 
eters that characterize the field-evaporation process, 
we determined from the experimental data (Table I) 
by least squaresz2 the coefficients A,,,,, and A:,,,, 
in the expressions 

Both expressions correspond to the models (theories) 
most widely used a t  present for field evaporation. The 
first corresponds to model I, based on the image-force 
concepts: and the second on the so-called charge-ex- 
change model (model II)." Knowledge of the coefficient 
A ,  in the first  expression makes it possible to determine 
the chargen of the evaporated ion (A, = (ne)'"), andA, is the 
difference between the polarizability of the surface atom 
a, and that of the evaporated ion f f i ,  i. e. , the effec- 
tive polarizability a,,, (2, = 0,,/2). Assuming validity 

of the second model, the coefficient A; is  used to de- 
termine the sum of the distance x,, from the surface on 
which field evaporation takes place, and the depth of 
penetration h of the field into the metal [A1=ne(x, + A)], 
while the value of A,' i s  used to determine the effective 
polarizability cue,, (A1= ae,,/2). The values of the pa- 
rameters calculated in this manner a r e  listed in Table 
11. For comparison with it, in addition, we present 
the analogous results of Ref. 24. The values of F, in 
the last column of the table, likewise obtained from an 
analysis of expressions (2) and (3), correspond to the 
maximum rate key of field evaporation. 

We note that equations such a s  (2) and (3) can be made 
more accurates7z5: allowance for the additional terms 
in them yields a smaller value of x, + h than obtained 
in the present paper. 

As seen from Table 11, the polarizability of the atoms 
on the edges of the (112) planes is substantially lower 
than for the {Oil} planes. Recognizing that the field 
penetrates less in the metal in the region of the {I121 
planes (the upper atoms of such planes a r e  more strong- 
ly screened by the planes beneath them), this result i s  
fully acceptable. 

As for the existence of a certain critical value of the 
electric field intensity F,, at which the evaporation rate 
key reaches a maximum (we note that this is  not con- 
tradicted by either of the indicated field-evaporation 
models), it must be stated that a direct experimental 
analysis of the kinetics of the field evaporation in fields 
of such a high intensity is  extremely difficult. The rea- 
son is  that the mechanical stresses that develop in the 
sample material in such fields becomes comparable with 
ultimate strength uUl, of the tungsten tips (oultz 1950 kg/ 
mm2, Refs. 26 and 27, corresponding to F z  6.63 v/&. 

The data obtained in the present paper on "collec - 
tive" evaporation of atoms by a field when the upper 
plane reaches a" definite size (see also the results 
of Mikhailovskii et  a l . l l )  confirm, on the one hand, the 
conclusiong that metastable atom configurations exist, 
and suggest, on the other, a noticeable influence of the 

TABLE 11. 

F ~ [ B / X I  
Model I Calculated d u e  of n 1Ez2: the calculation I xk+& I . ' 1  ,,, ,,,,,a, 

(1 12) plane ~ 

(110) plane acco~ding to Ref. 24 

*Values calculatedby the present authors in accordwith the data 
of Ref. 24. 
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dipole-dipole interaction (repulsion) of the surface 
atoms within the confines of each of the plane in the 
course of field evaporation. The noticeable role of the 
dipole-dipole repulsion is  indicated by the results of an 
analysis of the "last" (few remaining) atoms of the up- 
per { I l l )  planes of gold. '' These atoms, before evap- 
orating, aligned themselves in a chain along the close- 
packed directions (110). Their behavior during the 
field evaporation on the upper {110) planes of tungsten 
was investigated in Refs .29 and 3 0 .  It was observed 
that clusters of the "last" atoms of the plane, when the 
sample was heated in the presence of an electric field 
(of the order of 0.75 of the best-image field), were 
drawn out in a chain along the [I101 direction. When 
the sample with the chain of atoms was heated in the 
absence of the electric field, the chains again became 
bunched. This behavior of the atoms on the plane shows 
that at the best-image voltage the dipole-dipole inter- 
action forces differ insignificantly from the interatom- 
ic-interaction forces in the plane. However, a s  seen 
from Eqs. (2) and (3), when the field intensity i s  in- 
creased the dipole-dipole interaction forces should play 
a more important role in field evaporation. The in- 
dicated increase of the mutual repulsion of the atoms 
decreases their screening and increases the field-evap- 
oration probability. In a certain limiting case (F -  F,) 
the atoms of the upper plane of this type can move apart 
strongly. On reaching the edge of the second plane (be- 
neath them) they a r e  either ionized and evaporated by 
the field o r  else move away the plane (without being 
ionized) in a neutral state. It is just this type of evap- 
oration that can explain certain peculiarities in the con- 
t ras t  of field-ion emission images (e. g., the "double 
edges" of the imaged atoms in the region of certain 
poles of the tungsten surface6 at a temperature 21 K). 

Figure 1 shows the field-ion images of the surface of 
a tungsten sample, obtained in continuous field evapora- 
tion at To = 78 K and F = 5.62 v/A. The observed dark 
regions in the center of the plane at the center of the 
(011) planes can be attributed to the "flying apart" of 
the atoms of the upper plane to the edges of the lower 
(second from the top) plane into the location of their 
evaporation. The distinctive annular structure of the 
planes is  indirect confirmation of the existing of meta- 
stable atom configurations. 93'0 The second case-field 
evaporation of a tungsten sample in the continuous r e -  
gime at To= 78 K and F z 5 . 9  v/& is  illustrated by the 
image of Fig. 2b, which has the appearance of the nega- 

FIG. 2. Fiel$-ion images of t h e  same tungsien surface in 
fields 4.4 V/A (Uo= 18. 5 kV) (a) and 5 . 9  v/A (Uo= 24.0 kV). 
Image b reflects the kinetics of high-speed continous field 
evaporation of the sample material. 

tive of the initial image (F= 4.4 v/W) of Fig. 2a. The 
dark str ips on Fig. 2b coincide with the directions most 
favorable for the migration of the surface atoms. It 
appears that the dipole-dipole interaction (repulsion) 
leads in the fields of the indicated intensity to disper- 
sa l  of the surface atom in precisely these directions. 
The foregoing, is  a partial explanation, in our opinion, 
also for the contrast of the micrograms obtained in a 
sublimation ion microscope31 for field-evaporated ions 
of the sample itself. 

PULSED F.IELD EVAPORATION OF SAMPLES WITH 
DEFECTS 

The main experiments were performed on thoriated 
tungsten samples irradiated by fast neutrons together 
with thorium-fission  fragment^,^' a s  well a s  on sam- 
ples of commercially pure tungsten bombarded by low- 
energy helium ions in the field-ion microscope itself 
with the high-voltage polarity reversed (by the tech- 
nique described, for example, in Ref. 33). In both 
cases the temperature of the samples during the in- 
vestigation was 78 KO When speaking of identification 
of solitary point defects on field-ion images of irradiat- 
ed samples, we must emphasize above a l l  an important 
specific feature of these experiments, namely that the 
observation of atoms shifted into interstitial positions 
is  made possible in these experiments exclusively on 
account of stabilization on the impurity-element atoms ,34 

inasmuch a s  long-range migration of interstitial atoms 
takes place in high-purity tungsten already a t  38 K 
(Ref. 35), while at 100 K the overwhelming majority of 
these atoms emerges to the surface of the sample o r  is 
annihilated by the vacancies and their complexes en- 
countered in the migration path. Thus, the brighter 
spots on ion-micrograms might be attributed either to 
interstitial atom + impurity atom complexes, o r  to 
atoms adsorbed on the surface of the tip during the time 
of various manipulations of the tip. Field evaporation 
of the tip material in the continuous regime, undertaken 
to study deep layers of the crystal lattice, remove both 
types of formation and make it impossible to distinguish 
between them. Moreover, in the case of adsorbed 
atoms, it can lead (as can, incidentally, also pulsed 
evaporation by a field) to formation of artificial vacan- 

FIG. 1. Field-ion image of a tungsten surface containing a cies by removing the adsorbed atoms jointly with the 
depleted zone, illustrating the kinetics of fieldoevaporation surface atoms of the tungsten sample (this was indicat- 
in the continuous regime in a field F = 5.62V/A. (Uo=20.0 kv).  
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ed also by the authors of Ref. 36). In pulse field evap- 
oration, however, comparison of closely-exposed ion- 
emission images yields information on the cause of the 
vacancy, on the surface of the sample, corresponding 
to the "second" image (a dark spot appears at the loca- 
tion of the brighter spot), whereas in the case of con- 
tinuous evaporation there i s  no such information. In 
addition, it was observed that interstitial atom + impur- 
ity atom complexes, a t  equal values of At, need an 
evaporating pulse of larger amplitude to remove them 
from the surface than adsorbed impurities. Therefore, 
by constantly increasing the value of AU we succeeded 
in distinguishing between the contrasts due to the pre- 
sence of an interstitial atom and an adsorbed particle 
(using the so-called "rocking potential" method37). 

In identification of vacancies and their small  com- 
plexes (with not more than 10 components), pulsed field 
evaporation made it possible to separate the decrease 
of the image brightness of individual atoms of individual 
atoms that "cover up" a vacancy in the second layer 
from the surface3' from the case when the vacancy i s  
actually present in the imaged upper atomic layer, 
i. e. , in particular, to distinguish unambiguously be- 
tween an artificial vacancy and a true divacancy. This 
was accomplished by analyzing a sequence of pulse- 
evaporated atoms of the packed upper planes of definite 
crystal faces. It is clear that such a procedure (which 
i s  undoubtedly more laborious than analysis in the re-  
gime of continuous layer-by-layer evaporation of the 
sample material by the field) i s  needed also for the 
establishment of the point structure of the depleted 
zones. The latter, incidentally, a re  resistant to pulsed 
evaporation by a field (they do not deteriorate into 
pores, a s  is the case with continuous field evapora- 
t i ~ n ' ~ ~ ~ ~ ) ,  even a t  relatively high vacancy concentra- 
tion in them. This fact i s  illustrated by the sequence 

FIG. 3. Kinetics of pulsed field evaporation of sample of 
thoriated tungsten bombarded by fast neutrons and fission 
fragments. a) Initial image; b) after applying single evapor- 
ating pulses of duration At- 0.1 psec and amplitude 
AU= 1.4 kV; C) At= 2.0 psec,  AU= 2.8 1V; d )  At= 0.2 psec,  
AU= 0.72 kV. For  a l l  images, Uo= 14.0 kV. The use of 
pulsed field evaporation makes it possible to avoid the erosion 
of the analyzed depleted zone (indicated by ar rows in image a). 

of field ion images of the surface of an irradiated tip 
in Fig. 3 .  

We have carried out here a comparative analysis of 
the results of field evaporation of a sample containing 
a pore, in both the. continuous and the pulsed regime 
(the comparison, naturally is  not absolute), inasmuch 
a s  in different cases we analyzed different sections of 
a pore on a sample surface bared by the field. As ex- 
pected, pulsed field evaporation practically preserved 
the initial configuration of the pore (its edge hardly 
shifted from image to image in certain cases), whereas 
even a short-duration (several seconds) evaporation of 
the sample material by a continuously applied field led, 
in the overwhelmingly majority of cases,  to a noticeable 
increase of the dimensions of the pore cross section in 
the image of the sample surface. 

We note in conclusion that the very kinetics of field 
evaporation of atoms on the edge of a pore, just in the 
region of a depleted zone, can be a source of more de- 
tailed information on the point (atomic) structure of 
these defects; to take this information into account, 
however, it is  necessary to have an analysis of the con- 
crete crystallography of the sample and of the local dis- 
tribution of the field on its surface, which of necessity 
calls for computer calculations. 
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We construct the statistical thermodynamics of a polymer molecule in an exactly soluble one-dimensional 
model, which takes into account the rigidity of the macromolecule. We analyze the equation of state of the 
macromolecule under the action of external pressure. We show that at a fixed pressure the temperature 
dependence of the size of the region where the molecule is localized is nonmonotonic. 

PACS numbers: 36.20. - r, 05.70.Ce 

1. INTRODUCTION. THE MODEL The description of the state of a macromolecule is 

An important problem in the theory of polymer macro- 
molecules is that of spatial structure of long molecular 
chains of the protein o r  nucleic acid type. If the rigid- 
ity against bending of such a molecule is sufficiently 
small, the usual theoretical model to describe i ts  stat- 
istical thermodynamical properties reduces to replac- 
ing the macromolecule by a chain with freely linked 
units (monomers). Confined to a closed volume o r  put 
in a sufficiently deep potential well, such a flexible and 
sufficiently long chain forms a t  a finite temperature a 
globule with a maximum monomer density at i ts  ten- 

t e r . ' ~ ~  Of course, the structure of the globule must 
strongly depend on the rigidity of the  macromolecule. 

then similar to the description of the one-dimensional 
wandering of a point, where the probability for the di- 
rection of the next step depends on the direction of the 
preceding step. The system, of the type of a folding 
rule, is arranged along a straight line which we choose 
for our x-axis. The macromolecule consists of mono- 
mers  of equal length a ,  their joints a r e  positioned on 
si tes with discrete coordinates x, =an (n = 0, i1, t2, . . . ). It is convenient for us to describe the configura- 
tion of a chain in terms of the joints; therefore we in- 
troduce a numbering of the joints on the chain, starting 
at i ts  beginning (i =0, 1, 2, . . . ), and we define a pa- 
rameter a, that specifies the state of the i-th joint. This 
parameter takes the values a, =il and indicates the rel- 

In the present paper we consider the effect of the h i v e  position of the preceding joint with respect to the 
rigidity of the macromolecule on the structure of the given one: xi =xi,, +aa,. It is clear that the configura- 
globule in an extremely simple model which allows only tion of the chain i s  uniquely determined by the se t  {a,). 
two configurations for the disposition of neighboring Indeed, if the s t a r t  of the chain is a t  the point x =0, we 
monomers. They can form only a zero angle (being di- have 
rected to the same side) o r  an angle n between them. k 

These two configurations have different coupling ener- .,=a z o . .  

gies, and this is the manifestation of the rigidity of the I - ,  

chain. In the presence of an external field that acts upon the 
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