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The electronic states’ changes on the surface of the W(110) single crystal 
strained due to plastic bending are studied by the method of plasmon spec-
troscopy after thermal, thermochemical and ion treatments in comparison 

with those of analogous unstrained tungsten single crystal. The relative 

changes of the interplanar spaces, the concentration of the conduction elec-
trons involved in plasma oscillations, as well as work function for electrons 

are calculated based on the plasmons’ energy shifts. As established, the mac-
roscopic bending of the W(110) single crystal leads to a decrease in the work 

function from its convex surface, which undergoes tensile deformation. The 

maximal difference in the work functions for unstrained and strained single 

crystals is observed after all sequentially used thermal, thermochemical and 

ion treatments and is of 0.2 eV. The obtained results are important for the 

practical application of thermionic energy converters with nonplanar elec-
trodes. 
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Методою плазмонної спектроскопії досліджено зміни електронних станів 

поверхні деформованого за рахунок пластичного вигину монокристалу 

W(110) після термічного, термохемічного та йонного оброблень у порів-
нянні з аналогічним недеформованим монокристалом вольфраму. За зсу-
вами енергії плазмонів розраховано відносну зміну міжплощинних відда-
лей, концентрацію електронів провідности, що беруть участь у плазмових 

коливаннях, а також роботу виходу електронів. Встановлено, що макрос-
копічний вигин монокристалу W(110) приводить до зменшення роботи 

виходу з його опуклої поверхні, яка зазнає деформації розтягнення. Мак-
симальна ріжниця в роботах виходу недеформованого та деформованого 

монокристалів спостерігається після всіх послідовно реалізованих термі-
чного, термохемічного та йонного оброблень і складає 0,2 еВ. Одержані 
результати є важливими для практичного застосування термоемісійних 

перетворювачів енергії з непласкими електродами. 

Ключові слова: поверхня монокристалу вольфраму, пластична деформа-
ція, плазмонна спектроскопія, робота виходу електронів, термоемісійний 

перетворювач енергії. 
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1. INTRODUCTION 

Currently, the practically single way to convert directly the heat of the 

high-temperature combustion cycle of nuclear (in the future, thermonu-
clear) or organic fuel into electricity is the embedding of thermionic 

converters (TICs) directly into the shells of both the furnaces and the hot 

zones of reactors [1, 2]. Tungsten single crystals are a promising mate-
rial for use as cathodes in high-temperature TICs due to their low subli-
mation rate combined with high emission properties [3]. In order to 

struggle with the effect of evaporation of the cathode material without 

deteriorating the technical characteristics of the TIC during all its oper-
ation time, it is possible to use two different crystal faces of the same 

refractory metal single crystal: with larger work function of electron for 

the cathode manufacturing and with smaller one for the anode manufac-
turing. In the case of tungsten single crystals, the maximum electron 

work function is observed for the (110) crystal face [3], which deter-
mines the production of TIC cathodes from W(110) single crystals. 
 It is well known that many important electronic properties of single 

crystals, including the work function for electrons, are determined by 

the structure and physicochemical state of their surface layers. Impu-
rities and adsorbates have a significant effect on the value of the work 

function. Their content on the surface and in the near-surface layers 

can be controlled by various thermal, thermochemical and radiation 
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treatments of the samples. Changes in the electronic state of the sur-
face of refractory metals as a result of various types of processing can 

be studied by the method of plasmon spectroscopy (PS) [4–6]. Based on 

the determined excitation energies of plasmons (collective vibrations 

of conduction electrons), it is possible to calculate the concentration of 

conduction electrons, their work function, as well as the relative 

change of interplanar spaces depending on external influences on the 

state of the metal surface. 
 It is important that, in many cases, especially in compact and mobile 

nuclear energy sources or power-generating protective shells of future 

thermonuclear reactors, the TIC electrodes should not be flat, but have 

a rather complex geometry [7], when the emitter and collector are, for 

example, coaxial cylinders or tori with a small interelectrode gap. It is 

known that the adsorption capacity and high-temperature strength of 

cylindrical electrodes can be significantly increased if, instead of cyl-
inders machined from a single crystal rod, the used cylinders are ob-
tained by plastic deformation of crystallographically oriented plate 

with subsequent electron beam welding of the joints after it wrapping 

onto the surface of a given geometry [7]. The increase in high-
temperature strength is due to the formation during plastic defor-
mation of a high (up to 109

 cm−2) redundant density of dislocations of 

the same sign and its preservation up to pre-melting temperatures dur-
ing stabilizing annealing [8]. Therefore, it is topical to study the elec-
tronic properties (especially the work function) of the working surfac-
es of TIC electrodes made from real deformed single crystals of refrac-
tory metals in comparison with unstrained ones, as well as the effect of 

various types of physicochemical treatments on them. 
 In connection with the above, the goal of this work is a comparative 

study using the method of plasmon spectroscopy of changes in the elec-
tronic state of strained by plastic deformation and unstrained single 

crystals of W(110) fabricated from the same single crystal rod, which 

subjected to thermal, thermochemical, and ion treatments at the same 

conditions. 

2. RESEARCH OBJECTS AND METHODOLOGY 

The plasmon excitation features in the secondary electron emission 

spectra has been studied for two samples of tungsten single crystal. 
Both samples were prepared from a single crystal strip of W(110) cut-
ting with an accuracy of ±20′ from a single crystal rod grown by the 

electron beam crucibleless zone recrystallization method. 
 An unstrained sample of W(110) with a diameter of 10 mm and a 

thickness of 2 mm was cut from a single crystal by the electrospark 

method and subjected to further mechanical grinding and elec-
tropolishing from the side of the investigated surface. The deformed 
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W(110)-D sample has a form of plastically strained single crystal strip 

of 2 mm thick wrapped around a cylindrical surface with a radius of 14 

mm. A detailed description of the preparation of this sample is given in 

Ref. [9]. The convex side of this sample, which was subjected to tensile 

stress during bending, was investigated. That is the convex side, which 

is used for electrons emitting in the case of the placement of nuclear 

fuel inside cylindrical capsules. Such devices can to supply for a long 

time with electricity the spaceships, submarines, and other objects, 
which have a problem with access to sunlight and organic fuels. In the 

case of a thermonuclear reactor, the inside torus of the protective shell 
(which can be immediately made double-layered) can use as a TIC cath-
ode with emitting external convex side. 
 Preliminary, the W(110) and W(110)-D samples were subjected to 

step heating in the temperature range of 900–2400°C in a vacuum not 

lower than 5⋅10−7
 Pa. The determination of the content of impurities in 

single crystals of tungsten was carried out by the method of secondary 

ion mass spectrometry (SIMS) [10] in an ultrahigh vacuum facility us-
ing a liquid metal ion source [11]. The working substance for obtaining 

the initial ion current was liquid gallium. The diameter of Ga+
 ion beam 

was ≅ 10 µm, and the energy and density of the initial current were 

9 keV and 1⋅10−2
 A·cm−2, respectively. After heating at a certain tem-

perature, the samples were cooled down during 15–20 minutes. Then, 
within 30 minutes, the surface of the samples was cleaned by the scan-
ning beam of gallium ions. As a result of cyclic annealing and ion beam 

cleaning of the unstrained sample and after 30 minutes of heating at a 

temperature of 2400°C, all impurities were removed from the near-
surface region, except carbon, the content of which, according to 

chemical analysis, did not exceed 1·10−3
 mass.% (Fig. 1, a). For the de-

formed sample, after a similar heat treatment, small peaks of carbon 

and oxygen impurities were observed near the sensitivity limit of the 

mass analyser, but an abnormally high amount of ionized water mole-
cules was detected, which had been observed up to extremely high tem-
peratures (2400°C) (Fig. 1, b). 
 The presence of adsorbed water in the surface layers and in the vol-
ume of heated metal samples is well known, but it is easily desorbed at 

a temperature of 530°C [9]. The formation and preservation of ionized 

water up to high temperatures in the volume of plastically deformed 

tungsten single crystal is probably related to the presence of a high 

density of dislocations of the same sign, stable up to the pre-melting 

temperature [8]. The probable cause of water entering into the volume 

of the single crystal is an insufficiently high vacuum (7⋅10−3
 Pa) in the 

electron beam-welding chamber. When a single crystal plate is heated 

by an electron beam, water molecules can easily ionize and in this state 

enter into dislocation cores of the tungsten lattice, which are potential 
wells for these impurities [9]. The presence of O+

 and WO+
 peaks in the 
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secondary ion mass spectrum indicates an increased content of oxygen 

in dislocations at the surface of the deformed single crystal, which per-
sists at least up to temperature of 2400°C. 
 The presence of ionized molecules of water in the surface layer of a 

deformed tungsten sample after high temperature annealing and ion 

etching is unusual, since it is known from studies of flat samples that 

all impurities, except carbon, are removed at high temperatures [12]. 
Subsequently, it is the heat-stimulated segregation of impurity carbon 

atoms from the volume to the surface of a flat tungsten single crystal 
that determines the sublimation and electronic properties of its sur-
face. It is also worth noting the following. The C atoms are practically 

absent in the surface of deformed tungsten (Fig. 1, b). This may be due 

to the blocking of C atoms by ionized water molecules in a dislocation 

core. The formation of additional dislocations during the plastic de-
formation of a tungsten single crystal with the trapping of ionized 

molecules of water by them, can probably become a new effective 

method of obtaining surfaces of tungsten single crystals that would 

not contain carbon impurities. 
 All measurements by the method of plasmon spectroscopy were per-
formed in ultra-high vacuum using a low-energy electron spectrometer 

at an operating pressure of residual gases not worse than 1⋅10−7
 Pa. The 

spectrometer is equipped with a four-grid hemispherical energy ana-
lyser, as well as electron and ion guns [13]. For peaks’ separation in the 

spectrum of secondary electrons, the method of one-shot differentia-
tion of the secondary current delay curve was used by recording the 

signal of the first harmonic of the collector current when the delay po-
tential is modulated by a sinusoidal voltage [14]. The error in meas-
urement of intensity and energy of surface and volume plasmons did 
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Fig. 1. Mass spectra of secondary ions of W(110) single crystals after cleaning 

with an ion beam and heating at a temperature of 2400°C for 30 min: a—
undeformed plate; b—the convex side of a plastically deformed plate [9] 
(masses are measured in daltons (unified atomic mass unit)). 
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not exceed 5%. 
 During the experimental studies directly in the chamber of the elec-
tron spectrometer, the surfaces of the W(110) and W(110)-D samples 

were sequentially subjected to the following treatments: 1—annealing 

at a temperature of 1750°C for 540 min; 2—exposure in atomic oxygen 

at its pressure РО2 = 8⋅10−4
 Pa at a temperature of 1700°C for 180 min; 

3—cleaning of the surface with argon ions with an energy of 800 eV 

and a current density of 5 µA·cm−2; 4—annealing at a temperature of 

1750°C for 200 min. 
 To obtain atomically pure oxygen, the copper oxide was pressed into 

a thin-walled platinum tube, and pure oxygen was released during it 

heating [15]. 
 To study the effect of ion bombardment on the electronic properties 

of single crystals, an ion gun with ionization of the working gas by 

electron impact was used. Spectrally pure argon was used as the work-
ing gas. 
 After each type of surface treatment of the samples, the spectra of 

electrons’ energy characteristic losses were recorded, the subsequent 

analysis of which provided data on the electronic properties of the sur-
face. 

3. RESULTS AND DISCUSSION 

For experimental determination of the excitation losses because of sur-
face and bulk plasmons, the electrons’ energy loss spectra were record-
ed in the energy range of the primary electrons E0 from 50 to 650 eV. 
In this case, the thickness of the investigated layer is 1.0–5.0 nm [16]. 
 The Table 1 shows the averaged experimental energy values of sur-
face Еs = ħωs and bulk Еb = ħωb plasmons (ωs and ωb are the oscillation 

frequencies of surface and bulk plasmons, respectively) after different 

types of step-by-step surface treatments of unstrained and deformed 

W(110) single crystals. 
 It is known that the bulk plasmon energy can be estimated within the 

free electron gas model according to the formula [17] 

 Eb = ћ
2

*
0ε

e n
m

, (1) 

where n is the density of valence electrons, e is the charge of an elec-
tron, m*

 is the effective mass of electron, and ε0 is the dielectric con-
stant of vacuum. 
 If we assume that all valence electrons in the b.c.c. tungsten crystal 
(electronic configuration [Xe]5d46s2) are free and participate in plas-
mon oscillations, then, according to Eq. (1), we can obtain an estima-
tion of Eb1 ≅ 22.85 eV. In the initial state, the bulk plasmon energy Еb 
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of the unstrained W(110) single crystal is close to the value of Eb1 (see 

Table 1). The treatment of the surface of the W(110) single crystal at 

different regimes significantly increases the value of Еb compared to 

Еb0. The increase of the Еb values is a consequence of the increase of the 

electron concentration for b.c.c. tungsten at all processing modes used 

in the work compared to the initial state. 
 After annealing at a temperature of 1750°C for 540 min, the value 

of Еb increases by 0.4 eV (Table 1). Since all impurities, except carbon, 

are removed from the tungsten single crystal under such annealing 

conditions [12], the reason for this behaviour of Еb can only be the 

thermally stimulated segregation of impurity carbon atoms from the 

volume to the surface of the tungsten single crystal. The increase in 

electron density and the increase in Еb values should also be caused by 

the compressive microdeformation caused by defects (compared to the 

initial sample) in the near-surface layer of the macroscopically un-
strained W(110) single crystal (Fig. 1). Tensile deformation has an in-
verse effect on Еb, which can be observed in the example of a macro-
scopically deformed W(110)-D single crystal (the convex side of the 

sample was studied). 
 The holding in atomically pure oxygen at a temperature of 1700°C 

does not significantly change the value of the bulk plasmon energy 

compared to the data obtained after the previous annealing stage. On 

the other hand, the bombardment of the surface with low energy Ar+
 

ions leads to a certain decrease of the Еb values compared to the previ-
ous state, probably due to the formation of vacancy-type radiation de-
fects and the removal of carbon from the near-surface layer and the 

processes of crystal lattice relaxation in it [18]. After the final anneal-
ing at a temperature of 1750°C for 200 minutes, the maximal effect of 

increasing the bulk plasmon energy of the unstrained W(110) single 

TABLE 1. The average values of the surface (Еs) and bulk (Еb) plasmon energy 

(eV) for strained and unstrained W(110) single crystals. 

Plasmon 

energy Sample 

Surface treatment modes 

0 1 2 3 4 

Initial 
state 

Annealing 

at 1750°C 

for 540 

min 

Exposure 

in O2 at 

1700°C for 

180 min 

Ion  

etching 

(Ar+) 

Annealing 

at 1750°C 

for 200 

min 

Еs, eV 
W(110) 9.18 8.12 8.65 7.90 7.10 

W(110)-D 12.70 13.10 11.50 11.60 12.20 

Еb, eV 
W(110) 22.80 23.20 23.25 23.11 23.90 

W(110)-D 23.10 22.20 22.50 22.40 22.10 
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crystal is observed. 
 For the W(110)-D sample deformed by plastic bending in the initial 
state, a shift of the bulk plasmon energy by 0.3 eV towards higher en-
ergies is observed compared to the unstrained W(110). The presence of 

a distorted crystal lattice, ionized water in the dislocation core, and 

the presence of adsorbed particles on the surface lead to an increase in 

Еb value. After the first heat treatment of the W(110)-D surface, the 

value of Еb decreases significantly and then practically does not change 

after all successive modes of sample treatment. 
 The surface plasmon energy for all surface states of a deformed 

tungsten single crystal exceeds the surface plasmon energy of an un-
strained sample. The case of a deformed crystal after the first heat 

treatment (with Еb/Еs = 1.69) is closest to the theoretical estimation of 

the ratio of bulk and surface plasmon energies (Еs ≈ Еb/ 2 ) [17]. How-
ever, it, as well as other cases, for which Еb/Еs = 1.81–3.37, is quite far 

from the estimated value of 2 . This indicates the significant influ-
ence of effects not considered in the gas model of free electrons, such 

as impurities, microscopic and macroscopic deformations, and the cho-
sen crystallographic direction, on the real energy values of both types 

of plasmons and on the relationship between them. 
 It is worth noting that the use of free electron gas approximation in 

the analysis of experimental data for metal, obtained within the 

framework of the method of electron energy characteristic losses, 
leads to the description of the dielectric permittivity of the medium by 

the Drude’s formula: ε(ω) = 1 + ωb
2/ω2. This approximation works well 

at high frequencies (ω >> τ−1, τ is the relaxation time of the free elec-
tron gas, which at room temperature is of the order of 10−14

 s), when 

the attenuation is small (Imε ≅ 0). For elementary metals, the last con-
dition is fulfilled, but for transition metals, due to the overlap of the s–
p and d bands and the corresponding interband transitions, the condi-
tion Imε ≅ 0 does not hold, which leads to the shifting and broadening 

of plasmon lines for the s–p electron subsystem, as well as to the ‘join-
ing’ of the branches of the dispersion curve for bulk and surface plas-
mons (the energy gap disappears), but with a certain preservation of 

other characteristic features of separate areas that would correspond 

to two types of plasmons in the absence of significant attenuation. In 

the case of sufficiently low frequencies (ω << τ−1), the approximation of 

the free electron gas (Drude’s model) can be used until the condition 

λ << δ = c(2πσω)−1/2
 is fulfilled [19]. Here, λ is the average length of the 

electron free path, δ is the thickness of the skin layer, c is the speed of 

light in a vacuum, σ = ne2τ/m*
 = ωb

2τ/(4π) is the specific electrical con-
ductivity. At the same time, the energy transferred from primary elec-
trons to metal electrons should correspond to the excitation of bulk 

plasmon oscillations (with Imε ≅ 0): E ≅ 20–30 eV [17]. Note that, for 

E ≅ 2–3 eV, the contribution to the spectrum of energy characteristic 
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losses is mainly made by interband electron transitions. Above, we 

were talking about transverse plasmons. However, the consideration 

of longitudinal plasmons does not change the general picture, since ac-
cording to experimentally determined not very large transmitted puls-
es they are also excited in the first approximation in the vicinity of the 

frequency ωb [19]. The given considerations substantiate the applica-
bility of Drude’s formula not only for bulk but also for surface plas-
mons, the frequency of oscillations of which at not very small wave-
lengths are in the vicinity of the frequency ωs ≈ ωb/ 2  [17, 19]. In the 

same approximation, for sufficiently large values of the longitudinal 
wave number and for the macroscopic dimensions of the sample, it be-
comes possible to use the same formulas as for a flat surface in the case 

of a cylindrical surface of the (deformed) sample [19]. In the experi-
ment for tungsten, the peaks of bulk and surface plasmons are clearly 

defined. Their relatively small width indicates that in this case the 

plasmons are well-defined quasiparticles. The deviations of the peaks’ 
energy position from the estimated values (Eb1 and Eb1/ 2 ) are related 

not so much to the dispersion dependence ω(k) (this issue requires ad-
ditional research, as well as the issue of deviation from the Drude’s 

model), but to a change in the chemical composition, defect structure 

in the near-surface layer, and macroscopic deformation of the sample. 

Moreover, since different methods give significantly different abso-
lute values of the work function, we are mainly interested in the mag-
nitude of changes in the plasmon energy and the corresponding work 

function due to various types of processing and deformation. There-
fore, in the framework of such consideration, all effects associated 

with deformation, defects, and other deviations from perfection (and 

isotropy; see work [4] for the W(100) surface) are reduced only to a cer-
tain change in interatomic distances and, accordingly, in electron con-
centration n. 
 Based on the principles outlined above and in Ref. [17], i.e., assum-
ing that the change in plasmon energy is related only to the change in 

electron concentration caused by the deformation of the crystal lattice, 
it is possible to calculate the relative changes in interplanar distances 

∆d/d through the plasmon energy shifts using the formula: 

 ∆d/d = −2∆E/Eb, (2) 

where ∆Е = Eb − Eb0 is the plasmon energy shift of the initial sample 

(Eb0) as a result of thermal, chemical and/or ion treatment of the lat-
ter, Eb is the averaged bulk plasmon energy after the corresponding 

impact on the sample. 
 As can be seen from Fig. 2, for the W(110)-D sample, positive values 

of the relative change in interplanar distances are observed for all pro-
cessing modes compared to the initial state of the deformed sample. 
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The maximum increase in interplanar distances for the W(110)-D 

sample is observed after the final annealing at a temperature of 1750°С 

for 200 minutes (Fig. 2). For the unstrained sample, contrariwise, the 

effect of crystal lattice compression due to the diffusion of carbon at-
oms to the single crystal surface is observed after each surface treat-
ment (Fig. 2). In this case, the relative deformations of the near-
surface atomic layers of the W(110) sample for each treatment mode 

are several times larger by modulus than for the W(110)-D sample un-
der the same treatment. The maximum reduction in interplanar dis-
tances is observed after cleaning the surface of the unstrained W(110) 
sample with low-energy Ar+

 ions, which is probably associated with 

perturbations in the atomic structure due to the formation of radiation 

defects and the implantation of Ar+
 ions in a single crystal. 

 As the interplanar distance d increases, the concentration of free 

electrons in the near-surface layer should decrease, and thus, the ener-
gy of the plasma oscillations should decrease too that is observed in the 

experiment for bulk plasmons of the W(110)-D sample (Fig. 2, Table 

1). In contrast, for the unstrained W(110) sample, the interplanar dis-
tance decreases in all processing modes (Fig. 2) and the energy of bulk 

plasmons increases compared to the initial state of the sample (Table 

1). The presence of plastic deformation in the W(110)-D sample leads 

to an additional increase in interplanar distances on its convex surface 

compared to the unstrained sample, resulting in lower Еb values for the 

W(110)-D single crystal than for W(110). This regularity occurs for all 

1 2 3 4

-0.2

-0.1

0.0

0.1

∆
d
/d

Types of surface treatment

 W (110)
 W (110)-D

 

Fig. 2. Changes of interplanar spacing after various modes of the surfaces 

treatment; 1—annealing at 1750°C for 540 min; 2—exposure in oxygen at 

1700°C for 180 minutes; 3—bombardment by Ar+
 ions; 4—annealing at 

1750°C for 200 min. 
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treatment modes of the W(110)-D and W(110) samples (see Table 1), 
but it does not extend to these samples in the initial non-equilibrium 

state. 
 From Eq. (1), one can obtain an expression to calculate the concen-
tration of conduction electrons np participating in surface and bulk 

plasma oscillations: 

 np = 0.724⋅Ep
2⋅1021

 cm−3, (3) 

where Ep is the surface (p = s) and bulk (p = b) plasmon energy, respec-
tively. The concentrations of conduction electrons np (p = s, b) near the 

surface of the W(110) and W(110)-D samples are calculated from both 

the surface and bulk plasmon energies and shown in the Table. 2. 
 The concentration of conduction electrons according to the surface 

plasmon data decreases significantly for both samples, which is associ-
ated with the features of surface relaxation and the presence of defects 

in the surface structure. It should also be noted that ns for W(110)-D is 

2–3 times higher than the similar value for W(110), which indicates 

greater distortions of the surface layers of an unstrained single crystal 
compared to a plastically deformed one (which is also indicated by the 

analysis of the value of ∆d/d, Fig. 2). 
 For the W(110) sample in the initial state, the conduction-electrons’ 
concentration calculated from the bulk plasmon energies coincides 

with the value calculated by the free electron model and is equal to 6 

electrons per atom (this is also an argument in favour of the applicabil-
ity of the Drude’s model). After successive surface treatments, an in-
crease in the conduction electron concentration is observed due to the 

growth of compressive deformation in the W(110) near-surface layer. 
A certain increase in nb in the initial state of the W(110)-D sample 

compared to the conduction electron concentration for the unstrained 

W(110) is associated (as well as the behaviour of the Еb value discussed 

above) with the deformation of the crystal lattice and the presence of 

ionized water and other defects in the volume and on the surface of the 

samples (see Fig. 1). As a result of the interplanar-distances’ increas-
ing after surface treatments of the W(110)-D single crystal, the con-

TABLE 2. Values of the conduction electrons’ concentrations (ns,b), el./atom 

(the treatment modes one can see in Table 1). 

Plasmon type Sample 
Surface treatment modes 

0 1 2 3 4 

Surface 
W(110) 0.97 0.77 0.86 0.72 0.57 

W(110)-D 1.87 1.95 1.50 1.55 1.70 

Bulk 
W(110) 6.0 6.24 6.24 6.18 6.60 

W(110)-D 6.16 5.70 5.86 5.84 5.65 
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centration of conduction electrons decreases and the covalent bond 

weakens [15], which should lead to a decrease in the work function of 

electrons from the surface. The maximum effect of nb decrease occurs 

after the final annealing of the W(110)-D single crystal at a tempera-
ture of 1750°С for 200 min. 
 According to Ref. [20], the work function is connected with the bulk 

plasmon energy by the following relationship: 

 ϕ = 1.8 + (1/9)Eb. (4) 

 The results of the corresponding calculations are shown in Fig. 3. As 

can be seen from this figure, for the unstrained sample in the initial 
state, the work function of electron from the (110)W surface is equal 
to 4.33 eV. After annealing at a temperature of 1750°C for 540 min, 
the work function increases to 4.38 eV, and after exposure in oxygen 

and bombardment with Ar+
 ions, it practically does not change. After 

final annealing at 1750°C, the value of ϕ rises sharply to a maximum of 

4.46 eV. Heat treatment at temperatures of 1700 and 1750°C obviously 

leads, as mentioned above, to the activation of carbon diffusion and its 

segregation from the bulk to the surface of the W(110) crystal, which 

is reflected in a consistent increase in work function after surface 

treatments. 
 The surface of the deformed W(110)-D single crystal (Fig. 3) in its 

initial state has a rather large electron work function (4.37 eV), indi-

0 1 2 3 4
4.25

4.30

4.35

4.40

4.45

4.33 eV

4.37 eV

4.26 eV

ϕ,
 e

V

Types of surface treatment

 W(110)
 W(110)-D

4.46 eV

 

Fig. 3. Electron work function from the strained and unstrained surfaces 

W(110): 0—in the initial state; 1—after annealing at 1750°C for 540 minutes; 
2—exposure in oxygen at 1700°C for 180 minutes; 3—bombardment by Ar+

 

ions; 4—annealing at 1750°C for 200 min. 



EFFECT OF DEFORMATION ON THE ELECTRONIC PROPERTIES OF THE W(110) 1095 

cating its non-equilibrium state and the presence of adsorbed particles 

on it. Annealing of the W(110)-D sample at a temperature of 1750°С 

for 540 min results in a sharp decrease of the work function to 4.27 eV. 
Further exposure in atomic oxygen increases the work function to 4.30 

eV. Cleaning the surface with Ar+
 ions followed by annealing at a tem-

perature of 1750°C for 200 min again leads to a decrease in the work 

function to a minimum value of 4.26 eV. It is important to note that 

after all treatments, the work function on the surface of a deformed 

single crystal is significantly less than the work function on the un-
strained W(110) crystal. As shown above, in all modes of W(110)-D 

surface treatment, the interplanar distances are increased relative to 

the initial state, which, in turn, leads to a weakening of the covalent 

bond [15] and a decrease in the work function of electron. 
 Thus, the plastic deformation of the W(110) single crystal in the ini-
tial state slightly increases the electron work function for the emitting 

(convex) surface from 4.33 to 4.37 eV. Such increase can be caused by 

the non-equilibrium state of the deformed surface. 
 For all types of thermal, thermochemical and ionic treatments of a 

plastically deformed sample, the work function decreases in relation to 

both the initial deformed state and the unstrained sample after the 

same surface treatment. This is in accordance with the results of [21] 
regarding the general laws of the influence of deformation on the work 

function in metals. The maximum difference in the work function of 

deformed and unstrained single crystals is observed after the whole 

complex of successive thermal, thermochemical, and ionic treatments 

and is of 0.2 eV. 
 As can be seen from the above, the reason for the lower values of the 

work function at the surface of the deformed single crystal is the in-
crease in the average value of the crystal lattice period of tungsten due 

to the appearance of dislocations during plastic deformation and the 

corresponding decrease in the interatomic interaction force. An im-
portant role in the formation of the electronic properties of an un-
strained tungsten single crystal is played by the diffusion of C atoms 

from the volume to the surface, while the properties of a plastically de-
formed sample are more influenced by ionized water molecules cap-
tured by the nuclei of dislocations during the sample preparation 

stage. 

4. CONCLUSIONS 

1. Plastic deformation of the W(110) single crystal, which occurs, for 

example, due to its cylindrical bending during the formation of a 

closed TIC capsule with nuclear fuel or a thermonuclear reactor shell, 
slightly increases the work function of electron from the emitting con-
vex surface (from 4.33 to 4.37 eV), despite the presence of macroscopic 
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tensile deformation. This growth is caused by non-equilibrium states 

of the deformed and unstrained surfaces of the W(110) single crystal 
and determines the need for thermal and other sample treatments be-
fore its practical use. 
2. After all the above successive treatments, the deformed and un-
strained samples pass into more equilibrium states that is accompanied 

by a restructuring of their surface and a change in the corresponding 

electronic properties. Thus, at high temperatures, carbon diffusion is 

activated in the unstrained sample and its segregation occurs from the 

bulk to the surface of the W(110) single crystal, which is reflected in a 

decrease of the interplanar distance in the near-surface layer leading 

to a local increase of the electron concentration and the work function 

after the selected successive surface treatments. Ion etching slightly 

breaks the monotony of this dependence due to the formation of addi-
tional radiation defects. For the plastically deformed sample W(110)-
D, all successive treatments lead to a significant relaxation of macro- 
and microstrains. An important role in the formation of the electronic 

properties is played the presence of a high density of dislocations of the 

same sign (up to 109
 cm−2) and ionized water molecules captured by dis-

locations at the stage of sample preparation. All treatments lead to an 

increase in the interplanar distances in the near-surface layer, a local 
decrease in the electron concentration, and a corresponding decrease in 

the work function of the convex side of the plastically deformed 

W(110) single crystal relative to both the initial state of the W(110)-D 

sample and the unstrained sample after the same surface treatments. 
3. The maximum difference in the values of work function of un-
strained and deformed crystals is observed after the whole complex of 

sequentially performed thermal, thermochemical and ion treatments 

and is 0.2 eV, which is important to consider for designing thermionic 

energy converters with cylindrically deformed electrodes. 
4. The practically absence of carbon atoms on the surface of deformed 

tungsten sample can be caused by the blocking of carbon segregation to 

the surface by ionized water molecules in the dislocation nuclei. The 

formation of additional dislocations during plastic deformation of a 

sample, together with ionized water molecules capturing by them, can 

become a new effective method of obtaining surfaces of single crystals 

of refractory metals and their alloys, which would not contain carbon 

impurity. 
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