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Structural phase transition in surface layer of metals 

In the article a review of various phenomena on the surface of pure metals is given: the occurrence of the sur-
face states of Tamm and Shockley; quantum size effects; electric double layer, the work function of electrons 
from a metal. According to modern concepts, the surface layer is a very thin phase that is in thermodynamic 
equilibrium with volume. A new model of the surface layer of metals has been proposed. The main attention 
is paid to the structural phase transition in the surface layer. This question is raised by us for the first time. In 
order to describe phase transitions in nanostructures, various models have been proposed, among which we 
can mention the Landau mean field method, in which the order parameter is used. We will use the Landau 
theory, replacing the temperature T with the coordinate h. It was experimentally shown that the heat capacity 
jumps ΔCp = 0, d = 1.15 (J/mol•K). The molecular dynamics calculations for the heat capacity of gold with 
particle sizes from 1.5 to 5.5 nm showed that ΔCp ≈ 1.65 (J/mol•K). This is close to our result, given the 
proximity of computer calculations. The lattice parameter of gold is a = 0.4 nm. So the d (I) layer contains 
about 3 monolayers of atoms of gold and d (II) — about 6 monolayers of gold. 
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Introduction 

The study of the physical properties of various substances shows that these properties substantially de-
pend on the size of the sample, starting from its certain critical value. This is explained by the difference in 
the properties of substances in the local near-surface layers and in the bulk. With a decrease in the sample 
size (for example, film thickness), the contribution of the surface layers to the total sample characteristic in-
creases and the averaged characteristics of the substance change. This phenomenon is called a size effect and 
is fundamental in the nanoworld (nanophysics, nanochemistry, nanogeology, etc.) [1–10]. 

According to modern concepts, the surface layer is a very thin phase that is in thermodynamic  
equilibrium with volume [11]. Regarding the thickness of the surface layer, there are various approaches. 
Thus, in [12], the concept of a natural surface layer of a metal is introduced, which differs from the main 
volume of the metal by mechanical, physical, and sometimes chemical properties. Large stresses occur in 
this layer due to the following technological operations: 

 heat treatment (for example, quenching, tempering, annealing); 
 chemical treatment (for example, carbonization, nitriding); 
 electrochemical treatment (for example, electrolytic coating); 
 physical treatment (for example, ion implantation). 
The study of such surface layers, the main characteristic of which is the surface roughness, led to the 

creation of a scientific direction — surface engineering [13–15]. This branch of knowledge pays special at-
tention to the issues of metal corrosion, tribology, the processes of material wear and destruction. Let's call 
this metal layer a technological layer the thickness of which can range from fractions to hundreds of microns. 

When splitting single crystals in vacuum, three types of surfaces can form along the cleavage plane: 
singular (atomically smooth), vicinal (stepped), non-singular (diffuse) surfaces (Fig. 1) [16–18]. The study of 
such surfaces became possible after the development of ultrahigh-vacuum technology, atomic force and tun-
neling spectroscopy [19–22]. 

 

 
1 — singular (atomic-smooth); 2 — vicinal (stepped); 3 — non-singular (diffuse) surfaces 

Figure 1. Three types of surfaces  
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Quantum-size effects in metals 

Quantum-dimensional structures [34, 35], in which only one quantum level is filled, are called two-
dimensional electronic structures. If the movement of carriers is limited not in one, but in two directions, 
then in this case the carriers can move freely only in one direction, along the thread. In the cross sec-
tion (the yz plane) the energy is quantized and takes discrete values of Emn (like any two-dimensional motion, 
it is described by two quantum numbers, m and n). The full spectrum is also discretely continuous, but with 
only one continuous degree of freedom: 

 

2

.
2

x
mn

p
E E

m
    (1) 

By analogy with film structures having a spectrum (1), these systems are called one-dimensional  
electronic structures or quantum filaments. 

Finally, there are structures resembling artificial atoms, where motion is restricted in all three direc-
tions. Here the energy spectrum no longer contains a continuous component, but is purely discrete. 
As in the atom it is described by three discrete quantum numbers (not counting the spin) and can be written 
as E = Elmn, and, as in the atom, the energy levels can be degenerate. Such systems are called zero-
dimensional electronic structures or quantum dots. 

In order for quantization of the energy spectrum to manifest itself in any observable effects, the distance 
between the energy levels En+1-En must be sufficiently large. First of all, it should significantly exceed the 
thermal energy of the carriers: 

 1 ,n nE E kT     (2) 
otherwise, the almost identical population of neighboring levels and frequent carrier transitions between 
them make quantum effects unobservable. 
If the electron gas is degenerated and characterized by the Fermi energy EF, then in order to observe quan-
tum-size effects, the condition: 

 1 .n n FE E E     (3) 
In accordance with requirement (3), metal structures are not very suitable for observing quantum size 

effects, since EF in typical metals is several electron volts, which is known to be greater than any distance 
between levels. Semiconductor or semimetallic structures are clearly preferable here. 

Metal surface reconstruction and relaxation 

Consider the atomic structure of the surface of the sample, formed as a result of cleavage along a certain 
crystallographic plane. Due to the fact that there are no atoms on one side, the nature of the interatomic  
forces on the surface should change. As a result, the equilibrium structure of the upper atomic layer must 
differ from the corresponding atomic plane in the bulk. There are two main types of atomic surface rear-
rangement [16–18]: relaxation; reconstruction. 

The surface relaxation is understood as the difference between the distances between the last crystallo-
graphic planes parallel to the plane of the boundary with vacuum, and the distances between the same planes 
in the bulk. It is assumed that the arrangement of atoms in the last plane completely coincides with the ar-
rangement of atoms in all other planes parallel to it. 

In turn, the relaxation is subdivided into normal and lateral (the latter is also called parallel or tangen-
tial). Normal relaxation corresponds to the case when the atomic structure of the upper layer is the same as in 
the volume, but the distance between the upper and second layer differs from the distance between the planes 
in the volume. In its pure form, normal relaxation is observed in metals. 

With rare exceptions, the surface of most metals is unreconstructed and subject to relaxation. For low-
index planes, relaxation is, as a rule, purely normal. Some high index planes are characterized by a combina-
tion of normal and lateral relaxation. 

The aluminum surface A1 (110) is a typical example of relaxation of a low-index metal surface. 
This is a purely normal relaxation (Fig. 3a). Like most metals, the first interlayer distance d12 is com-

pressed [36]. The magnitude of this compression, normalized to the interlayer distance in the crystal  
volume, Δ12 = (d12 – dbulk)/dbulk, is -8.6 %. In general, for face-centered and bulk-centered metals this value is 
in the range from zero to several tens of percent, and it is higher for surfaces with a low packing density of 
atoms. 
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The lowest energy that an electron needs to communicate in order to remove it from a solid or liquid 
body into a vacuum is called the work function. The work output is usually denoted by eφ, where φ is a 
quantity called the output potential. The electron work function of a metal is determined by the expression: 
 

0
.p Fe E E     (4) 

The thickness of the surface layer of atomically smooth metals 
In [39, 40] we obtained a formula that describes the dependence of the physical property of a solid on 

its size: 

 
0( ) 1

d
A h A

h
    
 

,     (5) 

here A0 is the physical property of the massive sample; A(h) is the physical property of a small particle or 
thin film; d is a dimensional parameter. 

For the size parameter, we have obtained the formula [39, 40]: 

 

2
,d

RT




      
(6) 

here σ is the surface tension of the bulk sample; υ is the molar volume; R is the gas constant;  
T temperature.  

For h ≤ d, formula (5) loses its physical meaning (A (h) → ∞)), so we will define the function A (h) in 
this area so that at the point h = 0, the function A (h) turns to zero (Fig. 5). This condition is fulfilled when 
the function (2) is rewritten as: 

 0( ) 1
d

A h A
d h

     
.     (7) 

 

 

Figure 5. Schematic representation of the surface layer 

The values of the parameter d for some metals are given in Table. The experimental value for atomical-
ly smooth surfaces of gold crystals, obtained in the geometry of sliding x-rays [41], is 2.4 nm. This almost 
coincides with Table. 

However, the size dependence of the physical properties of solids begins at h ≈ 10d. We call it the 
thickness of the nanostructure and denote (II). Ре

по
зи
то
ри
й К
ар
ГУ



Structural phase transition in surface layer of metals 

Серия «Физика». № 1(93)/2019 55 

T a b l e  

The thickness of the surface layer (I) of some metals 

Me d, nm Me d, nm Me d, nm Me d, nm Me d, nm Me d,nm 

Li 0,7 Sr 5,8 Sn 1,4 Cd 1,3 Fe 2.2 Gd 5.3 
Na 1,5 Ba 6,2 Pb 1,8 Hg 0,6 Co 2,0 Tb 5,3 
K 2,6 Al 1,5 Se 1,3 Cr 2,7 Ni 1,9 Dy 5,3 
Rb 2,9 Ga 0,6 Te 2,5 Mo 4,6 Ce 3,8 Ho 5,5 
Cs 3,6 In 1,1 Cu 1,6 W 5,8 Pr 4,2 Er 5,5 
Be 1,3 Tl 1,9 Ag 2,2 Mn 2,0 Nd 4,5 Tm 5,2 
Mg 2,2 Si 3,4 Au 2,3 Tc 3,6 Sm 4,4 Yb 4,6 
Ca 4,9 Ge 2,8 Zn 1,1 Re 4,6 Eu 5,8 Lu 5,7 

 
In [39, 40] we showed that the surface tension with high accuracy is given by:  

 30,7 10 ,mT        (8) 

where Tm is the melting point (K) of the bulk sample: σ [J/m2]. 
If we substitute (8) into (6) at T = Tm, we obtain that the thickness of the surface layer (I) of an atomi-

cally smooth solid is equal to: 

 30,17 10 .d          (9) 

For gold, υ = 10.21 (cm3/mol) = 10.21 10-6 (m3/mol); d (Au) = 1.74 nm (at Tm = 1337 K). From the de-
pendence d300 = Tm/d(Au)•T300 follows: d300 = 2.23 nm. This value is slightly (3%) different from the value 
given in Table. 

Orientational phase transition and Landau theory 

It follows from Figure 5 that at h = d, an orientational phase transition of the λ type occurs in the 
nanostructure (Fig. 5), which is associated with surface reconstruction and relaxation processes [36]. There is 
an opinion that size plays a role in temperature in nanostructures. When h = d, in particular, the Hall-Petch 
law is changed to the opposite [42] and other phenomena. 

In order to describe phase transitions in nanostructures, various models have been proposed, among 
which we can mention the Landau mean field method, in which the order parameter is used [43]. We will use 
the Landau theory, replacing the temperature T with the coordinate h. 

In Landau's theory, the temperature-dependent order parameter is associated with crystal symmetry. In 
this case, in one of the phases (as a rule, in the high-temperature phase), the system is not ordered and  = 0. 
In the ordered phase (usually low-temperature) 0. 

According to Landau, the thermodynamic potential of the system is expanded in a row in the parameter : 
 2 3 4 5

0( , ) ( ) ,F h F h A B C D E               (10) 

where F0(h) (T = h) is the part of the free energy independent of , and the coefficients A, B, ... may depend 
on h. From the condition of thermodynamic equilibrium of the existence of a phase, there should be a mini-
mum of its free energy, at which F/ = 0. From here it is obvious that the coefficient for the first degree 
should be zero: F/ = А = 0 (all subsequent terms of the decomposition F/η are equal to zero, since in 
the unordered phase  = 0). In addition, in most cases, the disordered (high-temperature) phase is 
centrosymmetric, so that the minimum F() in the vicinity of η = 0 should be symmetric. Therefore, the de-
composition 2F/2 must be characterized by an even series (polynomial). For this reason, all coefficients 
with odd powers η in expression (10) must vanish. This gives grounds to rewrite the expression for the ther-
modynamic potential in the following form: 
 2 4 6

0( , ) ( ) (1 / 2 ) (1/ 4 ) (1/ 6 ) ,F h F h              (11) 

where ,  and  — are the coefficients of the decomposition of the thermodynamic potential with respect to 
the order parameter: F(η). For them, new notation is used - instead of B, D, ..., and the coefficients ½, ¼, ... 
are introduced only in order to simplify the expressions obtained by differentiating the thermodynamic po-
tential. When analyzing the expansion (11), we can conclude that the dependence of the coefficient  on h is 
sharp (critical). The dependence of  and  on h is not critical, so that it can be neglected. 
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By expanding the dependence (h) in a series in a small (in the vicinity of the transition)  
parameter (h-) and limiting ourselves to the first member of this series, we have: 
 0( )h  ,  (12) 

where 0 is a coefficient independent of h. 
In Landau's theory, the character of the FP (features of the second kind or the first kind) is determined 

by the sign of the coefficient of the fourth power of the order parameter: 4. In the case of β > 0, we have a 
second-order phase transition, and in this case, taking the coefficient at 6 (and at higher degrees of the order 
parameter) becomes unnecessary, since the stability of the system is already provided by the condition of a 
positive value of the parameter. Thus, for the thermodynamic description of the FP2 in the centrosymmetric 
disordered phase, the expansion of (h,) in the order parameter takes the form of a finite polynomial: 

 2 4
0( , ) ( ) (1 / 2 ) (1 / 4 ) ,F h F h          (13) 

where  = 0(h–) and  > 0. 
The specific form of the function (13) depends on the physical meaning of the order parameter. 
According to microscopic changes in the structure, phase transitions are divided into displacement type 

and order-disorder type transitions. 
The order parameter for order-disorder phase transitions is described as follows. A change in the sym-

metry of a crystal can occur as a result of the redistribution of the probability that atoms are located at  
different equilibrium positions in the unit cell. Suppose that there are two such positions and they are «popu-
lated» respectively with a concentration of N1 and N2 atoms — the number of atoms located respectively in 
positions 1 and 2. At sufficiently high temperatures, these positions are uniformly populated, the probability 
of finding an atom in each of them is the same: N1 = N2. Since on average (for example, on average over 
time) the internal atom is in the center of the cell, the symmetry of the structure does not change. The phase 
transition into an ordered phase with decreasing temperature manifests itself as the appearance of the  
difference in the probabilities of finding a particle in different positions, that is, the difference in the number 
of particles in these positions. At the phase transition point, the value becomes nonzero: 

 1 2 1 2( ) / ( ).N N N N     (14) 
Structural phase transitions in which symmetry changes occur as a result of the redistribution of  

particles over previously equally probable positions are called order-disorder transitions. 
In order for the phase transition point to correspond to a steady state, the thermodynamic potential must 

have a minimum at this point: 

 

3
0 0

2
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0 02

2 4 0;

2 12 0.

F
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F
A C


   
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
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  (15) 

From (15) it follows that: 

 

0

0

0

0 0;

.
2

h d A

A
h d

C

  

  
  (16) 

The second postulate of the Landau theory is a linear dependence on h of the coefficient A0 near the 
transition under the condition of constant pressure: 

 0 0( ) ( ),А h h d     (17) 
where α0=(∂А0/∂h)h=d – const.  

It is assumed that С0 does not depend on h. Thus, the value of the order parameter η for h <d is: 

 0

0

( )
.

2

d h

C

 
    (18) 

Entropy near the phase transition point: 

 20
0 .

F A
S S

h h

 
     

 
  (19) 
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В.М. Юров, 

Металдардың бет

Мақалада таза металдардың б
беттік күйлерінің пайда бо
электрондардың шығу жұмы
термодинамикалық тепе-теңді
ұсынылған. Беткі қабаттағы құ
рет көтеріп отырмыз. Наноқ
ұсынылды, олардың ішінде ре
болады. Ландау теориясын
Эксперимент көрсеткендей,
Жүргізілген молекулалық дин
алтынның жылусыйымдылығы
a = 0,4 нм құрайды. Демек, D (
6 моноқабатынан тұрады. 

Кілт сөздер: беткі қабат, нано

 

В.М. Юров, 

Структурный фаз

В статье дан обзор различных
ных состояний Тамма и Шокл
выхода электронов из металл
ставляет собой очень тонкую 
ложена новая модель поверхн
зовому переходу в поверхност
вых переходов в наноструктур
тод среднего поля Ландау, в ко
заменяя температуру T на коорд
= 1,15 (Дж/моль·К). Проведен
размерах частиц от 1,5 до 5,5 н
ми результату, учитывая приб
нм. Значит, слой d (I) содержи

Ключевые слова: поверхностн
кость. 
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Structural phase transitio
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сти нанокластеров ГЦК-металлов на примере Al, Ni, 
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С.А. Гученко, В.Ч. Лауринас, О.Н. Завацк

ткі қабатындағы құрылымдық фаза

бетіндегі түрлі құбылыстарға шолу ұсынылған: Тамм 
олуы; кванттық өлшем эффектілері; электрлі қос 
ысы. Қазіргі тұжырымдамаларға сəйкес, беттік қабат
ікте болатын өте жұқа фаза. Металдардың беткі қабаты
ұрылымдық фазаға өтуге баса назар аударылады. Бұл мə
құрылымдардағы фазалық өтулерді сипаттау үшін əр
еттілік параметрін қолданатын Ландаудың орташа өріс 
н пайдаланып, T температурасын h координатпен

 жылусыйымдылығының секірісі ΔСp = 0,d = 1,15
намикалық есептеулер бөлшектердің өлшемдері 1,5-те
ы ΔСp ≈ 1,65 (Дж/моль·К) болатынын көрсетті. Алтынны
(I) қабаты алтын атомдарының 3 моноқабатынан жəне D

оқұрылым, фазалық өту, Ландау теориясы, жылу сыйымд

С.А. Гученко, В.Ч. Лауринас, О.Н. Завацк

овый переход в поверхностном слое 

х явлений на поверхности чистых металлов: возникнове
ли; квантово-размерные эффекты; двойной электрическ
ла. Согласно современным представлениям поверхност
фазу, находящуюся в термодинамическом равновесии с
ностного слоя металлов. Основное внимание уделено с
тном слое. Этот вопрос поднимается нами впервые. Для
рах предложены различные модели, среди которых мож
отором используется параметр порядка. Мы воспользуемся
динату h. Экспериментально показано, что скачок теплое
нные расчеты методом молекулярной динамики теплоем
нм показали, что ΔСp ≈ 1,65 (Дж/моль·К). Это близко к 
ближенность компьютерных расчетов. Параметр решетк
ит около 3 монослоев атомов золота и d (II) – около 6 мон

ный слой, наноструктура, фазовый переход, теория Л
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