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ABSTRACT: We present an analytical thermodynamic model of a surface in contact with a 

gas phase which enables us to determine the surface coverage of the adsorbate depending on 

the temperature, pressure and chemical potential of the gas. This model is applied to both the 

W(110) and W(100) surface of tungsten in contact with hydrogen. The thermodynamic model 

is built upon data computed by density functional theory that provide the complete electronic 

and vibrational energetics of both surfaces. It is further compared to experimental 

measurements of hydrogen coverage during isobar exposure at various temperature acquired 

via low energy ion scattering and direct recoil spectroscopy techniques. On W(110), the 

agreement is quantitative provided that an additional degree of freedom is added to the model. 

This degree of freedom accounts for the translational motion of the adsorbate along 1D channel 

on the surface. On W(100), surface reconstruction makes the energetics of the system more 

complex; the full details of the experimental isobar are not well reproduced, although the overall 

consistency is obtained. We end-up with a thermodynamic model based on DFT data having 

accurate predictive capabilities to determine the hydrogen coverage of tungsten at any p and T.  
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1. INTRODUCTION 

In this work, we have developed an analytical thermodynamic model built in the (, p, T) 

ensemble that allows us to determine, based on density functional theory (DFT) data, the 

surface coverage of a metal in contact with a gas phase in case of strong chemisorption. The 

DFT data are herein computed for tungsten and hydrogen to which the model is applied. The 

model is subsequently benchmarked against experimental measurement of the hydrogen 

coverage during isobar adsorption at various temperatures from low energy ion scattering 

(LEIS) and direct recoil spectroscopy (DRS).  

In some other approaches dealing with adsorption and based on 2D-Ising model1,2 or transfer-

matrix3,4 methodologies, the adsorbate-adsorbate and adsorbate-substrate interactions are 

decomposed into pair and higher order effective clusters interactions according to a lattice gas 

models5,6 in order to fit experimental results. Our approach follows a different methodology, 

and the interaction between the adsorbate and the substrate are computed by DFT with no 

parametrization against experimental results. Experiments however remain essential to validate 

the model, which is done for both the W(110) and W(100) surfaces. 

As tungsten constitutes the divertor plates of JET7,8, WEST9 and future ITER tokamaks10, a 

major application of this work is related to nuclear fusion sciences, plasma-material 

interactions, and the permeation of hydrogen isotopes into the first wall of tokamaks.  

Experimentally, the processes that govern hydrogen retention in tungsten are typically 

investigated through thermal desorption spectroscopy (TDS) and permeation experiments. TDS 

data are typically analyzed with Macroscopic Rate Equations (MRE), which incorporate as 

much as possible a large variety of atomic-scale mechanisms, most of them being related to 

bulk properties. These mechanisms are characterized by physical quantities that are mostly 

established via density functional theory (DFT) calculations. Today, current MRE models 
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attempt to incorporate plausible surface mechanisms to improve their capability to reproduce 

as accurately as possible experimental TDS data11-16. However, what remains is the need to 

establish the coverage of the surface versus the experimental conditions to which it is exposed; 

this is precisely the aim of the present work. 

Both the W(100) and W(110) surfaces are sampled into periodic minimal surface areas 

characterized by a discrete coverage 𝜃. The coverage 𝜃 =
𝑛

𝑁
 is defined as the number n of 

adsorbed atoms divided by the number N of substrate atoms on the top surface. The range of 

coverages investigated spans from the bare surface to over-saturation by steps of Δθ = 0.25. 

For each coverage θ, various configurations resulting from geometric optimization were 

considered. The probability of finding a minimal surface area at coverage 𝜃 is then expressed 

as a function of the chemical potential of hydrogen , the pressure p, and the temperature T. In 

the end, the macroscopic surface coverage 𝜃̅(𝜇, 𝑝, 𝑇) is given as the mean value of 𝜃 over the 

whole surface.  

The above results are compared with experimental measurements obtained using low energy 

ion scattering (LEIS) and direct recoil spectroscopy (DRS). In both cases, the composition 

information is obtained from classical scattering kinematics, whereas structural information can 

be extracted from surface channeling and shadowing effects. Since these measurements focus 

on measurements of surface composition, we emphasize these aspects of the technique here. 

Both LEIS and DRS are unique among surface analysis techniques for the sensitivity to 

chemisorbed hydrogen. Other commonly used surface composition techniques (primarily 

Auger electron spectroscopy and X-ray photoelectron spectroscopy) provide limited or no 

sensitivity to hydrogen, and other techniques such as thermal desorption spectroscopy often 

provide only indirect information. In the analysis presented below, we use DRS to detect and 

analyze the recoiled H and use this to make measurements of the surface coverage. LEIS, on 

the other hand, is used for detection of the W substrate. 
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The remainder of this paper is organized as follows: the details of the DFT calculations, of the 

thermodynamic model and of the experimental techniques are given in section 2. Section 3 

provides the DFT data, the results of the thermodynamic model and of the experimental 

measurements. Section 4 organizes a general discussion about how the present model compares 

with the experimental data, and on the new insights it brings to the general understanding of 

the hydrogen to tungsten interaction. This is followed by section 5, where we provide some 

concluding remarks. 

 

2. METHODOLOGY 

2.1. Density Functional Theory surface model and numerical parameters  

As in our previous studies of the interactions of hydrogen with tungsten surfaces17,18, herein we 

use a similar periodic plane-wave DFT model as implemented in Quantum Espresso package19. 

We employ the PBE exchange-correlation functional20 and the Vanderbilt ultra-soft scalar-

relativistic pseudo-potentials (USPP) to describe the ionic cores21; 14 valence and semi-core 

electrons were considered for tungsten. Energy cutoffs of 40 Ry and 320 Ry were used for the 

expansion of the wave-function and the electronic charge density, respectively. Vibrational 

frequencies of the hydrogen atoms were calculated via Density Functional Perturbation 

Theory22 in the harmonic approximation. All other numerical parameters for electronic and 

vibrational calculations are identical to the ones described in Ref 17. 

Both the W(110) and W(100) surfaces are modeled by a 6 layer slabs, keeping the bottom two 

layers of tungsten atoms frozen to bulk geometry, with a 20 Å vacuum inserted in the Z-

direction. The dimension of the W(100) working-cell is 2  2  6 as in Ref 23 with the bulk bcc 

cell parameter a = 3.187Å. The surface working-cell, constructed upon 2  2 repetition of the 

surface unit-cells, contains four tungsten atoms as shown in Figure 1. Correspondingly the 
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hydrogen coverage increases by steps of Δ𝜃 =
∆𝑛

𝑁
= 0.25. The working-cell is periodically 

repeated in the three directions of space, making of the model a pseudo-2D periodic system. 

Regarding the W(110) working cell, the centered-rectangular 116 working-cell initially used  

in Ref 23 was enlarged to a rhombus of double area of dimension 𝒂√3 ×  𝒂√3 also shown in 

Figure 1; it displays four tungsten atoms on the top surface too, allows for more hydrogen 

configurations to be investigated, and enables the coverage to vary by steps of Δ𝜃 = 0.25 as on 

the W(100) surface. For each coverage 𝜃, we computed all the lowest energy configurations j 

in a range of 0.2 eV. 

 

Figure 1. Schematic representation of the working-cell for the W(110) and W(100) surfaces. The top-surface W 

atoms are shown in blue, the W atom of the layer below are shown in light-blue. Adsorption sites are indicated by 

dark-blue dots: T (top), TF (three-fold), H(Hollow), B (bridge), SB (short-bridge). The W(100) is shown with no 

surface reconstruction. Upon reconstruction of the surface, B sites transforms into SB (short-bridge) sites and LB 

(long-bridge) sites as can be seen in the Supplementary Information. The 1D diffusion paths for hydrogen on both 

the W(100) and W(110) surfaces are shown with brown dotted lines 
 

The adsorption energies are calculated as follows:  

 𝐸𝑎𝑑,𝐻𝑛
= 𝐸𝑊𝑠𝑙𝑎𝑏 ,𝐻𝑛

𝐷𝐹𝑇 − 𝐸𝑊𝑠𝑙𝑎𝑏

𝐷𝐹𝑇 −
𝑛

2
𝐸𝐻2

𝐷𝐹𝑇 (1) 

where n is the number of hydrogen atoms, 𝐸𝑊𝑠𝑙𝑎𝑏,𝐻𝑛

𝐷𝐹𝑇  is the energy value of a given configuration 

of n hydrogen atoms on a tungsten surface, 𝐸𝑊𝑠𝑙𝑎𝑏

𝐷𝐹𝑇 is the energy of the corresponding bare 

2a

T B

H

2a

a√3
T

TF TF

SB

a√3
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surface, and 𝐸𝐻2

𝐷𝐹𝑇  is the calculated value of molecular H2. We also provide zero-point 

vibrational energy (ZPE) corrected values for all adsorption energies, labeled as 𝐸𝑎𝑑,𝑍𝑃𝐸,𝐻𝑛
. As 

the coverage ratio is increased, the change in adsorption energy of the most stable 

configurations is calculated as:  

𝐸𝑎𝑑
𝑛+1 = 𝐸𝑊𝑠𝑙𝑎𝑏,𝐻𝑛+1

𝐷𝐹𝑇 − 𝐸𝑊𝑠𝑙𝑎𝑏,𝐻𝑛

𝐷𝐹𝑇 −
1

2
𝐸𝐻2

𝐷𝐹𝑇 (2) 

 

2.2. Thermodynamic model of the surface 

First, we need to define the system; it is the surface of tungsten either in the (110) or (100) 

orientation. The system is open and can accommodate a varying number of hydrogen atoms. It 

is in equilibrium with a large enough hydrogen reservoir and a thermostat so that adsorption 

and desorption of hydrogen leaves the pressure and temperature unaffected. Consequently, the 

external parameters that control the system are the pressure, temperature and chemical potential 

of hydrogen.  

The grand-partition function of the system Ξ̃(𝑝, 𝑇, 𝜇) is built upon all of the configurations and 

associated energetics established by DFT. The variation in volume of the surface is considered 

negligible after adsorption or desorption of hydrogen, making the volume to remain constant at 

𝑉𝑜. As hydrogen is supposed to be strongly bonded to the surface, only the electronic and 

vibrational energies are considered in a first step for building Ξ̃(𝑝, 𝑇, 𝜇). As a consequence, the 

range of validity of the model is the harmonic approximation for computing the vibrational 

frequencies, leading us to consider temperature below approximatively 1000K. In the following 

of the sub-section and for the sake of simplicity, the energy 𝐸𝑊𝑠𝑙𝑎𝑏,𝐻𝑛

𝐷𝐹𝑇  computed for a working-

cell at coverage 𝜃 =
𝑛

4
  in configuration j will simply be referred as 𝐸𝑗

𝜃. In the same way, the 

sum over all of the vibrational modes of configuration j, and over all levels of each vibrational 

mode j will be simply written as ∑ 𝐸𝑗,𝑣𝑖𝑏
𝜃

𝑣𝑖𝑏 .  
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Using these notations, the grand-partition function expresses as: 

Ξ̃(𝑝, 𝑇, 𝜇) = ∑ (∑ ∑ γj exp [−𝛽(𝐸𝑗
𝜃 + 𝐸𝑗,𝑣𝑖𝑏

𝜃 + 𝑝𝑉𝑜)]

𝑣𝑖𝑏,𝑗𝑗→𝜃

) exp(𝛽𝑛𝜃𝜇)

𝜃

 (4) 

where 𝛽 is 1 𝑘𝐵𝑇⁄  and 𝛾𝑗  is the number of symmetrically equivalent configurations j at coverage 

𝜃.  

In practice, it would suffice to consider only the most probable configuration or the 

configurations that coexist at a given coverage 𝜃. However, the adsorption energy depends on 

the temperature through the vibrational frequencies which itself depends of the geometry of 

adsorption. Consequently, it is not obvious how to determine at a given temperature which is 

the most stable configuration or which are the degenerated ones. We consequently consider all 

of the configurations and will further illustrate in Figure 4 which are the ones of significant 

weigh in the partition function. 

Equation (4) contains ℤ̃𝑗
𝜃(𝑛𝜃 , 𝑝, 𝑇) =  ∑ exp [−𝛽(𝐸𝑗

𝜃 + 𝐸𝑗,𝑣𝑖𝑏
𝜃 + 𝑝𝑉𝑜)]𝑣𝑖𝑏,𝑗 . Since 𝑔𝑗

𝜃 =

 −𝑘𝑇 𝑙𝑛ℤ̃𝑗
𝜃 , where 𝑔𝑗

𝜃 is the Gibbs-free energy of configuration j at coverage 𝜃, the grand 

partitions function simplifies to: 

Ξ̃(𝑝, 𝑇, 𝜇) = ∑ ∑ γj exp [−𝛽(𝑔𝑗
𝜃 − 𝑛𝜃𝜇)]

𝑗→𝜃

 

𝜃

 (5) 

The Gibbs free energy 𝑔𝑗
𝜃(𝑝, 𝑇, 𝑛𝜃) is calculated as  𝑔𝑗

𝜃 =  (𝐸𝑗
𝜃 + ℎ𝑣𝑖𝑏) − 𝑇 𝑠𝑣𝑖𝑏 where ℎ𝑣𝑖𝑏 

and 𝑠𝑣𝑖𝑏 are given in Appendix.  

Regarding the chemical potential  of hydrogen in the reservoir, it is simply calculated as 

𝜇(𝑝, 𝑇) =
1

2
𝑔𝐻2

(𝑝, 𝑇). (Also see the Appendix for further details.) As the range of pressure 

here considered is from below atmospheric pressure down to ultra-high vacuum, hydrogen is 

assumed to behave like an ideal gas, leading to 𝜇(𝑇, 𝑝) =  𝜇°(𝑇) + 𝑅𝑇 ln (
𝑝𝐻2

𝑝° ) where 𝑝° and 
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𝜇° are the standard pressure of 1 bar and the chemical potential of hydrogen at standard pressure. 

As a result, the temperature and the partial pressure of hydrogen 𝑝𝐻2
 determine the chemical 

potential and consequently the whole properties of the system at equilibrium. 

The probability of finding a unit-cell at coverage 𝜃 in configuration j is: 

𝑃𝜃𝑗
=

γj exp[−𝛽(𝑔𝑗
𝜃 − 𝑛𝜃𝜇)]

Ξ̃(𝑝, 𝑇, 𝜇)
 (6) 

The probability of finding a working-cell at coverage 𝜃 regardless of the configuration is: 

𝑃𝜃 =
∑   γj exp [−𝛽(𝑔𝑗

𝜃 − 𝑛𝜃𝜇)]𝑗→𝜃

Ξ̃(𝑝, 𝑇, 𝜇)
 (7) 

The macroscopic coverage 𝜃̅ in hydrogen of the whole surface is the sum of the probability 𝑃𝜃 

of having coverage 𝜃 on a given working-cell: 

𝜃̅ = ∑ 𝜃 . 𝑃𝜃

𝜃𝑚𝑎𝑥

𝜃=0

 (8) 

In the end, the macroscopic coverage 𝜃̅ is a continuous function of temperature and pressure, 

despite it being based on discrete atomic-scale coverages and configurations 𝜃𝑗 computed by 

DFT, but fully reflects the real case seen at the atomic scale. Given the quasi-harmonic 

approximations made for the vibrations of the adsorbate and the assumed ideal behavior of the 

gas phase, the range of validity of the model for temperature and pressure is below 

approximately 1000 K and 1 bar, respectively. 

 

2.3. LEIS and DRS measurements  

As in our previous work23, we used an angle resolved ion energy spectrometer (ARIES) for 

surface characterization. A W single crystal (MaTecK GmbH) was aligned and polished to 

within 0.1° of the (110) plane. The specimen was attached to a button-style heater using Ta 
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wire, allowing it to be annealed to 500 °C. Our manipulator allows for both polar and azimuthal 

rotation of the sample. For surface cleaning, we initially sputter-cleaned the sample at grazing 

incidence during continuous azimuthal rotation using a Ne+ ion beam. The sample was also 

annealed at 500 °C in between cleaning cycles, as we monitored the LEIS spectra for any 

chemisorbed impurities. Once the cleaning process was completed, a mass-separated 2 keV Ne+ 

was then used to probe the surface during the LEIS/DRS measurements, and the scattered and 

recoiled particles were characterized using a hemispherical electrostatic analyzer. While the 

vacuum within our system is generally quite good (< 5 × 10-10 Torr), the chief impurity within 

our system is hydrogen. As a result, there is at least some residual hydrogen that can be detected 

on the W surface even when it was not being dosed with any gases, and this can add an increased 

background to our measurements. For this reason, we dosed our surfaces with D2 gas at varying 

partial pressures to distinguish from the background H. 

 

3. RESULTS 

3.1 – Density Functional Theory data for hydrogen adsorption at various coverages 

and configurations.   

The energetics of all of the coverages and configurations we computed by DFT for hydrogen 

on top of tungsten are graphically displayed in Figure 2 and Figure 3 and summarized in Table 

1 and Table 2 for the W(110) and W(100) surface, respectively. In each Table are displayed 

the various coverages we computed, the low energy configurations j we determined after 

geometry optimizations, the degeneracy 𝛾𝑗  of each configuration resulting from symmetry 

equivalent positions, the adsorption energy 𝐸𝑎𝑑,𝐻𝑛
 calculated using eq. (1), and the adsorption 

energy of adding an additional hydrogen atom 𝐸𝑎𝑑
𝑛+1 calculated according to eq(2). 
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Table 1. 

Hydrogen adsorption on the W(110) surface: the adsorption energies 𝐸𝑎𝑑,𝐻𝑛
 and the adsorption energy of adding 

an additional atom 𝐸𝑎𝑑
𝑛+1 are given with ZPE correction for all the coverages 𝜃 and configuration j. The number 𝛾𝑗 

of symmetry equivalent positions for a given configuration j is also provided. 𝐸𝑎𝑑,𝐻𝑛
 is in eV per n hydrogen 

atoms, 𝐸𝑎𝑑
𝑛+1 is eV per H atom. 

 

𝜃 j 𝛾𝑗  𝐸𝑎𝑑,𝐻𝑛
 𝐸𝑎𝑑,𝑍𝑃𝐸 𝐸𝑎𝑑,𝑍𝑃𝐸

𝑛+1  

0.25 1 8 -0.73 -0.68 -0.68 

 2 8 -0.62 -0.58  

0.50 1 4 -1.47 -1.38 -0.70 

 2 4 -1.47 -1.38  

 3 4 -1.43 -1.35  

 4 8 -1.35 -1.25  

 5 4 -1.30 -1.22  

0.75 1 8 -2.17 -2.03 -0.65 

 2 2 -1.90 -1.75  

1.00 1 2 -2.80 -2.63 -0.60 

 2 2 -2.47 -2.27  

1.25 1 2 -2.89 -2.62 +0.01 

 2 2 -2.86 -2.59  

1.50 1 2 -3.03 -2.69 -0.07 

 2 2 -2.97 -2.65  

 3 2 -2.91 -2.59  

1.75 1 1 -2.85 -2.44 +0.25 

 2 1 -2.74 -2.35  

2.00 1 1 -2.68 -2.19 +0.25 

 2 1 -2.41 -1.92  

 3 1 -2.35 -1.83  
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Table 2.  

Hydrogen adsorption on the W(100) surface: the adsorption energies 𝐸𝑎𝑑,𝐻𝑛
 and the adsorption energy of adding 

an additional atom 𝐸𝑎𝑑
𝑛+1 are given with ZPE correction for all the coverages 𝜃 and configurations j. The number 

𝛾𝑗 of symmetry equivalent positions for a given configuration j is also provided. 𝐸𝑎𝑑,𝐻𝑛
 is in eV per n hydrogen 

atoms, 𝐸𝑎𝑑
𝑛+1 are is eV per H atom. 

 

𝜃 j 𝛾𝑗  𝐸𝑎𝑑 𝐸𝑎𝑑,𝑍𝑃𝐸 𝐸𝑎𝑑,𝑍𝑃𝐸
𝑛+1  

0.25 1 6 -0.88 -0.83 -0.83 

0.50 1 2 -1.79 -1.69 -0.86 

 2 6 -1.63 -1.54  

0.75 1 2 -2.38 -2.22 -0.53 

 2 4 -2.16 -2.02  

1.00 1 4 -3.10 -2.86 -0.64 

 2 1 -3.02 -2.79  

 3 2 -2.99 -2.78  

 4 2 -2.89 -2.72  

1.25 1 4 -3.85 -3.58 -0.72 

 2 4 -3.72 -3.45  

 3 4 -3.68 -3.44  

1.50 1 4 -4.51 -4.19 -0.61 

 2 2 -4.44 -4.11  

1.75 1 2 -5.24 -4.84 -0.65 

2.00 1 1 -5.98 -5.49 -0.65 

2.25 1 4 -6.00 -5.48 +0.01 

 2 1 -5.86 -5.30  

2.50 1 4 -5.94 -5.39 +0.09 

 2 8 -5.96 -5.37  

 3 2 -5.91 -5.35  

 4 8 -5.94 -5.38  

2.75 1 4 -5.96 -5.31 +0.08 

 2 8 -5.93 -5.24  

 3 4 -5.91 -5.28  

 4 8 -5.90 -5.25  

 5 4 -5.89 -5.27  

3.00 1 8 -5.95 -5.22 +0.09 

 2 2 -5.89 -5.16  

 3 8 -5.84 -5.13  

 4 1 -5.82 -5.05  

3.25 1  -5.49 -4.76 +0.46 

 

 

3.1.1. The W(110) surface 

Regarding the W(110) surface, additional coverages and configurations (shown in the SI) were 

computed as compared to Ref 23. The three-fold (TF) position is known to be the most stable 

adsorption site on the W(110) surface24.  Due to the size of the working-cell, only one 
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configuration was accessible at 𝜃 = 0.50 in Ref 23. In the present work, four TF-based 

adsorption configurations (j = 1-3 and 5) were found (Table 3 and SI); the two most stable 

ones are degenerate at 𝐸𝑎𝑑,𝑍𝑃𝐸 = 1.38 𝑒𝑉 and represent adsorption of hydrogen atoms parallel 

to the [110] and [100] directions. It is worth noting that configuration j = 1 of coverages 𝜃 =

0.50, 0.75 and 𝜃 = 1.00 (given in SI) were experimentally observed at T = 110K by LEED25,26  

and correspond to the p(21), p(22) and p(11) phases. Above 200K-250K, these phases 

become disorganized due to the mobility of the adsorbate.  

Table 3. 

Top-down schematic representations with corresponding adsorption energies 𝑬𝒂𝒅,𝒁𝑷𝑬 and hydrogen adsorption 

energies for 𝜽 = 𝟎. 𝟓𝟎 three-fold configurations on the W(110) surface. Light blue circles represent tungsten 

surface atoms, white circles represent the layer beneath. Adsorbed hydrogens are represented in dark blue. 

Adsorption energies are in units of eV.   

tf1 tf2 tf3 tf4 

    

𝐸𝑎𝑑,𝐻𝑛,𝑍𝑃𝐸       -1.38 -1.38 -1.35 -1.22 

 

The full energy diagram of all configurations in Figure 2 shows a nearly linear decrease in 

𝐸𝑎𝑑,𝐻𝑛,𝑍𝑃𝐸 from the bare surface up to coverage 1.0, with a slope of -0.68 𝑒𝑉/𝐻𝑎𝑡𝑜𝑚 (𝜃 ≤ 1.0); 

this indicates weak interactions between neighboring ad-atoms.  Above coverage 1.0, the per 

hydrogen adsorption energy 𝐸𝑎𝑑
𝑛+1 increases drastically. However, the overall adsorption energy 

is at a minimum when 𝜃 = 1.50. This is in contrast to our previous study23 where the minimum 

was found at 𝜃 = 1.00 as a consequence of using a too small centered-rectangular (11) unit 

cell. This new result suggests 𝜃 =  1.50 could be the saturation limit at near 0 K, despite 𝐸𝑎𝑑,𝐻𝑛
 

vs. 𝜃 remains flat in the 𝜃 = 1.0 −  1.5 region. At 𝜃 = 1.75, both the adsorption energy per 

hydrogen and the overall adsorption energy are increasing, thus coverages of  𝜃 ≥ 1.75 are 
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unlikely to be physically relevant. Indeed, we previously computed23 that coverage 𝜃 = 2.00 

cannot be exceeded since H2 spontaneously recombines above this level. Moreover, the 

probability of having coverage beyond 𝜃 = 1.50 is herein zero in the condition of temperature 

and pressure belonging to the range of validity of the model.  

 
Figure 2. Energy trends of hydrogen adsorbed on the W(110) surface versus coverage ratio (𝜃). The adsorption 

energy 𝐸𝑎𝑑,𝐻𝑛
 given in eV per n hydrogen atoms is ZPE corrected. The most stable configuration is shown in dark 

blue for each computed coverage. Other configurations are displayed in light-blue.   

 

 

3.1.2. The W(100) surface 

Regarding the W(100) surface, additional configurations were also computed as compared to 

Ref 23. More combinations of short-bridges (SB) positions were added to the model between 

coverage 𝜃 =  1.00 and 𝜃 =  2.00, sometimes resulting in lowering 𝐸𝑎𝑑,𝐻𝑛,𝑍𝑃𝐸 by few tenths 

of eV. Some additional configurations were also built beyond coverage 𝜃 =  2.00 with mixing 

SB, TF and top (T) positions (all of them displayed in the SI). The full energy diagram shown 

in Figure 3 however displays the same trend of adsorption energy 𝐸𝑎𝑑,𝐻𝑛,𝑍𝑃𝐸  versus the 

coverage 𝜃  as in Ref 23: at low coverage, the per hydrogen atom adsorption energy   𝐸𝑎𝑑,𝑍𝑃𝐸
𝑛+1  
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is around -0.8eV as the results of the well-known surface reconstruction27-30,23. Then the trend 

is similar to the one of the W(110) surface with 𝐸𝑎𝑑
𝑛+1  around -0.65eV up to coverage 𝜃 =

 2.00, which is the minimum of the curve. Above 𝜃 = 2.00, 𝐸𝑎𝑑
𝑛+1 increases slowly, then sharply 

above 𝜃 = 3.00, making higher coverages physically irrelevant. As previously mentioned, 

higher coverages were computed in Ref. 23 and spontaneously led to H2 recombination above 

𝜃 = 4.00. Additionally, the probability of finding coverages above 𝜃 = 2.00 is zero within the 

conditions of pressure and temperature that belong to the range of validity of the present model.  

 
Figure 3. Energy trends of hydrogen adsorbed on the W(100) surface versus coverage ratio (𝜃). The adsorption 

energy 𝐸𝑎𝑑,𝐻𝑛
 given in eV per n hydrogen atoms is ZPE corrected. The most stable configuration is shown in dark 

blue for each computed coverage. Other configurations are displayed in light-blue.  

 

 

3.2 – Building a thermodynamic model upon DFT data 

The grand partition function of the system is built for both the W(110) and W(100) surfaces. 

To this end, the Gibbs free energy 𝑔𝑗
𝜃 function of equation (5) is calculated for all configuration 

j at coverage 𝜃 based on the electronic energies and vibrational frequencies computed by DFT 
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as presented above. The configurational entropy is considered through the degeneracy 

coefficient 𝛾𝑗  given in eq (5-7) and listed in Table 1 and 2.  

Figure 4 displays on the W(110) an example of what the model provides: the macroscopic 

coverage 𝜃̅ is plotted in bold black line at a pressure of 10-8 torr  versus temperature. Since the 

only gas in the reservoir is hydrogen, the total pressure is the partial pressure of hydrogen, 

which consequently determines its chemical potential through 𝜇(𝑇, 𝑝) =  𝜇°(𝑇) + 𝑅𝑇 ln (
𝑝𝐻2

𝑝° ). 

 Up to T = 300 K, the surface is saturated (𝜃 = 1). As the temperature increases, the coverage 

decreases to  𝜃 = 0 by T = 600K. Figure 4 also provides the probabilities 𝑃𝜃𝑗
 of equation (7) 

of finding locally configuration j at coverage 𝜃 on the surface. The plot is limited to two 

configurations j = 1 and 2 (bold and dotted lines) for the sake of readability.  

 
Figure 4. Coverage in hydrogen of the W(110) surface versus coverage the temperature in °C plotted in black bold 

line for a pressure of 10-8 torr. The probability of finding the most relevant configurations is also plotted for 

coverages 𝜃 = 0.25, 0.50, 0.75 and 1.00. For each coverage, the bold line represents the first configuration with 

the lowest adsorption energy and highest probability, dotted line displays the second configuration. 
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In order to check that we considered a complete set of configurations to build the model with 

no near-degenerate configuration left behind, we calculated a mean coverage 𝜃′̅ in the same 

way as 𝜃̅, while removing the highest energy configuration at each coverage. As a result, the 

relative error 
|𝜃′̅̅ ̅−𝜃̅|

𝜃̅
 does not exceed 1% at coverage 𝜃 = 0.2 and 3% at coverage 𝜃 = 0.1. (The 

mean error is expected to be maximum at low coverage and high temperature). This confirms 

that we considered enough configurations to have a well-converged model in this work.  

3.2. LEIS and DRS measurements 

In Figure 5(a) we show ion energy spectra that illustrate how the detected flux of recoiled 

hydrogen, which is to a reasonable approximation proportional to surface coverage, diminishes 

in intensity with increasing temperature. Here we use the notation D(R) to refer to H recoiled 

from the surface by the incident Ne+ beam. A range of temperatures is shown between 47 – 400 

°C. Note that in this plot, an offset of 1000 counts/nC is added to each curve so that the peak 

shape is visible at different temperatures. The primary recoil peak is located at a relative energy 

of E/E0 = 0.16, where E0 is the primary beam energy (2 keV). Additional higher energy peaks 

present due to multiple in-plane collisions between the recoiled H and the adjacent W atoms. 

The data shown in Figure 5(b) corresponds to the signal produced by Ne+ ions scattering from 

the W substrate (labelled here as W(QS), where QS indicates “quasi-single” collisions.) The 

variation in the W(QS) peak height with temperature is much more modest. The presence of 

the chemisorbed H layer only slightly shields the W substrate from the 2 keV Ne+ beam used 

to probe the surface. 
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Figure 5. Ion energy spectra showing peaks due to (a) recoiled D chemisorbed on the surface and (b) scattering 

from the W(110) substrate. These measurements were taken while dosing the surface with molecular D2(g) at a 

partial pressure of 3×10-7 Torr. 

 

To examine how the surface coverage varies in real time during heating and cooling of the 

specimens, we monitored the height of the D(R) and W(QS) curves while dosing the surface 

with different partial pressures of D2. The resulting curves are shown in Figure 6 To account 

for differences in ion beam current between each run, the data are normalized by taking the 

ratio of the D(R) and W(QS) peak heights. In each case, the sample was heated at a rate of 15.8 

°C/min. up to a temperature of 450 °C. The temperature was held at this value for 5 min., and 

then cooled at the same rate down to room temperature (25 °C). We explored the effect of a 

range of heating rates, found that rates slower than 15.8 °C/min. had a negligible effect on the 

adsorption/desorption process. Because the heating process resulted in the desorption of 

chemisorbed impurities as well as D, re-adsorption of hydrogen during cooling was found to be 

a more reproducible indicator of the D concentration as a function of temperature. Three 

different partial pressures were examined, as indicated in Figure 6.  
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3.3. Results of the model  

The coverage versus temperature curves for both the W(110) and W(100) surfaces are plotted 

in Figure 6 for three different values of the pressure in hydrogen corresponding to the pressure 

used in experiment.  

Interestingly, for the W(110) surface a coverage 𝜃 = 1.50 is never reached and saturation is 

obtained at coverage 𝜃 = 1.00. This is in correspondence with experimental observations31, 

and is easily understood by the fact that such a coverage is disfavored by entropic effect - the 

entropy of the gas phase is larger than that of the adsorbate. Additionally, Figure 6 shows that 

the coverage decreases smoothly from saturation to the bare W(110) surface as the temperature 

increases.  

On the W(100) surface, saturation corresponds to 𝜃 = 2.00, which also corresponds to 

experimental observation31. However, a sharp drop from 𝜃 = 2.00 to 𝜃 = 0.50 is obtained as 

a result of the surface reconstruction, which is strong from 𝜃 = 0.00 up to 𝜃 = 0.50, and results 

in a stronger adsorption of hydrogen on the surface as shown by DFT23. This surface 

reconstruction was experimentally shown to vanish above 380 K27, while most of the desorption 

process takes place above this temperature. Since the DFT model can only account for zero 

temperature geometries and related vibrational frequencies, the low-coverage geometries and 

energetics in the model consequently differ from the high-temperature geometries of the 

adsorbate in the condition of the experiment. 

As a result, the above considerations make the W(110) surface a real test-case for the model 

with regard to the adsorption of hydrogen. On the other hand, the W(100) + H system adds an 

additional level of complexity with the reconstruction of the surface that is lifted whilst 

desorption occurs, which is not considered in the present model.  
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Figure 6. Absorption isobars while dosing with molecular D2 at varying pressures: left on the W(110) et p = 

2.0 10-6, 5.7  10-7 and 7.8  10-8 Torr, right on W(100) at p = 1.1 10-6, 2.5  10-7 and 7.4  10-8 Torr . Here, the 

data is shown in terms of the ratio of the D(R) peak height to the W(QS) peak height and normalized to 𝜃 = 1.00 

for on W(110) and 2 on W(100) at saturation. In dashed line are also plotted the coverages calculated with the 

thermodynamic model based on DFT for the three same values of the pressure as in the experiment.  

 

 

 

4. DISCUSSION 

 

4.1. Thermodynamic model versus LEIS and DRS results  

 

4.1.1 – W(110) surface  

 

In Figure 6, both experimental and theoretical results are qualitatively consistent: lower 

pressure implies lower temperature for desorption, and the trend and shape of the 𝜃 versus T 

curve are well reproduced. From a quantitative point of view, the temperature at which 

hydrogen start to desorb matches well between both the experiment and the model. Above this 

point, the disagreement becomes larger as the temperature increases. This is consistent with an 

entropic effect, and could be due to the motion of the adsorbate that increases with increasing 

temperature. In this case, hydrogen would diffuse on the surface, leading to an additional degree 

of freedom (namely the translation), which the current model does not consider. 

In the literature, the difficulty in modelling the entropy of an adsorbate was recently pointed 

out32,33, as the adsorbate would retain part of the entropy it has in the gas phase when adsorbed 

on the surface. More specifically for tungsten, Balden et al.26 and Gonchar et al.25 showed the 
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organization of the substrate is lost at a temperature exceeding 200K, indicating hydrogen 

moves on W(110) above this temperature. Interestingly Bladen et al.34 attempted to explain an 

anomaly in the surface phonon dispersion for the hydrogen covered W(110) surface by the 

propensity of the adsorbate to freely move in one direction. This 1D translation is confirmed 

by recent DFT calculations that established an activation barriers as low as 0.07 eV for 

hydrogen along a 1D channel of the W(110) surface. More precisely, Bergstrom et al.,35 and 

Nojima et al.24 established two diffusion paths for hydrogen on the W(110) plane: one along 

the TF-LB-TF adsorptions sites with related activation barrier of 0.30 eV, and another one along 

the TF-SB-TF path with an activation barrier of 0.07 eV. In the z-direction, the activation 

barrier for desorption is much higher at around 0.8eV17. As a result, the propensity of hydrogen 

to move almost freely in 1D only along the TF-SB-TF path of W(110) would be established. 

Of course, at very low temperature, a barrier of 70 meV would become significant. But at the 

same time, tunneling effects would become significant too. This point is nevertheless out of the 

scope of the present work, since below room temperature, the surface is already saturated. 

Additionally, most of the experimental results for validation are acquired above the temperature 

(120K to RT) at which tunneling is expected to happen. 

We consequently added the translation Gibbs free energy 𝑔𝑡𝑟𝑎𝑛𝑠,𝑛𝐻
 of a 1D gas made of n 

indistinguishable hydrogen atom in the Boltzmann approximation along the TF-SB-TF channel 

to the total Gibbs free energy of the system.  

 

𝑔𝑡𝑟𝑎𝑛𝑠,   𝑛𝐻
= − 𝑛𝐻 𝑘𝐵𝑇 [1 + ln (√

2𝜋𝑚𝑘𝐵𝑇

ℎ
   

𝑎𝑝𝑎𝑡ℎ

𝑛𝐻
 ) ] (9) 

In eq (9), m is the mass of a hydrogen atom, ℎ and  𝑘𝐵 Planck’s and Boltzmann’s constants, 

and apath is the total length of the path in the working-cell. The path is shown in dotted brown 

line in Figure 1, its length is 𝑎𝑝𝑎𝑡ℎ = 4  𝒂𝒃𝒖𝒍𝒌. 
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The resulting coverage versus T plot is shown in Figure 7. The comparison is much improved 

between both experimental and theoretical plots at each experimental pressure investigated, 

leading to a quantitative agreement. 

 

  
 
Figure 7. same as Figure 6 but with adding the translation Gibbs free-energy of a 1D gas to the Thermodynamic 

model.  

 

4.1.2 –W(100) surface  

 

The reconstruction of the W(100) surface makes its energetics more complex to determine as 

compared with the W(110) surface. Bergstrom et al.35 however established by DFT two 

activation barriers for the diffusion of hydrogen on the bare W(100) surface; they are 0.44 eV 

and 0.67 eV along SB-SB and SB–LB–SB paths, respectively on the reconstructed surface. 

However, the reconstruction is lost at the temperature of the experiment where hydrogen 

desorbs, and there is no reconstruction anymore at coverage 𝜃 = 1.00 and above. This could 

have a significant impact, potentially reducing the height of the barriers for the diffusion of 

hydrogen. As a result, hydrogen could diffuse along a 1D path leading from bridge-to-bridge 

sites. 

Despite the uncertainty that exists on the diffusion and adsorption energy of hydrogen at 

elevated temperature, we nevertheless added the same translation Gibbs free energy of equation 
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(9) to the Gibbs free energy of the system as on the W(110) surface. Following a bridge-to-

bridge diffusion path shown in brown dotted lines in Figure1, we set 𝑎𝑝𝑎𝑡ℎ to 8√2 𝒂𝒃𝒖𝒍𝒌. The 

result is plotted in Figure 7. While the model fails to reproduce the full details of the 

experimental isobars, probably as a consequence of the complexities introduced by surface 

reconstruction, the translational Gibb’s free energy of hydrogen along 1D channels significantly 

improves the comparison with experimental results. The physics mechanisms underlying how 

this additional term improves the fit requires further investigation, though a reasonable 

explanation may be that it helps approximate the additional degree of freedom for the 

chemisorbed hydrogen enabled by the increase in the temperatures.  

Additional experimental factors may also influence the comparison between the experiments 

and models. For example, we assume that the coverage is directly proportional to the peak 

height in the ion energy spectrum. Because the electrostatic analyzer used in the measurements 

only detects charged species, changes in neutralization may affect the measured result. Our 

previous modeling of LEIS/DRS results for the W+H system appear to indicate that this is 

relatively constant30, so the contribution from this effect would be expected to only subtly 

change the result. 

 

4.2. p-T diagrams of the hydrogen coverage of the W(110) and W(100) surfaces  

 

The resulting model provides a full quantitative agreement on W(110) and an overall 

quantitative agreement on W(100) for three experimental pressures investigated. It can be used 

as a predictive tool to determine the macroscopic coverage 𝜃̅ for any pressure p and temperature 

T in the range of validity of the model. To this end, Figure 8 provides two dimensional p-T 

diagrams of 𝜃̅ of both the W(110) and W(100) surfaces. As a general trend, saturation is 

obtained at low temperature and high pressure. On the other hand, high temperature and low 

pressure are energetically more favorable to the gas phase, leading to depletion of the surface 



 23 

up to 𝜃 = 0. More interestingly, both diagrams display very similar behavior: full, half and no 

coverage are met for very similar couples of p, T coordinates. 

 

  
 

Figure 8. two-dimensional p-T diagram of the macroscopic coverage  𝜃̅ for both the W(110) (left plot) 

and W(100) (right plot) surfaces. The thermodynamic model including the Gibb’s free energy of a 1D 

gas was considered. 

 

 

 

4.3. Adsorption, desorption and recombination of H2 on W(110) and W(100)  

 

Adsorption, desorption and recombination of hydrogen on tungsten are processes that depend 

on the coverage of the surface as investigated herein. It was experimentally shown that the 

activation energy for the desorption of hydrogen from the W(100) surface significantly 

decreases from 1.6eV to 0.9eV when the coverage falls below θ ≈ 0.25 − 0.50 36,37. The same 

trend was found on the W(110) surface38. These findings were recently confirmed by DFT 

calculations: Ajmalghan et al.17 predicted a drop in desorption energy from 1.5eV at saturation 

in hydrogen to 0.8 eV below on both the W(110) and W(100) surfaces. The activation energy 

for recombination into molecular hydrogen was also shown to drop from 1.7 eV at saturation 

to 0.9eV below. 

Thanks to the present model, the p and T dependence of the above results can now be revealed: 

in the blue regions of Figure 8 where both surfaces are at saturation, the activation energies is 
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0.8eV for absorption of hydrogen and 0.9eV for recombination followed by desorption. In the 

red region of Figure 8 where the surface is bare, the absorption energy is 1.5 eV and the 

recombination energy is 1.7eV. Such results can help establish a kinetic model of the surface, 

similar to the one recently developed by Hodille et al.11. 

 

4.4. Beyond the present thermodynamic model  

 

The present thermodynamic based DFT model reproduces well the low temperature 

configurations observed for hydrogen on W(110) and W(100) surfaces. It also very efficiently 

reproduces the experimental hydrogen coverage versus temperature for three different pressure. 

On the W(110) surface, the agreement with the experimental data is satisfactory despite the 

model is built based on a small number of DFT based configurations. A possible way to extend 

the model is to use the 31 configurations we computed on the W(100) and  the 17 configurations 

on the W(110) surface to develop a model Hamiltonian for representing the energy of the 

system. This could be done thanks to a two-dimensional cluster expansion39,40 of the DFT-

computed adsorption energies, where the cut-off radius and the order of the cluster would be 

determined using the cross-validation score process. This would allow a methodical 

examination of a wider range of coverages and configurations on a larger working-cell. This 

also would enable us to check which relevant configuration is missing, if any, in order to build 

the partition function of the present thermodynamic model. However, the main issue to be 

solved is how to obtain the vibrational frequencies of the various configurations in a larger unit-

cell. Indeed, adsorption energies depend on the temperature through the vibrational frequencies. 

This dependence is critical for reproducing isobaric coverage versus temperature trends. Since 

it is not computationally feasible to compute them by DFT, we will have to find a way to 

determine them by other means. This work will be considered by us in the near future. 
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5. CONCLUSION 

 

We herein provided a thermodynamic model based on DFT data for the adsorption of hydrogen 

on W(110) and W(100). The results of the model were compared with LEIS and DRS 

experimental results. The general agreement is good between both set of data. Nevertheless, the 

model lacks a degree of freedom that takes into account the temperature-induced motion of the 

adsorbate on the surface. As the adsorbate is supposed to move along 1D channels on top of the 

corrugated potential energy surface of W(110) and W(100), we added to the model the Gibb’s 

free energy of a 1D gas. The agreement is fully quantitative for W(110) and overall quantitative 

for W(100) due to the reconstruction of the surface. Finally, we discuss a possible pathway 

toward extending the size of the unit-cell, as well as the number of coverages and configurations 

considered in the partition function of the model. This could potentially open new avenues of 

future work. 
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◼ APPENDIX 

The vibrational enthalpies and entropies were calculated as follows: 

ℎ𝑣𝑖𝑏 = ∑ ℎ𝜈𝑗 (
1

2
+

1

exp(
ℎ𝜈𝑗

𝑘𝐵𝑇
)−1

)
𝑛𝑣𝑖𝑏
𝑗=1  (A-1) 

𝑠𝑣𝑖𝑏 = 𝑘𝐵 ∑ [
ℎ𝜈𝑗

𝑘𝐵𝑇

1

exp(
ℎ𝜈𝑗
𝑘𝐵𝑇

)−1
− ln (1 − exp (−

ℎ𝜈𝑗

𝑘𝐵𝑇
))]

𝑛𝑣𝑖𝑏
𝑗=1  (A-2) 

The translational and rotational components to the Gibbs free energy also have to been 

considered for the gas phase. Assuming H2 behaves as an ideal homonuclear diatomic gas in 

the range of pressure here considered, the enthalpy and entropy components are calculated as 

follows: 
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ℎ𝑡𝑟𝑎𝑛𝑠,𝐻2
=

5

2
𝑘𝐵𝑇 𝑠𝑡𝑟𝑎𝑛𝑠

° = 𝑘𝐵 (
5

2
+ 𝑙𝑛 [

𝑘𝐵𝑇

𝑝°
(

2 𝜋 𝑚 𝑘𝐵 𝑇

ℎ2
)

3
2
]) (A-3) 

ℎ𝑟𝑜𝑡, 𝐻2
= 𝑘𝐵𝑇 𝑠𝑟𝑜𝑡 = 𝑘𝐵 (1 + 𝑙𝑛 [

8 𝜋2 𝐼 𝑘𝐵 𝑇

𝜎 ℎ2
]) (A-4) 

In the above expressions, kB and h are the Boltzmann and Planck constant, m the mass of 

molecular hydrogen, I its inertia momentum,  = 2 for homonuclear diatomic molecules, and 

p° is the standard pressure of 1 bar.   

Finally,  

𝑔𝐻2
(𝑇, 𝑃) = ℎ𝐻2

(𝑇) − 𝑇 ∙ 𝑠𝐻2
(𝑇, 𝑝) (A-5) 

𝜇(𝑇, 𝑃) =
1

2
𝑔𝐻2

(𝑇) = 𝜇°(𝑇) + 𝑅𝑇 ln (
𝑝

𝑝°) (A-6) 
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Supplementary information 

 

The values presented in the table below were calculated using the PBE exchange and correlation 

functional with the corresponding Vanderbilt USPPs for W and H, 260 bands (10 bands/W 

atom), and energy cutoffs of 40 Ry and 320 Ry for the wave-function and electron density, 

respectively. A k-point sampling of 11 × 11 ×1 for W (110) and 9×9×1 for W(100) were shown 

to be converged.  Total electronic energy was considered self-consistent at a threshold of 1.0 x 

10-7 Ry. Atomic coordinates were optimized to a force threshold of 1 x 10-5 eV/Å; subsequently 

phonons were calculated using DFT-PT holding all W atoms fixed in space until the forces 

were self-consistent to a threshold of 1.4 x 10-10 eV/A. 

 

In the tables, data are displayed as follows: the first line provides the hydrogen coverage, the 

second presents a cartoon of the geometry of adsorption, while the last line gives the adsorption 

energy corrected from the zero-point energy. 

 

 

 

 

1 . W(100) Coverage specific data tables 

 

 
Θ = 0.25 Θ = 0.50 Θ = 0.75 

     

w100_1H_sb 

 

w100_2H_sb1 

 

w100_2H_sb2 

 

w100_3H_sb1 

 

w100_3H_sb2 

 

-0.83 -1.69 -1.54 -2.22 -2.02 
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Θ = 1.25 Θ = 1.50 

     
w100_5H_sb1 

 

w100_5H_sb2 

 

w100_5H_sb3 

 

w100_6H_sb1 

 

w100_6H_sb2 

 

-3.58 -3.45 -3.44 -4.19 -4.11 

 

 

 
Θ = 1.75 Θ = 2.00 Θ = 2.25 

    
w100_7H_sb 

 

w100_8H_sb 

 

w100_9H_sb1 

 

w100_9H_sb2 

 

-4.84 -5.49 -5.48 -5.30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Θ = 1.0 

    
w100_4H_sb1 

 

w100_4H_sb2 

 

w100_4H_sb3 

 

w100_4H_sb4 

 
-2.86 -2.79 -2.78 -2.72 

Θ = 2.50 

    
w100_10H_sb1 

 

w100_10H_sb2 

 

w100_10H_sb3 

 

w100_10H_sb4 

 
-5.39 -5.38 -5.37 -5.35 
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Θ = 2.75 

     
w100_11H_sb1 

 

w100_11H_sb2 

 

w100_11H_2sb3 

 

w100_11H_sb4 

 

w100_11H_sb5 

 

-5.31 -5.28 -5.27 -5.25 -5.24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 . W(110)   Coverage specific data tables 

 

 
Θ = 0.25 

  
w110_1H_ts 

 

w110_1H_sb 

 

-0.68 -0.58 

 

 

 
Θ = 0.50 

     
w110_2H_tf1 

 

w110_2H_tf2 

 

w110_2H_tf3 

 

w110_2H_sb 

 

w110_2H_tf4 

  

-1.38 -1.38 -1.35 -1.25 -1.22 

 

 

 

Θ = 3.00 

    

w100_12H_sb1 

 

w100_12H_sb2 

 

w100_12H_sb3 

 

w100_12H_sb4 

 
-5.22 -5.16 -5.13 -5.05 
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Θ = 0.75 Θ = 1.00 

    
w110_3H_tf 

 

w110_3H_sb 

 

w110_4H_tf 

 

w110_4H_sb 

 

-2.03 -1.75 -2.63 -2.24 

 

 

 

 

 
Θ = 1.25 Θ = 1.50 

    
w110_5H_tfsb1 

 

w110_5H_tfsb1 

 

w110_6H_tfsb1 

 

w110_6H_tfsb2 

 

-2.62 -2.59 -2.69 -2.65 

 

 

 

 
Θ = 1.75 

  
w110_7H_1 

 

w110_7H_2 

 

-2.44 -2.35 
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