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An Investigation of the Mechanism on Interfacial Charge Transformation of the TiB2/Cu 

Composites Studied by the First Principles 

Yao Shua,b ǂ, Juan Wanga,b ǂ, Yongnan Xionga,b, Xing Luoa,b, Jiazhen Hea,b, Cuicui Yina,b, Fei Gaoc,  

Shaowen,Zhangd*, Kaihong Zhenga,b*, Fuxing Yina,b, Fusheng Pana,b 

Abstract 

The charge communications have been widely existed in the metal materials when they are 

under the processing, the modeling and the failing. We studied the interfacial charge transformation 

of the TiB2/Cu composites via the first principles method. The layer thickness was predicted by the 

interfacial charge communications performed on the regions of the TiB2/Cu interfaces. The layer 

thickness of the Ti-terminated (TT)TiB2/Cu were predicted longer than those of the B-

terminated(BT) TiB2/Cu and contrasting with their average vales as 0.75 (nm) and 0.65 (nm), 

respectively. The Mulliken population was applied to investigate the bond length, bond population 

and charge transformation of the six TiB2/Cu models. The Ti-Cu bond was only detected in TT-HCP 

interfaces among the all TT-TiB2/Cu models, which was further confirmed that the metallic bond of 

the Ti-Cu with the bond length and population as 2.5 Å and 0.22, respectively. Nevertheless, the B-

Cu bond were detected in all BT-TiB2/Cu models, and the bond length and population higher than 

those of B-Cu bond in chemical complexes. The 5 atomic layers were involved in quantitative 

analyses of the interfacial charge transformation. The results indicate that the charges lost by 

interfacial Ti atom were inequivalent obtained by Cu and B atoms which nearby the interfacial Ti 

atoms of the TT-TiB2/Cu. Comparing with the BT-TiB2/Cu models, the charges acquired by the 

interfacial B atom were most from the Ti and less from the Cu atoms surrounded the interfacial B 

atoms.  
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1 Introduction 

   Copper metals have been widely applied into the electronic technology, transportation and 

aerospace fields due to its high electrical conductivity and premium ductility[1-3]. However, owing 

to the lower hardness and strength of the pure copper metals, the further applications of the copper 

metals are limited. Therefore, the copper alloy and copper matrix composites (CMCs) were designed 

to enhance the hardness and strength properties of the copper metals. Though, the copper alloy owns 

the better properties, the hardness while the ductility are still the conflict of not settled[4-7]. However, 

due to the reinforcements introduced into the copper metals, the hardness and strength of the copper 

matrix have been apparently enhanced. Therefore, CMCs have been widely utilized into the 

electronic technology, transportation and aerospace fields[8-11]. 

Due to the wildly application of the CMCs, the reinforcements have been verified to be the key 

factors for enhancing the hardness and strength of the CMCs. The reinforcements, however, are 

mainly classified as the carbide (B4C, TiC, and WC)[12-14], the oxide (Al2O3, ZrO2)[15,16] and the 

ceramic (Si3N4, AlN) [17,18] and which had been already applied into CMCs for years. Nevertheless, 

many theoretical studies have been investigated in interfacial electronic properties of the CMCs via 

the first principles studies, such as Al2O3/Cu[19 ], TiC/Cu[20 ], WC/Cu[21 ] ,ZrC[22 ] and TiB2/Cu[23 ] 

composites. Although, these investigations are mainly focused on interfacial stabilities, electronic 

properties and interfacial ultimate tensile stresses, the quantum interfacial charge transformations 

of the CMCs were less to be considered. Therefore, the influence of interfacial stabilities specifically 

with the charge transformation of the interfacial atoms were not further discussed.   

As is known to all, the charge communications have widely existed in biomolecules[24], organic 

electronic devices[25], semiconductors[26], super-molecules[27], catalysts[28], ceramics[29], metals[30], 

polymers[31] and so on. The properties of these materials are deeply affected and relayed on the 

charge communications when they syntheses, processed, decomposition and shaped.     

In this essay we are concerning about the relationships between the charge transformations of 

the interfacial atoms and the interfacial stabilities. The interfacial stabilities, electronic properties 

and ultimate tensile stress of the TiB2/Cu have been studied in previous works. Therefore, we have 

taken the interfacial charge transformations into account to investigate the influences of the charge 

transformation vs. the interfacial stabilities of the TiB2/Cu. 

2 Computational models and Methodology details 



    TiB2/Cu interfacial models were constructed via the TiB2 (0001)[32,33] and Cu (111)[34] surface, 

due to their low surface energies. In addition, we chosen three stacking ways of the Cu and two 

terminated atoms (Ti-terminated and B-terminated) of the TiB2 to construct the TiB2/Cu composites 

models. The three stacking sequences were considered for the Cu respective as “HCP”, “MT” and 

“OT”. In specific, the “HCP” stacking refers to the interfacial Cu atoms are on-top the first layer of 

TiB2 atoms, “MT” stacking refers to the interfacial Cu atoms reside atop the midpoint of the atomic 

connection of the first layer of TiB2 atoms and “OT” stacking means the interfacial Cu atoms reside 

atop the TiB2 second layer atoms. Namely, there were six TiB2(0001)/Cu(111) interfacial models 

generated for theoretical investigations. Therefore, six TiB2/Cu interfacial models are shown in Fig. 

1, and they are labeled as TT-HCP, TT-MT, TT-OT, BT-HCP, BT-MT and BT-OT respectively. In 

order to eliminate the interactions between the surface atoms, a 15 Å vacuum layer was added along 

z directions for each surface. 

 

Fig. 1 The Ti-terminated (TT) and B-terminated(BT)-TiB2(0001)/Cu(111) interfacial models. 

Above graphs are side view of the six TiB2(0001)/Cu(111) interfacial models while the below are 

top view of the TiB2(0001)/Cu(111) interfacial models. The green, blue and red balls are represent 

the B, Ti and Cu atoms, respectively. 

   All calculations calculated via the first principles method to TiB2/Cu interfacial models under 

the periodic boundary conditions and plane wave basis set of the Cambridge Serial Total Energy 

Package (CASTEP) Code[ 35 , 36 ]. The Perdew-Burker-Enzerhof (PBE) functional generalized 

gradient approximation (GGA) [37]were deal with the exchange-correlation interactions in the all 



calculations. The Brillouin zone was sampled with the Monkhorst-Pack k-point grid[38] 11111 for 

all TiB2/Cu interfacial models, Cu(111) slab and TiB2 (0001) slab, respectively. The atoms of the 

TiB2/Cu were relaxed for acquiring the ground state by Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm[ 39 ]. Nevertheless, the total energy tolerance, maximum force tolerance and maximal 

displacement calculating convergent details were applied as 1.0 × 10-5 eV/atom, 0.03 eV/Å and 1.0 

× 10-5 Å, respectively. In addition, 500 eV was chosen as the cut-off energy for the plane wave as 

the expansion in reciprocal space. In order to calculate the electronic properties of the interfacial 

atoms, the 3d104s1, 3s23p63d24s2, and 2s22p1 valence electron configurations were applied to Cu, Ti 

and B atoms respectively. The total atoms for TT-TiB2/Cu, Cu (111) slab and TiB(0001) slab are 20 

(21 for BT- TiB2/Cu),7 and 13 (14 for BT-TiB2(0001) slab), respectively. 

3 Results and discussions 

3.1 The interfacial thickness of the TiB2(0001)/Cu(111).  

The interfacial thickness is not referring to the distance of the interfacial atoms, but the range 

influenced by atomic electrons of the heterogeneous interface. Therefore, in this section, the PDOS  

 

      (a)   



 

                                       (b) 

Fig. 2 The PDOS of B,Ti and Cu atoms in TiB2(0001)/Cu(111), TiB2 cell and Cu cell, 

respectively: (a) the PDOS of the Ti,B atoms in TT-HCP vs. those in TiB2 cell, (b) the PDOS of 

the Cu in TT-HCP vs. those in Cu cell. 

of the Ti, B and Cu atoms in TiB2(0001)/Cu(111), TiB2 cell and Cu cell are applied to confirm the 

interfacial thickness via the micro electron interactions. Taking TT-HCP for instance, the curves of 

the PDOS of Ti-d and B-p in TiB2 cell are different with those of the 1st Ti and the 2nd B atoms of 

the TiB2(0001)/Cu(111) in Fig. 2 (a). Namely, the curve shape of the PDOS of the 1st Ti and the 2nd 

B atoms in TT-HCP are obviously changed not only to the intensity of the peak formations but also 

to the coordinate locations. Namely, the two peaks in the 1st Ti-d PDOS curves have -1.19 eV and -

0.17 eV energy shifts and with 0.15 e/eV and 0.73 e/eV electron densities decreases contrasting to 

those of the Ti-d electrons in TiB2 cell. Moreover, the curve of the PDOS of the 2nd B-p are also 

quite different with those of the interior B-p in TiB2 cell, which imply that the electrons of the 2nd 

B-p orbit also indirectly influenced by the electrons of the d orbit of the interfacial Cu atoms. 



Nevertheless, the electrons of the 3rd Ti-d and the 4th B-p orbit have less changes than those of 5th 

Ti, 6th B and 7th Ti interior atoms. The curves of the PDOS of the 8th B-p and the 9th Ti-d for TT-

HCP are also different with those of the interior B-p and Ti-d in TT-HCP and TiB2 cell, owing to the 

free electrons un-localized in the 15 Å vacuums region. Herein, it can be predicted that three atomic 

layers of the TiB2 in TiB2(0001)/Cu(111) are confirmed by the curves of PDOS for the partial layer 

thickness of the TiB2(0001)/Cu(111). 

On the other hand, the curves of the PDOS of the Cu-d in TT-HCP and Cu cell are displayed 

in Fig. 2 (b). It can be noted that the two peaks located at -3.17 eV and -1.98 eV with the respective 

electron density states 3.48 e/eV and 3.66 e/eV for the PDOS of the Cu-d curves in Cu cell. The 

curve of the PDOS of the Cu-d in TiB2(0001)/Cu(111) are distinct with those in Cu cell. Namely, 

the curve of  

2 ( ) ( )TiB z Cu zl l l                                                             (1) 

Table 1. The calculated interfacial thickness of TiB2(0001)/Cu(111) (nm) 

The possible interface of the TiB2(0001)/Cu(111) 

Entry TT-HCP TT-MT TT-OT BT-HCP BT-MT BT-OT 

Δl 0.757 0.716 0.717 0.657 0.657 0.702 

the 1st PDOS of Cu-d in TiB2/Cu has an obvious peak at -2.74 eV and its intensities of the electron 

density state is 5.89 e/eV. Moreover, the peak coordinates of the 2nd Cu-d in PDOS have a bit changes 

than those of the interior Cu-d. Compared with the 2nd and the 3rd curves of the PDOS of Cu-d in 

TiB2(0001)/Cu(111), 0.09 eV difference has changed from -1.85 eV to -1.76 eV. The curve shape of 

the PDOS and the coordinates of peaks of the interior Cu atomic layers have few changes above the 

3rd Cu-d. While for the 7th Cu layer atom, the PDOS curves are obviously different with those of 

interior Cu atomic layers, because a few electrons un-localized in 15 Å vacuums regions. Therefore, 

interfacial atoms of TiB2 in TiB2(0001)/Cu(111) had effected by two Cu atomic layers. For other 

TiB2(0001)/Cu(111) models, similar results could be obtained and which displayed in 

supplementary information (see as Fig. S(1) to Fig. S(5), respectively.) 

In general, three TiB2 and two Cu atomic layers of TiB2(0001)/Cu(111) (TT-HCP) have 

confirmed as the interfacial thickness, and the specific values of the interfacial thickness can be 

expressed by Eq. (1). In Eq. (1), where Δl refers to the interfacial thickness, 
2TiB

l
( z)

 refers to the z 



axis coordinate of the 3rd layer atom of the TiB2 in TiB2(0001)/Cu(111) (i.e., for TT-TiB2/Cu, 
2TiB

l
( z)

is z axis coordinate of the 3rd Ti layer atom while for BT-TiB2/Cu which is z axis coordinate of the 

3rd B atomic layer atom) and l
Cu( z)

  is z axis coordinate of the 2nd Cu layer atom. Hence, the 

interfacial thickness of the TiB2(0001)/Cu(111) have been predicted and their specific values are 

displayed in Table 2. In Table 2, the TT-TiB2(0001)/Cu(111) interfacial thickness are higher than 

those of the BT-TiB2(0001)/Cu(111). For TT-TiB2(0001)/Cu(111) interfacial models, TT-HCP has 

the largest interfacial thickness (0.757 nm) contrasting to the smallest interfacial thickness (0.716 

nm) of the TT-MT. Nevertheless, the largest interfacial thickness is BT-OT (0.702 nm) and the 

lowest interfacial thickness is BT-HCP (0.657 nm) for B-terminated TiB2(0001)/Cu(111) interfacial 

models. The interfacial thickness of the TT-TiB2(0001)/Cu(111) models follow the descending order: 

TT-HCP(0.757 nm)>TT-OT(0.717 nm)>TT-MT(0.716 nm). Similarly, for BT- TiB2(0001)/Cu(111), 

the interfacial thickness follow the sequence: BT-OT(0.702 nm) > BT-MT(0.657) =BT-HCP(0.657 

nm) from the long to the short. In general, the BT-TiB2/Cu have the lower interfacial thickness than 

those of the TT-TiB2/Cu, which show that the interactions between the B and Cu atom are stronger 

than those of the Ti and Cu atoms.  

3.2 The bond analysis of the TiB2(0001)/Cu(111) 

3.2.1 The bond length and bond populations of theTiB2 and Cu cell 

In order to investigate the electronic structure and bonding state of atoms performed on 

TiB2(0001)/Cu(111) interfaces, the Mulliken populations[40] are applied to study the electrons of 

interfacial atom and bond population of the TiB2(0001)/Cu(111), TiB2 cell and Cu cell, respectively. 

The bond length and populations reflect the character and strength of the bond properties. Therefore, 

the overlap population could be an objective criterion for bonding state between the two atoms 

assessing the covalent or ionic nature of a bond[41]. The high value of the bond population indicates 

the formation of the covalent bond, while the small value implies the ionic interaction maintained 

between the two atoms. Herein, the ionic character can be measured by the effective ionic valence, 

namely, the difference between the formal ionic charge and the Mulliken charge on anion species. 

Nevertheless, if the bond population value is 0 which indicates a perfect ionic bond, if the values 

greater than zero, which indicate an increasingly levels of covalence involved[ 42 ]. Therefore, 

compared with the changes of the Ti-B, B-B and Cu-Cu bond length at the interfaces of the 



TiB2(0001)/Cu(111), the corresponding bond in TiB2 and Cu cells also have been calculated initially. 

The bond length and populations are calculated and displayed in Fig. 3, in which it can be noted 

that the bond length for Ti-B, B-B and Cu-Cu are 2.38 Å, 1.75 Å and 2.57 Å, respectively. 

Nevertheless, the bond populations are 0.12, 2.39 and 0.04 respective for Ti-B, B-B and Cu-Cu, 

which indicate that the Cu-Cu bond possess more metallic bond properties, while the B-B bond 

behave the stronger covalent bond properties, the Ti-B bond either with the metallic bond properties 

and partial covalent properties. These results have been qualitative confirmed by partial density of 

the state (PDOS) in previous work, and the mechanism of formation of these bond also have been 

explained in theoretical study[23].    

Table 2. The bond length and bond population (in brackets) calculated for TiB2 and  

Entries Bond and Population 

 

TiB2 cell 

Ti-B B-B 

2.453(0.39)[43] 1.852(2.19)[43] 

2.38(0.12)[this work] 1.75 (2.39)[ this work] 

TiB2 in TiB2/Cu 2.36(0.01) aver. [this work]  1.72(2.86) aver.[ this work] 

3.2.2 The bond length and bond populations of the TiB2(0001)/Cu(111) 

Since the heterogeneous interfaces have been formed in TiB2(0001)/Cu(111), in which the bond 

length of Ti-B, B-B and Cu-Cu at the interfaces are obviously different with those in TiB2 and Cu 

cell, respectively. Therefore, the bond length of Ti-B, B-B and Cu-Cu in TiB2 and Cu cells have 

been calculated initially to compare with the length changed in TiB2(0001)/Cu(111). The calculated 

bond length of Ti-B, B-B and Cu-Cu in TiB2(0001)/Cu(111) are displayed in Fig. 3, and the bond 

population are displayed inside of the brackets.  

In Table 2., it can be noted that our calculated Ti-B (2.38 Å) and B-B (1.75 Å) in TiB2 cell are 

similar to those in previous studies, in which Ti-B(2.453 Å) and B-B (1.852) bit higher than our 

values. Nevertheless, the bond length of Ti-B (2.36 Å aver.) and B-B (1.73 Å aver.) in 

TiB2(0001)/Cu(111) are shorter than those in TiB2 cell (Ti-B is 2.38 Å and B-B is 1.75 Å) in Fig. 3. 

Moreover, for TT-TiB2(0001)/Cu(111), the bond length of Ti-B(2.33 Å) at the interfaces are shorter 

than those in its interior and the BT-TiB2(0001)/Cu(111), which implies that more interaction have 

been taken placed in TT-TiB2(0001)/Cu(111). Nevertheless, the bond length of Cu-Cu metallic bond 



in TiB2(0001)/Cu(111) (TT-HCP) are bit shorter than that in Cu cell.  

Most importantly, a Ti-Cu bond (2.518 Å) have been detected in TT-HCP and with 0.22 bond 

population in Fig. 3(a). However, the bond length of Ti-Cu is similar to those of Cu-Cu bond (the 

average bond length is 2.51 Å) in TT-HCP.  

 

                                      (a) 

 

(b) 

Fig. 3 The bond length of the TiB2(0001)/Cu(111): (a) Ti-terminated TiB2(0001)/Cu(111),(b) B-

terminated TiB2(0001)/Cu(111). 



Since the Ti-Cu bond population is 0.22 which lower than those of the interior and interfacial Cu-

Cu bond in TT-HCP, indicating that the Ti-Cu bond possess the metallic bond and partial covalent 

bond properties. However, there are no Ti-Cu bonds have been detected in TT-OT and TT-MT, which 

mainly due to the staking ways and spatial location of the interfacial atoms.  

Nevertheless, in Fig. 3 (b) the Cu-B bond have been detected in all BT-TiB2(0001)/Cu(111) 

models, and these bonds are shorter than Ti-B bond in their corresponding models. The average 

bond length and population of the Cu-B are respective 2.28 Å and 0.13 in three BT-

TiB2(0001)/Cu(111) interfacial models. However, the Cu-B bond length had been detected in 

chemical compounds is 2.002 Å[44], which is lower than Cu-B bond in BT-TiB2(0001)/Cu(111).The 

Ti-B bond is neither performing as the covalent bond nor showing off the purely metallic bond, 

which is a hybrid bond with most metallic properties and partial covalent properties in TiB2 cell[43].  

Compared with the bond length and the population of the Ti-B bond, the Cu-B bond length and 

population are similar to Ti-B bond in TiB2 cell. In addition, the Cu-B has the shortest bond length 

(2.037 Å) in BT-OT and only with 0.03 bond population, which indicate that Cu-B bond in BT-OT 

with more metallic property than those of other Cu-B bonds in BT-TiB2(0001)/Cu(111).   

In general, it can be noted that the formed Cu-Ti bond at interface in TT-HCP has the highest 

interfacial energy but the lowest stability among the TT-TiB2(0001)/Cu(111). Similarly, the Cu-B 

bond in BT-OT has the lowest bond length and bond population, which suggest that Ti-Cu bond has 

the much metallic property and the lowest stability than those of other two BT-TiB2(0001)/Cu(111). 

These results are accord well with the results of the Wad, γint, interfacial distance and interfacial 

thickness which have been discussed in previous work[23]. 

3.3 The charge transformation  

3.3.1 The charge transformation of Ti and B atoms in TiB2 cell 

   The outermost valence of the Ti and the B atoms in TiB2 are different with the corresponding 

neutral atoms. For neutral Ti and B atoms, the outermost valence up to their outermost electrons, i.e 

3s23p63d24s2 are valence electrons for Ti neutral atom which fully counted as 12 e, similarly, 2s22p1 

for the neutral B atom which calculated as 3 e in all. Because the bond interactions happened into 

the TiB2 between the Ti and the B atoms, the valence electrons of the Ti and the B in TiB2 are 

various with the corresponding neutral atoms.  

The valence electrons for neutral Ti, B and Cu atoms have been displayed in Table 3, and they 



are 12 e, 3 e and 11 e, respectively. Moreover, the outermost electrons for Ti, B atoms in TiB2 are 

different with their corresponding neutral atoms, and they are 10.9 e and 3.55 e for Ti and B atoms  

  Table 3. The outermost electrons for the neutral Ti, B and Cu atoms and those of corresponding 

atoms in TiB2 and Cu cell. 

Entry Outermost electrons of the atoms (e) 

Atoms Ti B Cu 

Neutral atom 12 3 11 

 

TiB2 

10.9[this work] 3.55[this work] - 

10.93[43] 3.54[43]  

10.82[45] 3.59[45]  

respectively. Therefore, contrasted to the neutral Ti atom, the Ti atom in TiB2 cell lost 1.1 e electrons 

which are equally shared by the two B atoms surrounded with. Compared with the neutral B atom, 

each B atom in TiB2 cell acquiring 0.55 e.  

3.3.2The charge transformation performed in TiB2(0001)/Cu(111) 

The electron density distribution, electron difference distribution and electron localized function 

have been discussed for the TiB2(0001)/Cu(111) in previous work[23], the charge communication 

performing on interfacial regions of the TiB2(0001)/Cu(111) have been explicitly confirmed. 

However, these results only qualitatively study the electron transformation on interfaces of the 

TiB2(0001)/Cu(111), while the quantitative study of the charge communication is not specifically 

discussed. Therefore, the changes of charge difference for each atom performing at the interfaces is 

still confused, and it is necessary to figure out the charge transformations of the specific atoms 

undertaking at the interfaces. Therefore, 3d104s1, 3s23p63d24s2, and 2s22p1 are applied as the valence 

electrons for Cu, Ti and B atoms in TiB2(0001)/Cu(111), respectively. Nevertheless, the specific 

atoms need to be figured out initially for different models, namely, for TT and BT-

TiB2(0001)/Cu(111) models their specific chemical formula are Ti5B8Cu7 and Ti4B10Cu7, 

respectively. 

Table 4. The calculated total charges for Cu, B and Ti atoms in TiB2(0001)/Cu(111) (e) 

Atoms  TT-HCP 

Ti5B8Cu7 

TT-MT 

Ti5B8Cu7 

TT-OT 

Ti5B8Cu7 

BT-HCP 

Ti4B10Cu7 

BT-MT 

Ti4B10Cu7 

BT-OT 

Ti4B10Cu7 



 

Cu 

Cu-Thero. 77 77 77 77 77 77 

Cu-Cal. 77.12 77.23 77.22 76.52 76.54 76.64 

ΔqCu -0.12 -0.23 -0.22 0.48 0.46 0.36 

 

Ti 

Ti-Thero. 60 60 60 48 48 48 

Ti-Cal. 55.39 55.3 55.29 43.2 43.2 43.16 

ΔqTi 4.61 4.7 4.71 4.8 4.8 4.84 

 

B 

B-Thero. 24 24 24 30 30 30 

B-Cal. 28.48 28.48 28.48 35.32 35.36 35.18 

ΔqB -4.48 -4.48 -4.48 -5.32 -5.36 -5.18 

Since the formula of TT-TiB2(0001)/Cu(111) and BT-TiB2(0001)/Cu(111) have been determined 

as Ti5B8Cu7 and Ti4B10Cu7, their theoretical total electrons in outermost layer are respective 161 e 

and 155 e. Nevertheless, from the Table 3, it can be found that the Ti atom in TiB2 cell lost 1.10 e 

charges and which are equally shared by two B atoms surrounded. However, due to the environment 

of the Ti, B and Cu atoms at the TiB2(0001)/Cu(111) interfaces are different with the Ti and B atoms 

in TiB2 cell, the charge transformation more complicated than in those of the TiB2 cell. Hence, the 

lost and obtained charges of atoms need to be confirmed initially. 

The total charges for all Ti, B and Cu atoms in TiB2(0001)/Cu(111) have been calculated and 

then they are followed by subtract the total valence charges of equivalent number of neutral Ti ,B 

and Cu atoms, so that the specific atoms lost or obtained charges can be finally determined. 

Moreover, the electrons for each atom in TiB2(0001)/Cu(111) of six interfacial models have been 

calculated and which display in Table S1. to Table S6. The electrons of the ions in 

TiB2(0001)/Cu(111) calculated from the Table S1 to Table S6, and then the total results displayed 

in the Table 3. From the Table 3, the obtained charges of interfacial Cu and B atoms in TT-

TiB2(0001)/Cu(111) are mostly equivalent to the lost charges of the interfacial Ti atom. While for 

BT-TiB2(0001)/Cu(111) interfaces, the acquired charges of the interfacial B atoms from the Cu and 

Ti atoms, respectively. Though the change of the charges is different for different interfaces, the 

number of the obtained charges are equivalent to the lost charges, and which can be expressed by 

Eq. (2) and Eq. (3): 

 ∆q𝑇𝑖 = ∆𝑞𝐶𝑢 + ∆𝑞𝐵                                                             (2) 



∆q𝐵 = ∆𝑞𝐶𝑢 + ∆𝑞𝑇𝑖                                                             (3) 

In the Eq.(2) and the Eq.(3), where 
Ti

q , 
Cu

q and 
B

q refer to the lost or the obtained charges 

for Ti, Cu and B atoms respectively. Moreover, the positive value of the q means the loss of 

charges while the negative values indicate the obtaining of the charges. Compared with the q  

values in Table 4, Cu atoms obtained the charges various from 0.12 e (TT-HCP) to 0.23 e (TT-MT) 

in TT-TiB2(0001)/Cu(111), while Ti atoms lost charges are various from 4.61e (TT-HCP) to 4.71 e 

(TT-OT), the same charge obtained (4.48 e) for B atoms in all TiB2(0001)/Cu(111) interfacial models. 

However, for BT-TiB2(0001)/Cu(111) interfacial models, the interfacial Cu atoms lose charges 

various from 0.48 e (BT-HCP) to 0.36 e (BT-OT) while Ti atoms lost charges different from 5.32 e 

(BT-HCP) to 5.18 e (BT-OT), and B atoms acquire 4.8 e (BT-HCP), 4.8 e (BT-MT) and 4.84 e (BT-

OT) charges, respectively. Therefore, according to the Eq. (2) and Eq. (3), it can be found that the 

lost charges are basically equal to the obtained charges, and with no more than 0.03 e difference.   

   Since the charge communication is mostly performed at the interfacial layers of the 

heterogeneous interfaces, however, the interfacial thickness in our previous study confirmed that 

the charge transformation is mainly performed on three TiB2 atomic layer and two Cu atomic layer, 

respectively. Therefore, the five interfacial layer atoms are chosen to study the charge transformation 

carried on interfaces. In order to determine the layers of the atoms in TiB2(0001)/Cu(111), the 1st Ti, 

the 2nd B, the 3rd Ti, the 1st Cu and the 2nd Cu five layer atoms have been chosen for TT-

TiB2(0001)/Cu(111) and the 1st B, the 2nd Ti, the 3rd B, the 1st Cu and the 2nd Cu five layer atoms 

have been selected for BT-TiB2(0001)/Cu(111) in Table 5, for further investigation of the charge 

transformation. The 2nd layer B atoms not only effected by the 1st layer Ti atom but also influenced 

by the 3rd layer Ti atom in TiB2(0001)/Cu(111), and it is similarly for the 2nd Ti layer atoms which 

influenced by both the 1st and the 3rd layer B atoms in BT- TiB2(0001)/Cu(111). Herein, the Eq. (2) 

and the Eq. (3) can be further expressed as the Eq. (4) and the Eq. (5) by considering the electronic 

influence of the fifth layer atoms. ∆𝐪𝑻𝒊𝟏𝒔𝒕 = ∆𝐪𝑪𝒖𝟏𝒔𝒕 + ∆𝐪𝑪𝒖𝟐𝒏𝒅 + ∆𝐪𝑩𝟐𝒏𝒅𝒂 + ∆𝐪𝑩𝟐𝒏𝒅𝒃 − ∆𝐪𝑻𝒊𝟑𝒓𝒅𝟐                           (4) 

∆𝐪𝑩𝟏𝒔𝒕𝒂 = ∆𝐪𝑻𝒊𝟐𝒏𝒅 + (∆𝐪𝑩𝟑𝒓𝒅𝒂+∆𝒒𝑩𝟑𝒓𝒅𝒃)𝟐 + ∆𝒒𝑪𝒖𝟏𝒔𝒕 + ∆𝒒𝑪𝒖𝟐𝒏𝒅 − ∆𝒒𝑩𝟏𝒔𝒕𝒃                  (5) 

Based on the specific values in Table 4, the interfacial charge transformations are carried out via 



the Eq. (4) and the Eq. (5), and the calculated lost charges mostly equal to the obtained charges 

within no more than 0.02 e difference. Taking TT-HCP for instance, however, the loss of the charge 

of the  

Table 5. The charge difference for the interfacial Ti, B and Cu atoms in TiB2(0001)/Cu(111) (e) 

 atoms TT-HCP 

Ti5B8Cu7 

TT-MT 

Ti5B8Cu7 

TT-OT 

Ti5B8Cu7 

BT-HCP 

Ti4B10Cu7 

BT-MT 

Ti4B10Cu7 

BT-OT 

Ti4B10Cu7 

Ti 1st Ti 11.28 11.17 11.17 - - - 

Δq 1st Ti  0.72 0.83 0.83 - - - 

2nd B 7.13 7.13 7.13 - - - 

Δq 2nd B  -1.13 -1.13 -1.13 - - - 

3rd Ti 10.89 10.89 10.89 - - - 

 Δq 3rd Ti  1.11 1.11 1.11 - - - 

B 1st B - - - 7.10 7.10 6.98 

Δq 1st B  - - - -1.10 -1.10 -0.98 

2nd Ti - - - 10.84 10.84 10.8 

Δq 2nd Ti  - - - 1.16 1.16 1.21 

 3rd B  - - - 7.12 7.12 7.12 

 Δq 3rd B  - - - -1.12 -1.12 -1.12 

Cu 

layer 

1st Cu 11.10 11.22 11.22 10.64 10.64 10.74 

Δq 1st Cu  -0.1 -0.22 -0.22 0.37 0.37 0.26 

2nd Cu 11.03 11.02 11.01 10.9 10.9 10.94 

Δq 2nd Cu  -0.03 -0.02 -0.01 0.11 0.11 0.06 

1st Ti atom is 0.72 e contrasting to the obtained 0.71 e of the Cu and the B atoms, and the difference 

between the obtained and the lost charges is only 0.01 e. Nevertheless, for other TT-

TiB2(0001)/Cu(111) interfacial models, the loss of the charges of the interfacial Ti atoms are mostly 

equal to the obtained atoms. Moreover, the 1st layer two B atoms of the BT-OT obtains the lowest 

charge (0.98 e) among three BT-TiB2(0001)/Cu(111) interfacial models and for other two BT-HCP 

and BT-MT, the first layer of the two B atoms obtained the same charges as 1.10 e. Nevertheless, 

there are less charge transformations performed on TT-HCP and BT-OT interfaces rather than their 



corresponding atom-terminated TiB2(0001)/Cu(111), which reveal that these two interfacial models 

with less interfacial interactions than their corresponding atom-terminated TiB2(0001)/Cu(111). 

Because the interfacial bonding and charge transformation are the key parameters for interfacial 

stability of the TiB2(0001)/Cu(111), the change of the electrons belonged to the orbit leading the 

hybridization of the orbitals . Therefore, the electrons belonged to 3d104s1, 2p63d24s2 and 2s22p1 for 

Cu, Ti and B atoms in TiB2(0001)/Cu(111) need to be analyzed to investigate specific changes of 

the oribits, respectively. 

3.2.3 Orbital electrons transformation of the interfacial atoms of the TiB2/Cu 

Since the TiB2 is an ionic crystal, which contains two types of the bond, i.e., the δ bond and the 

π bond. The δ bond are formed due to the sp2 hybridization happened during the two B- anionic 

acquiring the electrons. However, the 2pz orbital of the two B- anionic not involving the 

hybridization and leading to the combination of the localized π bond[43]. According to the Table 6, 

the electrons belonged to B-s, Ti-s and Cu-s orbits have apparently changed comparing with their 

corresponding neutral orbitals’ electrons for TiB2(0001)/Cu(111). For instance, the electrons 

belonged to the B-s orbit in TiB2 and TiB2/Cu are less than 2 e, which implied that they loss about 

1.1 e, 1.088 e and 1.088 e electrons and keeping 0.9 e, 0.912 e and 0.912 e remained for TT-TiB2/Cu, 

BT-TiB2/Cu and TiB2, respectively. Therefore, the charge transformation of the B-2s is mainly 

performed due to the hybridization of the electrons belonged to the 2s and 2p orbits. Similarly, the 

electrons in Ti-s, Ti-p, Ti-d, Cu-s, Cu-p and Cu-d orbits are also different with their corresponding 

neutral orbital electrons in Table 6. Taking TT-TiB2(0001)/Cu(111) for instance, the electrons of the 

Ti-s orbit are various form 0.089 e (TT-HCP) to 0.057 e (TT-OT) higher than those of the Ti-s -0.13 

e in TiB2, which reveal that the later are much hybrid than electrons in Ti-s orbit of the 

TiB2(0001)/Cu(111). Moreover, it further indicates that the partial charges of Ti-4s and Cu-4s 

orbitals transferred into their 3d and 4p orbits. In terms of the overlapping electronic cloud orbits, 

strong bonding covalent between the B atoms corresponding to their larger electronic cloud orbital 

numbers. However, for the Ti-B, the Cu-B and the Ti-Cu (only in TT-HCP) bonds, the overlapping 

electronic cloud orbitals are relatively smaller and more inclined to be interacted of the ions. In 

comparison with the electrons in Ti-s, Ti-p and Cu-d orbits of the TT and BT-TiB2(0001)/Cu(111), 

the electrons in Ti-s orbit of the BT-TiB2(0001)/Cu(111) mainly transferred to other orbit rather than 

the electrons in Ti-s orbit of TT-TiB2(0001)/Cu(111) still within partial electrons remained. 



Moreover, the electrons in Ti-2p and Cu-3d orbits of the BT-TiB2(0001)/Cu(111) are more 

Table 6 The electrons in s, p, d orbitals belonged to B, Ti and Cu atoms at the TiB2/Cu interfaces, 

TiB2 cell and Cu respectively. For TT-TiB2/Cu, Ti and B refers to the 1st Ti and 2nd B layer atoms    

atoms orbital TT-HCP TT-MT TT-OT BT-HCP BT-MT BT-OT TiB2 cell Cu cell 

 

B 

s 0.896 0.899 0.899 0.912 0.912 0.912 0.912 / 

px 0.881 0.880 0.879 0.904 0.904 0.854 0.873 / 

py 0.881 0.880 0.879 0.904 0.904 0.854 0.873 / 

pz 0.914 0.907 0.911 0.930 0.930 0.750 0.893 / 

 

 

 

 

Ti 

s 0.089 0.060 0.057 -0.132 -0.136 -0.132 -0.130 / 

dz2 0.538 0.463 0.461 0.472 0.472 0.470 0.505 / 

dzy 0.456 0.502 0.502 0.538 0.540 0.542 0.541 / 

dzx 0.456 0.506 0.502 0.538 0.538 0.542 0.541 / 

dx2-y2 0.612 0.593 0.599 0.594 0.594 0.580 0.576 / 

dxy 0.612 0.595 0.599 0.594 0.594 0.580 0.576 / 

px 0.222 0.196 0.195 0.144 0.142 0.150 0.148 / 

py 0.222 0.196 0.195 0.144 0.144 0.150 0.148 / 

pz 0.057 0.032 0.041 -0.098 -0.100 -0.126 -0.041 / 

 

 

 

 

Cu 

dz2 1.918 1.940 1.942 1.972 1.972 1.894 /  

 

9.76 

(total) 

 

dzy 1.939 1.927 1.931 1.902 1.904 1.938 / 

dzx 1.939 1.926 1.931 1.902 1.902 1.938 / 

dx2-y2 1.963 1.952 1.946 1.934 1.936 1.960 / 

dxy 1.963 1.951 1.946 1.934 1.934 1.960 / 

s 0.716 0.793 0.781 0.504 0.504 0.632 / 1.05 

px 0.229 0.231 0.227 0.160 0.158 0.144 /  

0.19 

(total) 

py 0.229 0.231 0.227 0.160 0.160 0.144 / 

pz 0.201 0.271 0.290 0.162 0.164 0.138 / 

hybridized than those of the TT-TiB2(0001)/Cu(111). In Table 6, it can be found that the charges in 

2px orbits equal to those in 2py orbits of Ti, B Cu atoms. For Ti and Cu atoms, the charges in 3dxy 

equal to those in 3dx2-y2, and it is similar to the charges in 3dzx, 3dzy orbits of Cu and Ti atoms in 



TiB2(0001)/Cu(111). Compared with the charges in orbits, the charges in B-s and B-p orbits of the 

TiB2/Cu are higher than those in TiB2 (excepting for the charges in B-p ), which show that electrons  

of the B in TiB2 cell more hybridized than those at the interfaces in TiB2(0001)/Cu(111). 

Nevertheless, The charges in dzy and dzx orbits of the Cu and Ti of the TiB2(0001)/Cu(111) are lower 

than corresponding of those in TiB2 cells. The charges in dx2-y2 and dxy orbits of the Ti atoms of the 

TiB2(0001)/Cu(111) are also higher than those of the Ti atoms in TiB2 cell.  

In general, based on above these hybridizations of the electron orbitals lead more covalent 

properties of the TT-TiB2(0001)/Cu(111) than those of the BT-TiB2(0001)/Cu(111), which indicate 

that BT-TiB2(0001)/Cu(111) are more stable than TT-TiB2(0001)/Cu(111).  

4 Conclusion 

In this work, the charge transformation of the interfacial atoms for TiB2/Cu were studies via 

the first principles. The relationship between the charge transformation and stabilities of the 

interfaces indicated that the bonding state and ways determined the stability of the heterogeneous 

interfaces, and main results can be generalized as below: 

(1)  The interfacial thickness layers have been calculated for TiB2/Cu composites via the 

PDOS. The interfacial thickness layers of the TT-TiB2/Cu are higher than 0.715 nm, while those of 

the BT-TiB2/Cu are lower than 0.715 nm.  

(2) The metallic bond Ti-Cu have been detected only in TT-HCP with the bond length and 

population are 2.518 Å and 0.22, respectively. However, the B-Cu ionic bond have been discovered 

in all BT-TiB2/Cu interfacial models, and the average bond length is 2.28 Å and the bond population 

is 0.13.  

   (3) The Ti-Cu and B-Cu bond have been confirmed due to the charge hybridization of the d-p 

orbit, which further verified the metallic and ion bonds formed by interfacial atoms of the 

TiB2(0001)/Cu(111).   
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