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Interface	Energy	of	Metal-Ceramic	Interface	Co|WC		

Introduction 
In	many	metal-ceramic	composites	the	interface	between	the	metallic	and	ceramic	phases	determines	the	
mechanical	properties	of	the	material.	A	prominent	example	is	the	WC-Co	composite,	where	the	combination	
of	high	WC	hardness	and	Co	ductility	results	in	advantageous	mechanical	properties.	The	performance	of	WC-
Co	can	be	explained	by	the	low	interface	energies	(high	stability)	of	the	contacting	surfaces	of	WC	and	Co.	

The	present	tutorial	describes	how	to	build	a	Co|WC	interface	and	how	to	perform	a	computational	study	of	
the	interface	energy.	You	will	learn	how	to:	

Search	for	interfaces	using	the	MEDEA®	interface	builder	

Set	up	computational	procedures	to	calculate	the	interface	energy	

Handle	non-stoichiometry:	The	Co|WC	interface	built	in	the	present	tutorial	has	a	differing	number	of	C	and	
W	 atoms	 and	 therefore	 requires	 the	 so-called	 “Ab	 Initio	 Thermodynamics”	 formalism	 to	 determine	 the	
interface	energy.	

 Outline	of	procedure	
• Construct	the	Co|WC	interface	
• Optimize	the	Co|WC	interface	structure	
• Express	the	interface	energy	as	a	function	of	the	carbon	chemical	potential	
• Calculate	the	heats	of	formation	of	Co,	WC	and	the	interface	
• Calculate	the	Co|WC	interface	energy	

 Geometric	aspects	of	modeling	interfaces	

A	number	of	geometrical	aspects	have	to	be	considered	when	studying	and	modeling	interfaces:	

In	most	cases	there	are	special	requirements	on	how	to	match	the	two	contacting	materials:	e.g.	the	use	of	
periodic	boundary	conditions	requires	the	lattice	constants	of	the	two	materials	to	be	commensurate.	

When	modeling	coherent	structures	using	ab	initio	methods	with	periodic	boundary	conditions	it	is	desirable	
to	 find	 geometries	 which	 minimize	 the	 elastic	 strain	 (misfit)	 at	 the	 interface.	 The	 reason	 is	 that	 with	
decreasing	 misfit,	 the	 coherent	 regions	 between	 misfit	 dislocations	 at	 an	 interface	 become	 larger.	
Consequently,	 for	 decreasing	misfit,	 the	 interface	model	 employed	 in	 the	 periodic	 approach	 becomes	 an	
increasingly	realistic	representation	of	the	real	systems.	

In	a	composite	material	the	two	phases	can	differ	in	their	elastic	properties.	You	may	want	to	account	for	this	
by	adapting	the	lattice	parameter	of	the	softer	material	to	the	one	of	the	harder	material	when	building	an	
interface.		

Because	periodic	boundary	conditions	(slab	model)	are	applied	to	model	the	interface,	the	resulting	supercell	
contains	 two	 interfaces.	 In	order	 to	get	a	 clear	value	of	 the	 interface	energy	you	need	 to	make	sure	both	
interfaces	present	in	the	cell	are	identical.	Otherwise,	an	interface	energy	calculation	gives	an	average	value	
over	the	two	interfaces.	
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 Construct	the	Co|WC	interface		
Required:	 WC.sci…………………………………………………………….………..	hexagonal	WC	(P-6m2)	

	 Co.sci……………………………………………………………………….	 bulk	Co	(P6_3/mmc)	

Result:	 W-terminated-Co-WC_interface_initial.sci…………….…	 W	terminated	Co|Wc	interface	

	 C-terminated-Co-WC_interface_initial.sci….…………….	 C	terminated	Co|Wc	interface		

 Build	a	WC	(001)	surface	

Retrieve	the	hexagonal	WC	(P-6m2)	structure	from	INFOMATICA	or	build	it	from	scratch	by	selecting	a	P-6m2	
symmetry,	(a,	c)	=	(2.906,	2.837)	Å,	with	W	at	the	a-position	(0,	0,	0)	and	C	at	the	f-position	(0.666,	0.333,	
0.5),	where	the	atomic	coordinates	are	given	relative	to	the	lattice	parameters.	You	can	also	find	a	structure	
file	for	WC	(WC.sci)	in	the	tutorial	directory.	Select	File»Open»File	from	Disk	to	retrieve	it.		

In	the	MEDEA	Builders	menu	select	Build	surfaces.	In	the	pop-up	dialogue,	choose	the	Miller	indices	(h,	k,	l)	
=	(0,	0,	1)	and	click	Search	to	find	a	stoichiometric	model	of	a	WC	surface	by	cleaving	the	bulk	parallel	to	the	
(xy)	direction.	Set	the	Number	of	Repeats	to	4	and	click	Create.	

Note	 that	 the	 resulting	 preview	model	 has	 both	W-	 and	 C-terminated	 surfaces.	 To	 create	W-terminated	
surfaces	on	both	sides	of	the	structure,	adjust	the	altitude	of	one	the	cutting	planes	(blue	or	red)	by	using	the	
slide	bars,	so	that	the	outermost	carbon	atom	is	cut	out	(see	figure	below).	Select	the	option	þ	Symmetric	
and	confirm	with	OK.	

This	results	in	a	slab	structure	with	4	(001)	layers	of	W	and	3	(001)	layers	of	C,	terminated	by	W	on	both	
sides.		

	
   

Note:	Alternatively,	you	could	have	created	a	slab	structure	with	two	C-terminated	surfaces.	In	the	
remainder	we	will	focus	on	the	W-terminated	structure.		
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 Build	a	Co	(001)	surface	
Next,	build	a	Co	(001)	surface	following	the	same	procedure	as	for	the	WC	(001)	surface:	

Retrieve	the	Co	(P6_3/mmc)	structure	from	the	disk	with	>>File>>Open>>File	from	Disk	
and	 select MD/Structures/Elements/Co.sci.	Alternatively,	 you	 can	build	 it	 from	scratch	by	
selecting	a	P6_3/mmc	symmetry,	 (a,	 c)	=	 (2.506,	4.069)	Å,	with	Co	at	 c-position	 (0.333,	
0.666,	0.25)	given	relative	to	the	lattice	parameters.		

Construct	 the	 (001)	 surface	with	4	Repeats	 and	cut	out	one	atomic	plane	 so	 that	 the	
resulting	slab	structure	contains	7	Co	layers.	Select	the	option	þ	Symmetric	and	confirm	with	OK.	We	cut	
off	atoms	to	have	Co	and	WC	surfaces	with	specific	properties:	Top	and	bottom	surface	are	identical	and	when	
we	create	a	periodic	WC|Co|WC|Co	slab.		

 

  

 Build	an	interface	between	WC	(001)	and	Co	(001)	

Select	the	Interfaces	tool	from	the	MEDEA	Tools	menu.	

Activate	one	of	the	previously	constructed	surface	structure	windows	(let	it	be	the	Co	(001)	surface	model),	
and	choose	Define	and	run	from	the	Interfaces	menu,	select	the	WC	surface	structure	as	Second	System.	

Set	all	tolerance	values	and	#	Cells	to	search	equal	to	3.	To	account	for	the	fact	that	the	Co	metal	is	much	
more	 ductile	 than	WC,	 put	 all	Weight	 of	 first	 system	 lattice	 parameter	 to	 be	 on	WC	 by	 adjusting	 the	
corresponding	 slider.	 In	 our	 case,	 the	 Co	 surface	 is	 the	 first	 system,	 so	 the	weight	 should	 be	 0.00.	 Press	
Run	Job	to	submit	a	search	for	interface	geometries.		

The	search	algorithm	uses	Bravais	lattice	vectors	in	both	surface	planes	to	construct	matching	surfaces.	From	
the	many	possibilities	to	match	the	surfaces,	it	lists	those	systems	which	fulfill	the	specified	tolerance	criteria.	
On	a	laptop	with	two	cores,	this	search	takes	about	10	seconds.		

While	the	job	is	running,	check	its	status	through	MEDEA®’s	Job	Control	menu.	

Once	finished,	click	on	Retrieve	in	the	Interfaces	menu	and	load	the	relevant	job	through	the	file	selection	
dialogue.	
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MEDEA®	displays	a	spreadsheet	containing	results	of	the	interface	search	run.	Given	the	above	search	criteria	
you	should	see	the	below	result:		

	

ID	 Identical	
Interfaces	

nAtoms	 Spacegroup	 Area	
(Ang2)	

dArea	 A	
(Ang)	

dA	 B	
(Ang)	

dB	 Theta	
(degree)	

dTheta	 BedAngle	
(degree)	

1.1	 Yes	 49	 P-6	 21.95	 -0.9	 5.034	 -0.4	 5.034	 -0.4	 120.0	 0.0	 -30.0	

	

Select	the	entry	by	right-clicking	and	continue	with	Create	Interface		

In	the	builder	window	coming	up,	the	distance	between	the	WC	(001)	and	Co	(001)	surface	planes	at	the	
interface	can	be	adjusted	by	setting	the	Gap	in	Angstroms.	You	can	set	the	Total	Gap	to	4	Å	or	both	Upper	
Gap	and	Lower	Gap	to	2	Å	each,	which	is	a	reasonable	starting	value	for	optimizing	the	interface	structure.	
Confirm	the	changes	of	the	gaps	with	Apply.	

Furthermore,	the	relative	positions	of	the	two	slabs	in	the	interface	plane	can	be	adjusted	by	specifying	x-,	
and	y-fractional	shifts.	For	now,	leave	the	default	settings.	

Create	the	interface	by	pressing	the	OK	button.	

This	procedure	should	result	in	a	supercell	containing	two	equivalent	WC	(001)/Co	(001)	interfaces.	There	
are	in	total	49	atoms;	12	W,	28	Co,	and	9	C	atoms,	respectively.	Check	with	Geometric	analysis	in	MEDEA®'s	
Analysis	menu.	

 Optimize	the	Co|WC	interface	structure		
Required:	 W-terminated-Co-WC_interface_initial.sci	…………….…	W	terminated	Co|Wc	interface	

Result:	 W-terminated-Co-WC_interface_minimized.sci….……..	W	terminated	Co|Wc	interface	

Matching	two	phases	together	to	form	an	interface	the	amount	of	strain	and	thereby	
the	 change	 in	 elastic	 energy	 stored	 in	 each	 phase	 depend	 on	 the	 interface	misfit.	
Accounting	for	the	effect	of	strain	when	calculating	interface	geometries	and	related	
interface	energies	can	be	achieved	in	a	number	of	ways.		

In	the	present	tutorial,	we	perform	a	full	structural	relaxation	of	the	interface,	where	
the	 cell	 volume,	 cell	 shape,	 and	 atomic	 positions	 are	 relaxed	 simultaneously.	 In	
particular,	 this	 means	 that	 the	 interface	 gap	 and	 the	 interlayer	 distances	 (i.e.	
perpendicular	to	the	interface	plane)	are	optimized	for	each	phase.	For	our	purpose,	
namely	predicting	the	 interface	energy	and	atomic	structure	of	an	interface,	 this	 is	
reasonable.		

Alternatively,	 you	can	choose	 to	 fix	 the	 lattice	parameters	parallel	 to	 the	 interface.	
This	corresponds	to	treating	the	in-plane	lattice	parameters	as	external,	controllable	
parameters.	 Fixing	 the	 misfit	 of	 the	 two	 phases	 at	 the	 interface	 can	 be	 useful	 to	
investigate	for	example	the	impact	on	total	energy,	electronic-,	optical-,	and	magnetic	
properties.		

The	 latter	 method	 and	 conceptual	 differences	 between	 the	 two	 approaches	 are	
discussed	at	the	end	of	this	tutorial.				

 Run	a	structure	relaxation		
Use	VASP	to	optimize	the	atomic	positions:		
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Open	VASP	from	the	Tools	menu,	select	VASP	5.4»Run	and	choose	Structure	Optimization	as	the	type	of	
calculation	in	the	Calculation	tab	

Check	the	boxes	for	þ	Relax	atom	positions,	þ	Allow	cell	volume	to	change,	þ	Allow	cell	shape	to	change.	

Choose	RMM-DIIS	as	update	algorithm	in	the	Structure Optimization Parameters	panel.	

All	other	parameters	are	left	at	their	default	values.	To	increase	the	accuracy	of	the	total	energy,	the	structure	
optimization	should	be	followed	by	a	single	point	calculation.	The	reason	is	that	varying	the	volume	of	the	
unit	cell	during	optimization	implicitly	changes	the	basis	set.	

Press	Run	to	submit	the	job.	On	a	PC	with	4	cores	this	takes	about	9	hours.	

Once	 the	 structure	 optimization	 has	 finished,	 load	 the	 minimized	 structure	 (MedeA®	 menu:	
File»Open»Previous	Calculation).	

Open	VASP	 from	the	Tools	menu,	 select	Vasp5.4»Run	 and	choose	Single	Point	 in	 the	Calculation	 tab	and	
Accurate	for	the	Precision.	Submit	the	job	with	Run.	On	a	PC	with	4	cores	this	takes	about	1	hours.		

Note:	In	this	example	Co	is	taken	to	be	paramagnetic.	This	is	a	relevant	case	in	e.g.	liquid	phase	sintering	of	
WC-Co,	where	the	temperature	exceeds	the	Curie	temperature.	Above	the	Curie	temperature	Co	is	
paramagnetic	instead	of	ferromagnetic.	It	is	assumed	that	magnetism	has	negligible	influence	on	the	
interface	energy.	Hence,	Co	is	taken	to	be	non-magnetic.	However,	depending	on	the	actual	purpose	of	the	
study	it	may	be	important	to	probe	the	importance	of	magnetism	and	consider	spin-polarization.		

 Analysis	
Use	 e.g.	 the	 geometric	 analysis	 to	 compare	 structural	 data	 between	 initial	 and	 minimized	 system	
(Analysis	menu»Geometry	analysis).	The	main	relaxation	occurs	for	the	Co	atoms	closest	to	the	interface	
in	the	direction	perpendicular	to	the	interface.	This	gives	an	increase	of	the	interface	gap	from	our	starting	
value	of	2	Å	by	a	few	tenths	of	an	Å.		
VASP energy:            -428.729838 eV for W12Co28C9 
 
Electronic contributions: 
                          Empirical Formula          Cell 
                             W12Co28C9       W12Co28C9 
                          --------------- --------------- 
              VASP Energy      -41366.131      -41366.131 kJ/mol    
The	resulting	VASP	Energy	of	the	interface	as	given	in	Job.out	is	-41366.1	kJ/mol.		

 Calculating	the	interface	energy	

 Handling	non	stoichiometry		

A	general	description	of	the	formalism	used	in	this	section	is	given	in	Christensen,	M.,	G.	Wahnström.	Effects	
of	cobalt	intergranular	segregation	on	interface	energetics	in	WC-Co,	Acta	Mater.	(2004)	52:2199–2207.		

The	interface	energy	γ	 is	the	change	in	free	energy	associated	with	the	formation	of	an	interface	from	the	
bulk	 phases.	 Using	 the	 electronic	 contribution	 to	 the	 interfaces	 heat	 of	 formation	 Δ",$%&'(")*'+ 	 as	 an	
approximation	of	the	Gibbs	free	energy	and	neglecting	pressure	and	temperature	terms,	γ	can	be	expressed	
as	 		

	 𝛾 = .
/
(Δ",$%&'(")*'+ − 𝑁3𝜇3 − 𝑁5𝜇5 − 𝑁56𝜇56 %7 )	 (1)	

where	A	 is	 the	 interface	 area,	Ni	 and	μi	 are	 the	 number	 of	 atoms	 and	 chemical	 potential	 of	 atom	 type	 i,	
respectively.			
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Given	that	the	system	is	considered	to	be	in	chemical	equilibrium,	μCo	is	equal	to	the	bulk	chemical	potential	
of	the	Co	phase.	That	is,	it	is	equal	to	heat	of	formation	of	bulk	non-magnetic	Co	Δ",56(%7)

+ .			

For	the	same	reason,	the	chemical	potentials	of	W	and	C	at	the	interface	are	not	independent,	but	related	via	
the	condition	for	chemical	equilibrium	with	the	WC	phase	𝜇35 .	

					 𝜇35 = 𝜇3 + 𝜇5 	 (2)	

Using	this	relation,	the	expression	for	the	interface	energy	can	be	written	as:	

	 𝛾 = .
/
(Δ",$%&'(")*'+ − 𝑁3𝜇35 − (𝑁3 − 𝑁5)𝜇5 − 𝑁56Δ",56+ )	 (3)	

As	with	Co	the	system	is	considered	to	be	in	equilibrium	with	WC.	Therefore,	the	chemical	potential	of	WC	is	
equal	to	the	heat	of	formation	of	the	WC	phase	Δ",35

+ .			

	 𝛾 = .
/
(Δ",$%&'(")*'+ − 𝑁3Δ",35

+ − (𝑁3 − 𝑁5)𝜇5 − 𝑁56Δ",56+ )	 (4)	

For	the	supercell	in	this	example:	NW	=	12,	NC	=	9,	NCo	=	28	so	that		

	 𝛾 = .
/
(Δ",$%&'(")*'+ − 12Δ",35

+ − 3𝜇5 − 28Δ",56+ )	 (5)	

	The	heat	of	 formation	of	 the	 interface,	WC	and	Co	will	be	discussed	 in	 the	next	 sections.	For	 carbon	 the	
situation	 is	 different.	 Unlike	WC	 and	Co,	 C	 is	 not	 assumed	 to	 be	 in	 contact	with	 a	 carbon	 bulk	 reservoir	
(graphite).	Therefore,	the	chemical	potential	of	carbon	is	not	directly	related	to	its	bulk	value.		

Using	the	heat	of	formation	as	the	electronic	energy	contributions	to	the	internal	energy	corresponds	to	
expressing	energies	with	respect	to	the	elements	in	their	standard	state.	Alternatively,	we	could	express	the	
electronic	energy	using	the	VASP	energy.	This	is	equivalent	to	taking	VASP’s	internal	energy	reference,	which	
is	based	on	the	non-spinpolarized	energy	of	the	atomic	states.	We	recommend	to	use	heats	of	formation	as	
this	quantity	is	more	physical,	in	particular	it	can	be	compared	to	experimental	values	and	contains	
information	about	the	compound’s	stability.		

It	remains	to	determine	the	allowed	range	for	μC.	This	can	be	done	by	looking	at	the	range	of	stability	of	the	
different	phases	present	in	the	system:		

 Determining	the	range	of	the	carbon	chemical	potential	

An	upper	bound	of	the	carbon	chemical	potential	is	given	by	the	condition	that	the	chemical	potentials	of	W	
and	C	must	be	lower	than	respective	potentials	in	pure	bulk	phases,	that	is	the	heat	of	formation,	of	W	and	C.	
Therefore,		

	 𝜇5 ≤ Δ",5+ 				and				𝜇3 ≤ Δ",3+ 			 (6)	

Otherwise	these	bulk	phases	would	start	to	precipitate,	and	WC	would	not	be	stable.	Reformulated,	an	upper	
limit	of	the	carbon	chemical	potential	is:		

	 𝜇5 − Δ",5+ ≤ 0	 (7)	

The	lower	limit	of	μC	can	be	obtained	from	the	condition	for	chemical	equilibrium		

	 𝜇35 = 𝜇3 + 𝜇5 	 (8)	

Solving	for	μC,	we	get		

	 𝜇5 − Δ",5+ = 𝜇35 − 𝜇3 − Δ",5+ ≥ 𝜇35 − Δ",3+ − Δ",5+ ≡ Δ",35
+ 		 (9)	

where	Δ",35
+ 	is	the	heat	of	formation	of	WC.		

Thus,	we	allow	μC	to	vary	in	the	interval	given	by	
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	 Δ",35
+ ≤ 𝜇5 − Δ",5+ ≤ 0	 (10)	

Note	that	there	might	be	other	phases	which	are	stable	within	the	above	interval.	In	this	case	the	allowed	
interval	for	the	carbon	chemical	potential	may	be	smaller.	In	the	W-C-Co	system	under	study	here,	the	interval	
is	in	reality	half	the	size	due	to	the	occurrence	of	a	W₆Co₆C	phase.	However,	in	this	example	we	will	use	the	
WC	heat	of	formation	as	a	lower	bound.		

To	calculate	the	Co|WC	interface	energy	we	need	as	reference	the	total	energy	of	non-magnetic	Co,	under	the	
assumption	the	Co	is	paramagnetic,	the	heat	of	formation	of	WC,	and	the	heat	of	formation	of	the	interface.	

 Calculate	the	reference	energies	for	Co		
Activate	the	Co	structure	window	in	MEDEA®	and	perform	first	a	structural	optimization	in	VASP,	followed	by	
a	single	point	calculation.	Ensure	that	in	the	Calculation	tab	Magnetism	is	set	to	Non-magnetic.	Use	the	same	
parameters	as	for	the	interface	calculation.	Make	sure	that	the	energy	calculation	is	performed	with	the	same	
plane-wave	 cutoff	 as	 for	 the	 interface	 (400	 eV)	 by	 setting	 in	 the	 Calculation	 tab	 Planewave cutoff:	400, 
Precision	to	Accurate	and	the	Algorithm.	

The	retrieved	VASP	energy	in	the	Job.out	file	is	𝐸56 %7
CDEF =-657.1	kJ/mol	for	non-magnetic	Co.		

   VASP energy:             -13.620972 eV for Co2 
 
Electronic contributions: 
                          Empirical Formula          Cell 
                                    Co           (Co)2 
                          --------------- --------------- 
              VASP Energy        -657.112       -1314.224 kJ/mol 

Redo	the	structural	optimization	and	the	single	point	calculation	with	Magnetism	set	to	Spin-polarized.	

The	VASP	energy	for	magnetic	Co,	𝐸56(7)G)
CDEF ,	is	-680.1	kJ/mol.	Which	is	lower	than	the	value	for	non-magnetic	

Co.	The	heat	of	formation	of	non-magnetic	Co	is	defined	by	

	 Δ",56(%7)
+ = 𝐸56(%7)

CDEF − 𝐸56 7)G
CDEF =	23	kJ/mol	 (15)	

 Calculate	the	heat	of	formation	of	WC	

Select	 File»Open»File	 from	 Disk	 and	 open	 the	 files	 W.sci	 and	 C.sci	 located	 in	 directory		
/MD/Structures/Elements.		Activate	subsequently	W,	C	and	the	WC	window	in	MEDEA®	and	perform	for	each	
first	a	 structural	optimization,	 followed	by	a	single	point	calculation.	Use	 the	same	parameters	as	 for	 the	
interface	and	Co	single	point	calculation.	That	is,	make	sure	that	the	energy	calculation	is	performed	with	the	
same	 plane-wave	 cutoff	 of	 400	 eV	 by	 setting	 in	 the	 Calculation	 tab	 Planewave cutoff:	400,	 Precision	 to	
Accurate.	

Open	for	each	single	point	calculation	the	Job.out	file	to	access	the	VASP	energy.	For	W	it	is	-1254.0	kJ/mol,	
for	C	it	is	-877.5	kJ/mol	and	for	WC	it	is	-2165.6	kJ/mol.			

However,	the	VASP	energy	of	carbon	has	been	calculated	in	the	diamond	structure.	Therefore,	it	needs	to	be	
corrected	to	that	of	graphite	using	correction	term	-1.9	kJ/mol	yielding	a	value	of	-879.4	kJ/mol.	

The	MEDEA®	user	guide	contains	an	appendix	on	standards	and	reference	energies	that	list	correction	
terms	of	elements	where	applicable.		

The	heat	of	formation	of	WC	Δ",35
+ 	calculated	using	the	VASP	energy	of	WC	EWC,	tungsten	EW	and	graphite	EC	

with			

	 Δ",35
+ = 𝐸35 − 𝐸3CDEF − 𝐸5CDEF 	 (11)	
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is	-32.2	kJ/mol.		

 Calculate	the	heat	of	formation	of	the	interface	

The	value	of	the	heat	of	formation	of	the	interface,	which	is	-639.3	kJ/mol,	can	be	calculated	with	the	available	
data	using		

	 Δ",3	&'(7I%)&'J	I%&'(")*'
+ = (𝐸3	&'(7I%)&'J	I%&'(")*' − 12𝐸3CDEF − 9𝐸5LMNO − 28𝐸PQ(RST)

LMNO ).	 (11)	

	 VASP	Energy	
[kJ/mol]	

Heat	of	formation		
[kJ/mol]	

Co	(P63/mmc,	non-magnetic)	 -657.1	 23	
Co	(P63/mmc,	magnetic)	 -680.1	 0	
C	(graphite)	 -879.4	 0	
W	(Im-3m)	 -1254.0	 0	
WC	(P-6m2)	 -2165.6	 -32.2	
Interface	energy	of	W	terminated	Co|WC	 -41366.1	 639.3	
Interface	energy	of	C	terminated	Co|WC	 -39865.5	 1016.1	

	

 Calculate	the	Co|WC	interface	energy	

Now	we	have	found	that	the	Co|WC	interface	energy	for	our	calculation	is	given	by	the	expression	

	 𝛾 = .
/
(Δ",3	&'(7I%)&'J	I%&'(")*'

+ − 12Δ",35
+ − 3𝜇5 − 28Δ",56(%7)

+ )	 	(12)	

where	μC	is	allowed	to	vary	in	the	interval	given	by		

	 Δ",35
+ ≤ 𝜇5 − Δ",5+ ≤ 0	 	(13)	

The	interface	area	A	was	given	in	the	output	of	the	MedeA®	interface	builder	as	21.95	Å2.	Because	we	are	
using	heats	of	formation	the	value	for	bulk	C	is	zero	while	that	of	non-magnetic	Co	is	23	kJ/mol,		

	 Δ",5+ = 0	 (14)	

	 Δ",56+ = 23	𝑘𝐽/𝑚𝑜𝑙	 (15)	
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Interface	energy	of	Co|WC	interface 
Interface	area	in	supercell*) A 4.39x10-19 m² 
Heat	of	formation	of	W	terminated	interface	supercell  639.3 kJ/mol 
Heat	of	formation	of	C	terminated	interface	supercell	  1016.1	 kJ/mol	
Heat	of	formation	of	WC  -32.2 kJ/mol 
Heat	of	formation	of	Co	  23	 kJ/mol	
Interface	energy	of	W-terminated	Co|WC	  1.81-1.44 J/m² 
Interface	energy	of	C-terminated	Co|WC  2.02-2.50 J/m²	 

*)	Since	each	interface	model	has	two	interfaces	the	total	surface	area	is	twice	the	size	of	the	area	of	the	basal	
plane	of	the	supercell.	 	

Plotting	the	interface	energy	as	a	function	of	the	carbon	chemical	potential	results	in	the	graph	below	(W-
terminated).	For	completeness	it	also	includes	the	interface	energy	for	the	C-terminated	Co|WC	interface,	
here	the	expression	for	the	interface	energy	becomes		
	 𝛾 = .

/
(Δ",5	&'(7I%)&'J	I%&'(")*'+ − 9Δ",35

+ + 3𝜇5 − 28Δ",56(7)G)
+ ).	 	(16)	

A	separate	interface	calculation	is	needed	to	get	Δ",5	&'(7I%)&'J	I%&'(")*'+ 	for	the	C-terminated	interface.	

	
For	the	W-terminated	interface,	the	energy	decreases	linearly	with	increasing	carbon	chemical	potential.	For	
the	C-terminated	interface,	the	energy	instead	increases	with	increasing	carbon	chemical	potential.	That	is,	
interfaces	with	an	excess	of	carbon	in	the	interface	become	less	stable	when	the	carbon	potential	becomes	
higher.	However,	for	all	μC,	the	curve	for	the	W-terminated	interface	is	below	the	curve	for	the	C-terminated	
interface.	Thus,	it	can	be	concluded	that	the	most	stable	Co	(001)/WC	(001)	structure	is	W-terminated.	

 Reference	bulk	phases	and	strain	
When	building	an	interface	structure	the	in-plane	lattice	parameters	of	the	two	phases	can	be	adjusted	by	
applying	 a	 weight	 factor.	 With	 a	 full	 cell	 relaxation	 as	 outlined	 above	 the	 choice	 of	
Weight	 of	 first	 system	 lattice	parameters	merely	 represents	 a	 starting	 value	 for	 initializing	 the	 lattice	
parameters	optimization:		

Doing	a	full	relaxation,	the	elastic	energy	of	the	interface	structure	is	minimized.	Therefore,	in	order	to	extract	
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the	interface	energy,	we	compare	the	calculated	VASP	energy	of	the	interface	with	separate	fully	relaxed	bulk	
phases.		

In	doing	so,	we	introduce	a	small	error	due	to	the	fact	that	the	relaxed	interface	and	the	corresponding	bulk	
phases	have	differing	lattice	parameters.		

To	minimize	this	error,	bulk	calculations	can	be	performed	using	the	same	lattice	parameters	as	present	in	
the	interface.	However,	this	is	omitted	in	the	present	tutorial.	

An	alternative	method	is	to	fix	the	lattice	vectors	within	the	interface	plane	and	consequently	optimize	the	
structure	in	the	direction	perpendicular	to	the	interface	plane	only:	

In	this	approach,	the	lattice	parameters	set	by	Weight	of	first	system	lattice	parameters	in	the	Interface	
Builder	 are	 maintained	 throughout	 the	 calculations.	 To	 perform	 a	 constraint	 optimization	 relaxing	 the	
structure	only	in	the	direction	perpendicular	to	the	interface	plane,	the	interlayer	distances	and	interface	gap	
have	to	be	varied	manually.	The	recommended	procedure	for	this	is:	

Starting	from	two	bulk	systems	(phase	1	and	phase	2),	construct	surfaces	by	selecting	Miller	indices	to	cleave	
the	bulk	in	the	direction	of	your	choice	(in	this	example	we	constructed	a	(001)	WC	surface	and	a	(001)	Co	
surface)		

When	building	the	 interface,	select	a	weight	 for	the	relative	contribution	of	 in-plane	lattice	parameters	of	
both	 phases.	 For	 example,	 selecting	 0.5	will	 create	 an	 interface	where	 the	 in-plane	 lattice	 parameters	 of	
surface	system	1	and	surface	system	2	are	averaged	with	equal	weight.	

Run	the	interface	search	algorithm	to	determine	a	valid	interface	structure.	Having	selected	an	interface,	note	
down	the	in-plane	lattice	parameters	of	the	interface	structure	supercell	

Now	rebuild	the	two	bulk	phases,	this	time	building	a	general	cell	for	each	bulk	system:	In	doing	so,	you	need	
to	select	lattice	vectors	and	parameters	matching	the	direction	and	value	of	the	lattice	parameters	present	in	
your	interface	system:	The	interface	in-plane	lattice	parameters	have	to	be	equal	to	or	a	multiple	of	your	new	
bulk	lattice	parameters	

Next,	for	the	bulk	structures,	determine	the	change	in	interlayer	spacing	perpendicular	to	what	will	be	your	
interface	plane:	To	do	so	you	need	to	relax	the	interlayer	distances	by	performing	a	series	of	calculations,	
varying	distances	between	atomic	planes	parallel	to	the	lattice	planes	matching	the	interface	plane.	

Use	these	optimized	bulk	phases	to	construct	a	new	interface	where	no	adjustment	of	the	in-plane	lattice	
vectors	is	made	(tolerance	values	set	to	zero	in	the	Interface	Builder)	

• Optimize	the	interface	gap	by	a	series	of	calculations	where	the	gap	distance	is	varied	
• Perform	relaxation	of	the	atomic	positions	of	the	interface	structure		

The	interface	energy	is	then	calculated	by	comparing	the	energy	of	the	interface	structure	with	the	energies	
of	the	bulk	phases	with	corresponding	strain.	In	this	approach	the	elastic	energy	introduced	by	matching	the	
two	phases	with	lattice	misfit	is	canceled	out	to	a	large	degree.	

Modules	Required:	

• VASP	5.4	

• Interfaces	

	


