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	 3D	Bragg	coherent	diffractive	imaging	of	five-fold	multiply	

twinned	gold	nanoparticle	

Jong	Woo	Kima,b†,	Andrew	Ulvestada,c,	Sohini	Mannad,	Ross	Harder	b,	Eric	E.	Fullertond,	and	Oleg.	
G.	Shpyrkoa			

	 The	 formation	mechanism	of	 five-fold	multiply	 twinned	 nanoparticles	 has	 been	 a	 long-term	 topic	 because	 of	 their	
geometrical	incompatibility.	So,	various	models	have	been	proposed	to	explain	how	the	internal	structure	of	the	multiply	
twinned	nanoparticle	accommodates	the	constraints	of	the	solid-angle	deficiency.	We	 investigate	the	 internal	structure,	
strain	field	and	strain	energy	density	of	a	600	nm	sized	five-fold	multiply	twinned	gold	nanoparticle	quantitatively	using	
Bragg	coherent	diffractive	imaging,	which	is	suitable	for	the	study	of	buried	defects	and	three-dimensional	strain	distribution	
with	great	precision.	Our	study	reveals	that	the	strain	energy	density	in	a	five-fold	multiply	twinned	gold	nanoparticle	is	an	
order	of	magnitude	higher	than	the	single	nanocrystals	such	as	an	octahedron	and	triangular	plate	synthesized	under	the	
same	 conditions.	 This	 result	 indicates	 that	 the	 strain	developed	while	 accommodating	angular	misfit,	 although	partially	
released	through	the	introduction	of	structural	defects,	is	still	large	throughout	the	crystal.	

Introduction	

	 The	 structural	 investigation	 of	 the	 five-fold	 multiply	 twinned	
nanoparticles	 has	 been	 an	 attractive	 research	 topic	 within	 the	
materials	 science	 community	 because	 of	 not	 only	 their	 beneficial	
properties	 [1-3],	but	also	 the	geometrical	 incompatibility,	 the	 five-
fold	decahedrons	are	packed	completely	by	the	tetrahedral	subunits	
despite	angular	lattice	misfit.	Understanding	the	detailed	structures	
and	 inherent	 strain	 fields	 in	 these	 nanoparticles	 are	 crucial	 to	
understanding	 the	 stabilization	 of	 the	 structure	 and	 growth	
mechanism,	 and	 ultimately	 to	 tailoring	 their	 unique	 properties.	
Accordingly,	decahedral	particles	and	five-fold	twinning,	which	is	the	
most	 common	 form	 for	 multiple	 cyclic	 twinning	 [4],	 have	 been	
studied	 considerably	 through	 both	 experiment	 and	 theory	 [5-14].	
The	observation	of	the	internal	structure	has	been	performed	using	
a	 wide	 range	 of	 techniques	 such	 as	 aberration-corrected	 high-
resolution	 electron	 microscopy	 (HREM)	 [15-18],	 transmission	
electron	 microscopy	 (TEM)	 [19]	 and	 high-resolution	 high-angle	
annular	 dark	 field	 (HAADF)	 scanning	 transmission	 electron	
microscopy	(STEM)	[20-21].	Not	only	experimental	 techniques,	but	
also	the	simulations	based	on	finite	elementary	method	(FEM)	[22,	
23]	and	molecular	dynamics	 (MD)	[24,25]	have	been	conducted	to	
study	 the	 internal	 structure	 and/or	 strain	 of	 the	 five-fold	multiply	
twinned	nanoparticles.	These	techniques	are	not	directly	sensitive	to	
the	three-dimensional	(3D)	strain	distribution	inside	the	nanocrystal,	
which	 is	 an	 essential	 characteristic	 to	 understand	 the	 packing	

mechanism	with	solid-angle	deficiency.	Here,	we	use	Bragg	coherent	
x-ray	diffractive	 imaging	(Bragg	CDI)	to	study	the	morphology,	lattice	
distortion,	and	strain	energy	density	within	an	individual	multiply	twinned	
nanocrystal.	This	imaging	technique	is	suitable	for	the	study	of	buried	
defects	 and	 three-dimensional	 strain	 distribution	 with	 great	
precision	[26-28].		

	 In	a	Bragg	CDI	measurement,	a	sample	is	placed	in	the	focused	x-
ray	beam	and	aligned	appropriately	 so	 that	 the	Bragg	 condition	 is	
satisfied	and	the	Bragg	peak	appears	on	the	detector	in	the	far	field.	
To	 acquire	 the	 3D	 diffraction	 intensity,	 the	 sample	 needs	 to	 be	
rocked	within	a	 small	 angular	 range	and	 the	collected	2D	 slices	of	
diffraction	 intensity	 are	 stacked	 together.	 	 As	 a	 result	 of	 phase	
retrieval	[29,	30],	we	can	obtain	the	Bragg	electron	density	(i.e.	the	
shape	 of	 the	 nanocrystal)	 and	 the	 displacement	 field	 with	
subangstrom	resolution,	 in	 full	3D	detail	 for	the	sample.	 If	 there	 is	
any	 portion	 of	 the	 sample	 not	 satisfying	 the	 Bragg	 condition,	 it	 is	
invisible	 in	 the	 reconstructed	 Bragg	 electron	 density	 [31].	 The	
retrieved	 phase	 is	 interpreted	 as	 the	 displacement	 along	 the	
direction	of	momentum	transfer	vector	and	a	value	of	2π	phase	 is	
equivalent	to	a	displacement	of	one	d-spacing	of	the	Bragg	reflection	
plane.	In	addition,	the	strain	distribution	can	be	obtained	by	taking	
derivatives	in	the	appropriate	directions	of	the	displacement	field.		
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Figure	1:	(a)	SEM	image	of	five-fold	multiply	twinned	nanoparticle.	The	white	
scale	 bar	 represents	 600	 nm.	 (b)	 Schematic	 of	 experimental	 configuration	
showing	the	illumination	of	x-ray	beam	on	the	sample	and	a	diffractive	x-ray	
beam	going	out	to	the	detector.	The	normal	directions	of	crystalline	planes	
(111)	are	marked	by	 the	purple	arrows.	 (c)	One	of	subunits	can	satisfy	 the	
Bragg	condition	while	others	do	not.		 	

Experiments	

Bragg	CDI	experiment			

	 The	Bragg	CDI	measurements	were	performed	at	Sector	34-ID-C	
of	 the	 Advanced	 Photon	 Source	 (APS)	 synchrotron	 facility.	 An	
upstream	monochromator	 was	 used	 to	 select	 E	 =	 9.0	 KeV	 x-rays,	
which	were	focused	onto	the	sample	using	Kirkpatrick-Baez	mirrors	
that	 focused	 the	 beam	 to	 a	 2µm	 x	 2µm	 region.	 The	 resulting	
diffraction	patterns	were	measured	using	a	 charge-coupled	device	
(CCD)	 with	 22.5	 µm	 pixels	 located	 along	 the	 detector	 arm	 at	 a	
distance	 of	 0.9	 m	 beyond	 the	 sample.	 In	 this	 experiment,	 we	
reconstruct	both	the	3D	distribution	of	Bragg	electron	density	ρ	(x,	y,	
z)	with	17	nm	spatial	resolution	and	the	3D	lattice	displacement	field	
projected	along	(111),	u111	(x,	y,	z),	and	consequently,	we	obtain	the	
3D	 strain	 distribution	 of	 the	 nanoparticle	 along	 the	 momentum	
transfer	direction,	Q111,	by	derivative	of	the	displacement	field.	

Preparation	of	samples	 	

	 Au	 nanocrystals	 were	 grown	 using	 thermal	 chemical	 vapor	
deposition	(CVD)	onto	a	Si	(100)	substrate	with	the	native	oxide	using	
a	 catalyst-free	 thermal	 approach	 with	 AuCl3	 as	 a	 precursor	 [32].	
Approximately	 1.0	 g	 of	 powdered	AuCl3	was	 loaded	 in	 a	 boat	 and	
placed	within	a	quartz	tube	at	the	center	of	a	Lindberg	Blue	furnace	
at	 475oc.	 An	 Ar	 carrier	 gas	was	 flowed	 through	 the	 quartz	 tubing	
while	the	downstream	end	of	the	CVD	setup	remained	isolated	from	
the	outside	atmosphere.	The	system	was	left	at	475	oc	for	about	an	
hour,	after	which	it	was	allowed	to	cool	down	to	room	temperature.	
The	Ar	flow	through	the	quartz	tube	was	maintained	for	the	duration	
of	the	cooling	process.	 	

Results	and	Discussion	

	 The	morphology	of	the	five-fold	gold	nanoparticle	is	shown	in	the	
scanning	electron	microscope	 (SEM)	 in	Fig.1	 (a).	The	nanoparticles	
created	by	this	synthesis	method	is	useful	to	study	the	intrinsic	strain	
[33]	 because	 this	 method	 produces	 highly	 pure	 nanoparticles	
without	using	any	external	surfactants,	capping	layers,	or	stabilizers,	
which	might	be	attached	on	the	final	product	and	affect	the	strain	on	
the	surface.	This	approach	yields	various	shape	of	gold	nanoparticles,	
such	as	octahedrons,	 triangular	plates,	 icosahedrons,	 and	 five-fold	
multiply	twinned	particles.	

	 The	 five-fold	 multiply	 twinned	 nanoparticles	 consist	 of	
tetrahedral	subunits,	that	 is,	equally	shaped	subunits	are	 joined	to	
the	neighboring	tetrahedron	by	twin	boundaries.	Each	subunit	has	a	
(111)	crystallographic	facet	and	they	point	to	the	different	outward	
directions	 as	 shown	 in	 Fig.	 1(b).	 For	 this	 reason,	 even	 if	 the	 x-ray	
beam	illuminates	the	entire	sample,	just	one	of	subunits	can	satisfy	
the	Bragg	condition	as	shown	in	Fig.	1(c)	and	thereby,	one	of	subunits	
can	be	recovered	via	the	phase	retrieval	algorithm.		

	 Fig.	 2(a)	 shows	 the	 reconstructed	 Bragg	 electron	 density	 as	 a	
green	isosurface.	It	has	an	edge	length	of	360	nm	and	a	height	of	270	
nm.	 In	 comparison	with	 the	 SEM	 image,	 the	 reconstructed	 image	
shows	half	of	the	tetrahedral	subunit.	This	is	due	to	the	fact	that	the	
other	half	subunit	has	its	own	(111)	crystallographic	face.	So,	there	
are	10	segments	that	have	their	own	(111)	crystallographic	facets	in	
a	five-fold	decahedral	gold	nanoparticle	and	we	measured	a	half	of	a	
subunit.	Some	void	regions	are	observed	in	the	reconstructed	Bragg	
electron	density.	This	absence	of	the	electron	density	is	indicative	of	
the	presence	of	the	region	that	does	not	satisfy	the	Bragg	condition.	
These	absent	volumes	look	like	a	patch	adjacent	to	a	twin	boundary,	
a	 small	 tetrahedron	 parallel	 to	 the	 other	 twin	 boundary,	 and	 an	
irregular	 shape	 at	 a	 grain	 boundary	 shared	with	 the	 other	 half	 of	
subunit.	

	 If	the	five-fold	decahedron	is	enclosed	by	perfect	face-centered	
cubic	 (fcc)	 tetrahedral	 subunits,	 a	 solid-angle	 deficiency	 of	 7.35o	
remains	[16,	34].	This	solid-angle	deficiency	could	be	accommodated	
by	 a	 homogeneous	 strain,	 that	 is,	 a	 structural	 change	 from	 face-
centered	cubic	(fcc)	to	a	body-centered	orthorhombic	(bco)	structure	
[35-37]	 or	 the	 introduction	 of	 a	 single	 wedge	 disclination	 that	
coincides	 with	 the	 five-fold	 axis	 of	 the	 nanoparticle,	 which	 is	 so-
called	 inhomogeneous	strain	model.	The	 latter	model	produces	an	
inhomogeneous	strain	field	that	reduces	the	total	strain	energy	[38-
40].		

		

Figure	2:	(a)	Isosurface	rendering	of	the	Bragg	electron	density	representing	
the	 particle	 shape	 from	 four	 different	 viewing	 angles	with	 guiding	models	
such	as	one	twin	boundary,	(111)	facet	plane,	bottom	surface,	and	the	other	
twin	boundary,	respectively.	The	scale	bar	represents	300	nm.	(b)	A	model	of	
regular	tetrahedral	subunit	that	can	be	divided	by	an	upper	and	a	lower	part	
with	different	(111)	facets,	implying	that	the	Bragg	electron	density	is	a	half	
subunit.	(b)	The	local	value	of	the	phases	at	the	surface	represented	by	the	
color.	The	phase	is	projected	onto	momentum	transfer	vector	(111),	which	is	
normal	to	the	facet.	

(a)

(b) (c)
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This	solid-angle	deficiency	generates	defects	 inside	of	the	subunits	
and	impose	the	strain	at	the	twin	boundaries	[16].	The	dislocations	
usually	occur	to	relieve	elastic	strain	energy	 in	the	particles	with	a	
size	 of	 hundreds	 of	 nanometers	 [16].	 The	 stacking	 faults	 and	
dislocations	 can	be	 identified	based	on	 the	Bragg	electron	density	
and	displacement	field.	It	is	known	that	the	stacking	fault	can	lead	to	
voids	in	the	Bragg	electronic	density	[41,	42]	and	that	edge	and	screw	
dislocations	generate	particular	displacement	 fields	 [43,	44].	 Thus,	
the	 absence	 of	 the	 Bragg	 electron	 density	 can	 be	 attributed	 to	
presence	of	stacking	fault.	According	to	the	previous	studies	[15,	45,	
46],	the	stacking	faults	were	observed	adjacent	to	a	twin	boundary,	
on	which	the	shear	strain	 is	concentrated.	The	stacking	 faults	 look	
like	a	small	tetrahedron,	which	is	parallel	to	one	of	twin	boundaries,	
and	were	 also	observed	 in	 five-fold	multiply	 twinned	nanoparticle	
[15,	 18,	 47].	 Our	 observation	 of	missing	 Bragg	 electron	 density	 is	
consistent	 with	 the	 previous	 studies	 in	 term	 of	 the	 stacking	 fault	
locations.	Thus,	we	conclude	that	the	stacking	faults	are	responsible	
for	invisible	Bragg	electron	density.	Fig.	2	(c)	shows	a	displacement	
distribution	projected	onto	 (111)	direction,	which	 is	 indicated	by	a	
purple	 arrow,	 on	 the	 surface	 of	 a	 half	 tetrahedral	 subunit.	 A	
maximum	value	of	1.55	 rad,	 for	example,	 represents	 that	 the	unit	
cells	 in	 this	 location	 are	 deformed	 from	 their	 equilibrium	 lattice	
spacing	between	(111)	planes	by	1.0	Å.	

	 Figure.	3	(a)	shows	the	strain	distribution	on	the	surface	of	the	
particle,	 which	 is	 obtained	 by	 the	 derivative	 of	 the	 displacement	
field,	ranging	from	-0.46	%	to	0.20	%.	This	result	is	comparable	to	the	
strain	range	±0.54	%	measured	by	Johnson	et	al.	[16].	Recall	that	the	
decahedron	 was	 created	 with	 many	 different	 shapes	 of	 gold	
nanocrystals	at	the	same	time.	The	magnitude	of	the	strain	is	higher	
than	the	single	nanocrystals	such	as	the	octahedron	(±0.05	%)	and	
the	triangular	plate	(±0.06	%)	[33]	that	were	synthesized	through	the	
same	process.	However,	it	is	much	less	than	2%,	which	is	calculated	
from	solid-angle	deficiency	(i.e.	7.35o	÷	360o).	Therefore,	the	strain	is	
released	through	the	generation	of	structural	defects	so	it	 is	 lower	
than	the	strain	under	the	assumption	of	perfect	tetrahedral	subunits	
enclosed,	which	results	 in	the	solid-angle	deficiency.	But	the	strain	
level	 of	multiply	 twinned	 gold	 nanoparticle	 is	 still	 higher	 than	 the	
single	crystals.		

	 Figure.	 3	 (b)	 and	 (c)	 show	 three	 vertical	 and	 horizontal	 slice	
planes,	 respectively.	 The	 strain	 magnitude	 around	 stacking	 faults,	
which	 is	 adjacent	 to	 the	 twin	 boundary	 and	 parallel	 to	 the	 twin	
boundary	is	relatively	low,	but	the	strain	is	concentrated	on	the	grain	
boundary	 shared	 with	 the	 other	 half	 subunit.	 The	 average	 of	 the	
strain	magnitude	over	each	slice	is	plotted	as	shown	in	Fig.	3	(d)	and	
(e).	The	averaged	strain	magnitude	is	fairly	constant	in	most	of	the	
vertical	slices	except	for	both	sides,	where	the	twin	boundaries	are.	
However,	 the	 averaged	 strain	 over	 the	 horizontal	 slices	 decreases	
from	the	grain	boundary	surface	with	the	highest	value	to	the	top	
vertex.	This	result	indicates	that	the	strains	are	relieved	around	the	
stacking	faults	adjacent	and	parallel	to	the	twin	boundaries,	where	
the	 strain	 typically	 are	 concentrated	 [16,	 18].	 Instead,	 the	 strong	
strain	remains	around	the	buried	defect	in	the	middle	of	subunit.	The	
locally	concentrated	strain	in	the	grain	boundary	can	be	indicative	of	
the	 fact	 that	 the	 grain	 boundary	 generates	 partial	 dislocations,	
requiring	high	stress	[48].					

	 We	 also	 evaluate	 the	 elastic	 strain	 energy	 Es	 and	 the	 strain	
energy	 density	 (i.e.	 strain	 energy	 per	 volume)	 using	 the	 three-
dimensional	strain	distribution.		
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Figure	3:	(a)	The	strain	distribution	on	the	surface.	(b)	&	(c)	Two-dimensional	
strain	 distributions	 in	 vertical	 and	 horizontal	 cross-sections,	 indicated	 by	
three	dashed	windows,	respectively.	(d)	Plot	of	strain	magnitude	per	pixel	in	
vertical	cross-sections	from	left	A	to	right	B	in	(b).	(e)	Plot	of	strain	magnitude	
per	pixel	in	horizontal	cross-sections	from	the	bottom	to	the	top	in	(c).		

	 	where	G	and	I	are	the	Lame	constants	for	the	material	and	the	
volume	 integral	 is	 over	 the	 entire	 Bragg	 electron	 density,	 not	 the	
entire	decahedron.	A	component	of	strain,	which	is	projected	on	the	
momentum	 transfer	 vector	 (111),	 is	 used	 to	 evaluate	 the	 elastic	
strain	energy.	Because	gold	is	a	cubic	lattice	structure,	it	is	sufficient	
to	represent	the	strain	energy	over	the	volume	[49].	It	turns	out	that	
the	strain	energy	density	is	3.3	x	105	J/m3.	In	this	study,	we	calculated	
the	elastic	 strain	energy	density	 for	 the	octahedron	and	 triangular	
plate	that	have	been	studied	previously	[33].	The	octahedron	with	an	
edge	 length	 of	 220nm	 and	 triangular	 plate	 with	 the	 thickness	 of	
600nm	and	the	height	of	60nm	have	7.6	x	104	J/m3	and	4.0	x	104	J/m3	
for	 the	 strain	energy	density,	 respectively.	As	we	observed	above,	
introduction	of	structural	defects	may	reduce	the	strain	energy	and	
sustain	 the	 stability	 of	 the	 nanostructure,	 which	 usually	 occurs	 in	
large	 (>100nm)	 sized	 five-fold	 twinned	 nanoparticle.	 However,	 it	
does	 not	 relieve	 the	 strain	 to	 the	 level	 of	 single	 nanoparticles	
because	the	magnitude	of	the	elastic	strain	energy	density	is	an	order	
higher	than	the	single	nanocrystals	(Table	1).	

	 Decahedron			 Octahedron	 Triangular	
plate	

Strain	Energy	
Density	(J/m3)	 3.3	x	105	 7.6	x	104	 4.0	x	104	

Table	 1:	 The	 elastic	 energy	 density	 of	 multiply	 twinned	 nanoparticle	
(decahedron)	and	single	nanoparticles	(octahedron	and	triangular	plate).		
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Conclusions	

	 In	 conclusion,	 we	 have	 carried	 out	 a	 Bragg	 coherent	 diffractive	
imaging	 of	 a	 600	 nm	 sized	 five-fold	 twinned	 gold	 nanoparticle	 to	
investigate	the	details	of	internal	structure	and	strain	energy	density.	A	
quantitative	study	of	real-space	structure	inversion	reveals	that	there	are	
defects	 such	 as	 stacking	 faults	 in	 the	 subunit	 of	 multiply	 twinned	
nanoparticle.	They	are	present	as	a	patch	adjacent	to	a	twin	boundary	
and	a	small	tetrahedron	in	the	bulk	of	tetrahedral	subunits,	parallel	
to	 a	 twin	 boundary,	 and	 irregular	 shape	 at	 the	 grain	 boundary.	 In	
addition,	the	strain	energy	density	is	an	order	of	magnitude	higher	than	
the	single	nanoparticles	such	as	the	octahedron	and	the	triangular	plate	
synthesized	 under	 the	 same	 circumstances.	Our	 study	 shows	 that	 the	
structural	defects	are	responsible	for	the	strain	relief	and	stabilization	of	
the	 structure,	 but	 the	 strain	 still	 remains	 in	 the	multiply	 twinned	gold	
nanoparticle.	In	future	work,	it	is	necessary	to	obtain	the	reconstruction	
of	 the	 entire	 nanoparticle	 by	 combinations	 of	 each	 subunit	 for	 better	
understanding	of	the	overall	structure	and	the	interaction	between	each	
subunit.					
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