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, Temperature-Controlled Rotational Epitaxy of Graphene

:) KarimbM. i} Hichem Christian Giriraj Alpha T. i
Mambac,™ 7o Hattab,' . Brand,’ nawalj, ! N'Diaye,

éBRﬁI}P Bagtd|van Bg@ Rema, § Thomas Michély,

4Frankjoach|m Meyer zu Herlngdorf and Michael Horn-von Hoegen

5 'Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-

Essen, LotharstralBe 1,
6 47057 Duisburg, Germany

7 ;Institute of Physics Il, University of Cologne, Zllpicher StralRe 77, 50937 Cologne, Germany

8 Physics of Interfaces and Nanomaterials, MESA+ Research Institute, University of Twente, Drienerlolaan
5, 7522 NB Enschede,
9 The Netherlands

10 ABSTRACT: When graphene is placed on a
11 surface, the periodic structures within the layers |
12 and moirésuperlattices form. Small lattice rotatiof’
13 the two materials in contact strongly modify the
14 parameter, upon which many electronic, vibrg
15 chemical properties depend. While precise adjustfge. i
16 relative orientation in the degree- and subdegree-— 0 TI0 1000 1300 1600
17 achieved via careful deterministic transfer of grapnene, we
18 report on the spontaneous reorientation of graphene on a
19 metallic substrate, Ir(111). We find that selecting a substrate temperature between 1530 and 1000
K during the growth of

20 graphene leads to distinct relative rotational angles of 0°, £ 0.6°, £1.1°, and *=1.7°. When modeling
the moirésuperlattices as

21 two-dimensional coincidence networks, we can ascribe the observed rotations to favorable low-strain
graphene structures. The

22 dissimilar thermal expansion of the substrate and graphene is regarded as an effective compressive
biaxial pressure that is more

23 easily accommodated in graphene by small rotations rather than by compression.

24 KEYWORDS: graphene, strain-relief, moire,iridium, thermal expansion

Growth temperature Tg (K)

25 l n most future applications, graphene will control the properties of the 2D material. We use
have to be high- 51 resolution low-energy electron
26 supported either by a substrate or another diffraction to study the moirés, patterns formed
two-dimensional _ between graphene and Ir(111). In comparison 53
27 (2D) material.1 Since the lattice parameters to local probes, diffraction is excellently suited to

of the graphene
28 and the neighboring materials are usually
different, lateral

determine 54 the angular distribution of rotated
domains, as it averages over 55 a large surface

modulations in the stacking configuration will area. In earlier studies of graphene on Ir(111), 56
i(isult These 9 9 large angles of rotation have been found at

30 modulations are described as moirélattices, Eé‘FEﬁEEF%tgF%Yt%Zh have been studied extensively
and their
31 properties are determined by the rotational

angle which also
efines _the resulting strain state of the
graphene 2—4

33 Controlling the moirépattern’s structural £ 1617 >8
parameters con- p?s. trast. h ¢ distinct rotati |59
34 stitutes a major yet important challenge5 since n contrast, here we report distinct rotationa

angles of 0°, 60
%%%ﬁg@%ﬁf@attem cause fundamental +ang



36 properties of graphene. Known examples for the

influence of
37 the moirépattern are the amplitude and energy

range of moire- o _
3g induced electronic mini-gaps,6,7 superlattice
Dirac cones8 in

39 graphene, the energy range of Van Hove
singularities in %wisteg

40 laﬁer raég ene, 9,10 the Hofstadter
butterfly s%e rum in

41 graphene on hexagonal boron nitride,11,12
and correlated

42 electron phenomena in twisted bilayer
graphene.13-15 In all

43 these examples, the interaction between
graphene and the

44 support is sufficiently weak to maintain the

graphene’s genuine . |
45 2D rpro erties, while it can be shown that the
properties are

46 modified by the presence of the
moirésuperstructure.

47 Here, we address the question whether
engineering of the

48 moirépattern in a high-quality epitaxially
grown graphene or

49 2D related material through manipulation of
the rotational

50 angle is possible. Such engineering might
provide a strategy to

0.6°, =1.1°, and £1.7° as the growth temperature
decreased 61

from 1530 to 1000 K. We explain the observed
rotational 62

angles within a basic model describing the 2D

ﬁgﬂﬁig@rwe of the substrate and grapHQFPequ&igg.

64
the results of Hattab et our model accounts for
al.,'® the 65

varying lattice parameter of Ir(111) compared to
an essentially 66 constant graphene lattice
parameter, as the growth temperature 67
changes. The distinct thermal behavior of the two
materials 68 effectively imposes a biaxial
pressure exerted on the graphene 69 Ilayer,
which  induces a rotation rather than
compression. This 70

has lately been referred to as rotational epitaxyﬂ9
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Figure 1. Room-temperature SPA—LEED patterns at different growth temperatures T, for E. = 63 eV. (
respectively. (c—h) Close-up patterns of the (00) SPO

530 K with subtracted background to reveal details of each

hown in Figure 2a is marked by the dashed black line.

Overview patterns for growth at 1530 and 1255 K,
different growth temperatures between 1000 and
spot. In (C€) the direction of the line profiles s

72 Experimental Section.
samples and

73 experiments were performed in an ultrahigh
vacuum (UHV)

74 chamber with a base pressure of 1 x 1071°

mbar. The UHV
75 chamber is equipped with a chemical vapor
deposition reactor

76 for preparation. Spot profile analysis—low
energy electron

77 diffraction (SPA—LEED) was used for
characterizing the

78 orientation of the graphene layer.
SPA—LEED provides

79 superior resolution in terms of reciprocal space
and signal-to-

8o noise ratio in comparison to conventional
optical LEED

81 systems.?%?! A well-oriented Ir(111) substrate
was prepared by

82 repeated sputter annealing cycles until the
full width at half-

83 maximum (FHWM) of the diffraction spots was
limited by the

84 instrumental resolution of ~1% Brillouin zone.
On the Ir(111)

85 surface, graphene layers were grown using
thermal catalytic

86 decomposition?? of ethylene (C,H,) at a
pressure of 5 x 107

87 mbar and substrate temperatures between
1000 and 1530 K

88 (reached using electron bombardment of the
backside of the

89 sample). The sample temperature was
determined using an

90 Impac IGA 10 infrared pyrometer. The
decomposition of C;H,

91 is only effective in the presence of bare
Ir(111) so graphene

92 growth is self-limited?? to a single layer. Under
the conditions

93 used here, the surface is completely covered
with graphene

Preparation of

94 after less than 1 min of exposure with C;H..

=
Ut
W

high

Log. intensity (a.u.)

00
a

Kmoire= ker — kir.”?* The position of the moiréspots
is thus 115 strongly dependent on even very small
variations of the 116 graphene lattice parameter?’
or rotations®®?® the moiréspots ;;; act as a
“magnifying glass” to detect strains and rotated
118 domains. Figure 1b shows the same segment
of the reciprocal 119 space after® preparation of
graphene at a lower temperature of 130 1255 K. It
is known that at such low growth temperatures 1
graphene forms large-angle rotational domains
on the 1, surface,’*'’?"?% and these domains are
reflected in a faint 1,3 ring of diffracted intensity,
which is centered around the (00) 1.4 spot and
intersects the (10) spot. Also, unlike in Figure 1a,
the 15 moiréspots in Figure 1b are substantially
elongated, similarly 126

observed by Usachov et al.®®
shows the 157

temperature dependence of the spot elongation
around the 128

Figure 1lc—h

(00) spot. With an increasing growth
temperature, the 129
elongated character is 130
progressively lost.

SPA—LEED

95 probes a surface area of the order of 1
mm2, and thus, the
96 diffraction pattern is averaged across
this surface area. All
97 SPA—LEED patterns and line profiles were
recorded at room
98 temperature, after the sample has been
cooled down from
99 growth temperature.

fl 100 Results and Discussion. Figure 1

shows SPA—LEED
101 patterns at an electron energy of E. = 63



eV. Figure 1la,b show

102 sections of the reciprocal space including the
(00) spot and the

103 first integer order spot (10) for growth at
1530 and 1255 K,

104 respectively. In Figure la the graphene layer is
not rotated with

105 respect to the Ir substrate (RO phase);
still, both Ir(111)

106 integer order spots are surrounded by distinct
satellite spots

107 that arise from the moirépattern of the
graphene layer and the

108 Ir(111) substrate.'’?* The spot spacing
between the satellites

109 is determined by the lattice parameter
difference of graphene

110and Ir of ~10%.17,18 These moiréspots are

clearly observed up

111 to fourth order in the false-color plot, reflecting
the long-range

112 order of the epitaxially grown graphene
on the Ir(111)

113 substrate. The positions of the moiréspots can
be determined

114 as a function of the graphene and Ir(111) unit
cell vectors as

Figure 2 summarizes an analysis of the first order
moiréisi f2 spots surrounding the (00) spot, along
the dashed black line 13; shown in Figure 1c. Figure
2a shows a stack of line profiles 133 recorded after
growth at different temperatures. The profiles 134
have been vertically shifted, and the growth
temperature 135 increases from bottom to top. The
features marked “B” and 135 “C” in the profiles
simply originate from intersections with i13; other
first and higher-order moiréspots and do not
warrant 13 further discussion. We will instead
discuss the central features 135 “A” and “R0”, which
provide new information about the 140 morphology
of the graphene layer. With increasing growth 141
temperature these features become sharper. At
intermediate 142
growth temperatures of 1255-1350 K not only a

roadening 143 Of “A” is observed but also a fine
structure of two or three 4 distinct and
distinguishable diffraction peaks can be identified.
145
These peaks each correspond to small-angle
rotations with 146 respect to the Ir(111) lattice
(amplified by the aforementioned 14; “magnifying
glass” effect), meaning the graphene layer
148
comprises small-angle 149
rotational domains.

The intensity profiles of the moiréspots in Figure
2a reflect 150 the angular distribution function of
rotated domains in the 51 graphene layer.'’?®
Figure 2d illustrates the relevant angles and is»
lattice vectors that result in the formation of
rotated moiréiss patterns. For each rotated
domain, the rotational angle &¢r 154 relative to
the Ir substrate can be determined with extremely
155 high accuracy from the experimental splitting
of the first order 15 moiréspots (6k 11210k 1110))

relative to the (00) spot. The 157
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is present at 1530 K, resulting in a high-quality well-
ordered 175

graphene layer without additional 176
rotated domains.

The rotational angles ¢g.r of the components of

the “A" 177
feature are determined using eq 2 (see Figure 2c¢).
Fitting the .75 line profiles in Figure 2a with
Gaussian peaks, we are able to 179 extract distinct
rotational angles for growth temperatures of is
1255 and 1350 K. For the growth at 1255 K, we
observe three 15 peaks at ¢grr = £1.7° and ¢grir =
0°, respectively, while for 15, the growth at 1350
K, we only observe two peaks at ¢grir = 1s3
+1.1° without any contribution of the RO phase.
The line 154 profile of the graphene layer grown at
1460 K does not show 155 distinct peaks. Instead,
the central part of the moiréspot is 1g6 significantly
broadened in comparison with the other growth 147
temperatures. This broadening suggests that the
moiréspot 13s actually consists of three
overlapping contributions, wherein 159 there is a
coexistence of small-angle rotated domains with
¢Gr,lr 190
= x 0.6° and ¢sr = 0°. For a graphene formation
temperature 191
of 1530 K, we finally find the RO phase only. We
note that for 10, lower growth temperatures (1120
and 1000 K), we do not 193 observe any rotational
angles between the intersections “B” 194 from
other first order moiréspots except the RO phase.
10s Nonetheless, from the SPA—LEED patterns at
1255 K shown 196 in Figure 1b,e, we know that
domains with larger rotational 1o7

angles must be present. 198

Figure 2. Moiréspot analysis. (a) High-resolution
SPA—LEED line profiles reflecting the angular
distribution of rotated domains. The line profiles
have been recorded for different growth temperatures
T, and were taken along the elongated direction of the
first order moiré spots of the (00) spot as marked in
Figure 1c. (b) fwhm of the entire moirépeaks “R0” and
“A"” at different temperatures. (c) Observed rotational
angle ¢ and moiréangle 6, m.icas a function of
graphene formation temperature. (d) Schematic
diagram of the reciprocal lattice vectors of rotated
graphene kgt and Ir k, along with the rotational
angle &, and the moiréangles 6 morcand
Ocrmoirewith  respect to Ir(111) substrate and
graphene, respectively (the positions of the spots
are shifted for better visibility).

158 experimental values of 6k; 110 Can be extracted

directly from

159 Figure 2a. The moiréangle 6, m.rsCan also be
derived by

160 considering the two triangles in Figure 2d as

tan 6 6K (1101

To explain the observed rotational angles and
their 199 monotonic decrease with increasing
growth temperature, we .00 performed a simple
2D in-plane coincidence site lattice (CSL) 201

analysis without concerning substrate—graphene

interaction j2
and graphene lattice undulation: we constructed
rigid graphene 3

and Ir lattices with the appropriate lattice
parameters. The 4 simulation cell consisted of 10
x 10 graphene unit cells and a 25 larger Ir(111)
lattice. The thermal expansion of the Ir lattice 6
parameter®**®* was considered for elevated
formation temper- .o; atures. In the relevant
growth temperature range between 1000 03 and
1550 K, the Ir lattice parameter increases by
0.4%. We 300 modeled the graphene layer using
the commonly accepted 210

value of aGr = 2.465 A for unstrained graphene,?*-
which iS, 211

just like graphite,®’®
independent® in the 212
temperature range considered here. We then
rotated the ;13 graphene layer with respect to the
Ir(111) lattice around a ;14 high-symmetry site in
small increments of 0.01° while keeping .15 the
vertical distance between the graphene plane and
the Ir ;16 surface constant. Based on the work by
Merino et al.*® we refer ;17 to the minimum value
of the distance between all the C and Ir 215

sin ¢Gr,lr

temperature



at S
om (
Ir ,moir ___dacr.
161 e 6k . cos ai(T) (1)
[112] ¢
Gr,Ir

162 where a,(T) and ag, are the lattice parameters
of Ir(111) and

164

Gr,Ir Gr,moiré

165 For small angles ¢grir and By, moire;€q 1
simplifies t?

¢G =l — 96r ‘tan ir,moir
for. SY TauTy g
16 k Z{ (2

167 To further analyze the moiréspots, we first
discuss the
168 overall fwhm of the “A” feature as a whole
(see Figure 2b). Our
169 fit includes the ¢gsr = 0° component (RO
phase) and the two
170 side peaks. This fwhm is a measure of the
overall spread of the
171 angular distribution of the rotated domains. A
decrease of the
172 fwhm is observed for increasing growth
temperatures,
173 indicating a reduction of the angular
distribution of the
174 rotational angles ¢gr,. Eventually, only the
oriented RO phase

163 graphene, respectively. From Figure 2d we also deri
% p+ 3 '% p y g

except the atoms at the high-symmetry site at the

gﬁigiﬂ of rotation) as the coincidence mismatch A,
wh cnis a 20 . .
function of the rotational angle. Despite the

simplicity of the .
definition of A, we can nevertheless determine the

ogcurrenc : . .
goém‘ezrg? Preferential orientations e versus
e Ir,moiré=

temperature by varying the Ir surface -
lattice parameter. s o
FETH 92%%53 simulation is shown in Figure 3a

gPipddgnce mismatch A is color-coded as a function

growth temperature and the rotational angle ¢g-
Wluish targas reflect minima of A of the stable

rotational s

unstable configurations. Within the analyzed
temperature .3 regime, small-angle rotational
domains RO, RO.6, R1.1, R1.7, »5; R2.0, and R2.4
are found. All these represent local minima of 23, A
across a few 100 K. For 1530 K the minimum at
bsrir = 0° 233 marks a simple coincidence ratio of
10 graphene unit cells on 334 nine Ir(111) unit cells
(10:9). Decreasing the growth ,35 temperature to
1460 K, we find two primary minima (see 23 curve
at 1460 K of Figure 3b), which indicate the
coexistence 237
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Figure 3. Coincidence site lattice analysis. (a) Two-
dimensional representation of the coincidence
mismatch A as a function of the rotational angle ¢¢r
and the growth temperature. White color indicates
the vanishing of A and denotes the existence of a
coincidence site within the simulated lattice. Blue,
red, and yellow colors indicate increasing values of
A, indicative for conditions, where the graphene and
Ir lattices do not exhibit coincidence lattice sites
without straining the graphene layer. (b) Stability
curves that correspond to coincidence phases with
an angular orientation that accumulate the
minimum value of A for specific temperatures.

6Ir,mcoiré =55°

238 of two phases of differently rotated domains
(RO and RO0.6),

239 with the R0.6 phase being dominant. This
result from the

17°

240 model nicely matches the experimental L HITHRITI S 84853

observation. At 1350 K coincidence situation where graphene (gray balls)

241 the simulation in Figure 3b shows four and Ir(111) substrate (red balls) describing

prominent minima at coincidence vector {nm); along wih the rotational
H Gr.Ir Ir,moiré Gr,moire+

242 rotational angles ¢q.,- that correspond to the (b—e) Moirésuperstructures for small rotational

RO.6 phase for angles ¢ » (calculated by eq 2), which read 0°,

243 the deepest minimum, and the RO, R1.1, and +0.6°, +1.1°, and +1.7° for panels

R1.7 phases for b ef, respectlvely (n, m),,Gr is exe golanly shown in

244 the other minima. In SPA—LEED we only the é’rregnec'éﬁ,zeggifgww't nr = 8.5 and'my = 3 as

observe the R1.1

245 phase at this temperature. Further 9

dec?ease of the growt gc=1—"NGr2+ 3MGr2

246 temperature results in an increase of A for the r r

RO phase, such

247 that other rotated domains (R0.6, R1.1,

and R1.7) become

248 more favorable. Particularly at 1255 K we

obtain the minimum

249 A for the R1.7 phase consistent with the

observations made by

250 SPA—LEED in Figure 2c.

251 A real space model of the oriented RO

phase with 10:9

252 coincidence ratio of the graphene and Ir

lattices is sketched in

253 Figure 4b, while the commensurate rotated R0.6, R1.1, andiQ (3

254 R1.7 phases are shown in Figure 4c—e. While the graphene ) 269

255 lattice is only rotated by a small rotational 257 indicated in Figure 4a the moirémagnification

angle dgrir, the also works in

256 moirépattern exhibits a larger rotational angle
elr,moire-’AS



By evaluating eq 3, we arrive at ec = 0.27% (as
compared to ;70 the unstrained RO commensurate

258 real space.® In the following we will discuss

the case of the

259 R1.7 phase shown in Figure 4d as an

example for all other

260 rotational phases. It is coincident with a

lateral translational

261 vector of n, = 8.5 Ir atom distances a

along the [1I0]-

262 direction and m,, = 3 Ir atomic row distances

arow = {3 /2)a; along the perpendicular
[112]-direction.

263 Hence, the length of this so-called coincidence
vector (n,m); is —

gren p2+’m?a vzgr'r&p\%ﬂi&?to the
Ir

264 Ir 4 Ir Ir

265 higher-order commensurate ( HOC)
structure

Ir(”79 79) with respect to the Ir(111)
X /7 /substrate and
Gr( 97 97 ) with respect to the graphene
X lattice.** This

266 R1.7 coincidence structure of an unstrained
graphene layer

267 With as, = 2.465 A fits to the Ir lattice only if
the Ir lattice

268 parameter is reduced by

structure). For 1255 K, we ,;1 indeed find a
relative change of the Ir lattice parameter in 37,

comparison to 1530 273
K of
!% (1530
& = 1 Ir
- ai(T) (4) 274

W}t&irc 2|7s5 € = 0.23%. Thus, the R1.7 phase becomes

favorablé compared to the RO phase because the
graphene 27

layer is less strained when it is rotated. Table 1
summarizes the ;77 u

con?ldera ions of coincidence vector, rotational
anhgle 278

strain for the pbserved small-angle
rotated domalon 9 279

Our S|mulat|ons suggest that, given Ir’s thermal
expansion, 2go

the RO phase can only fulfill the coincidence of
every 10th 2s

graphene unit cell on top of every ninth unit cell of
the |r(111) 282

substrate at a particular growth temperature of
1530 K. Lower ;s growth temperatures and
maintaining an unstrained graphene .5, lattice
parameter result in a rotation of the graphene
Iayer with 285



RO
RO.6

Table 1. Small-Angle Rotational Domains for Graphene on Ir(111)®

coincidence
vector
Siniivy
) , higher-order Moiréan
phase = Gr 1= commensurate gle
Ir (HOC) structure 0,1 moiré
(10,0) (9,0) Gr(10 x 10)/Ir(9 x 9) 0°
(20,2)* Gr(403 x . 403) 5.5°
(18,2)* Ir(327 x| 327)
R1.1 @(Q?) Gr(\.}e?» X }9%) 10.9°
/I(2 2T x 22T )
5 17.0°
R1.7 (9.5,3) ,G,[(‘\%’;\EQ )
(8.5,3) A 20.2°
R2.0 (18.5,7)* (16.5,7)* Gr(379x379)/|r(309><309)23 40
R2.4 (8.4) Gr(93  93)

x v N
/Ir(2.I9 x 2,19 )

rot. relative change relative exp. growth
angle g, of Ir lattice coincidence temp. T
borr parameter mismatch &c

0° - - 1530 K
0.55° 0.06% 0.09% 1460 K
1.07° 0.15% 0.34% 1350K
1.70° 0.23% 0.27% 1255 K
2.03° - 0.33% -

2.36° - 0.44% =

Calculated coincidence vectors, HOC structure, Moiréand rotational angles, relative change of the Ir
lattice parameter g, with respect to 1530 K, relative coincidence mismatch gc, and experimental growth
temperature. The calculated results are compared to the HOC values using density functional theory
based on first-principle calculations by Meng et al.*! Asterisk (*) signifies the second order coincidence
vector coordinates as shown exemplarily for the R0.6 phase in Figure 4c with a larger unit cell.

286 respect to the Ir(111) lattice to adopt other
commensurability

287 conditions. The tendency of forming rotational
coincidences is

288 a resemblance of the so-called rotational
epitaxy that was

289 introduced by Novaco and McTague* to
account for similar

290 small-angle rotations observed at first in 2D
lattices of noble

291 gas atoms deposited on graphite'® and, later
on,In many other

292 systems including layers of alkali atoms or
molecules on metal

293 Or graphite surfaces.** % In these systems, the
driving force for

294 the rotatlon was the joint effect of (i) the
incre .

295 Q sorb e den5|ty at the 2D lattice (in our
Case an errective

296 biaxial compressive stress) and (ii) the
repulsion within the

297 constituents of the lattice, forbidding
excessive compressive

2908 strain. In the case of the self-limited growth of

grag%*}ﬁf{%%%‘c%mggmtgres on the Ir(111)

299
300 C atoms in the graphene layer does not
change in absolute

301 numbers but as a relative with respect to
the Ir substrate.

302 Indeed, the negligible thermal compression
of the graphene

303 lattice parameter in comparison with that of
|r(111)32,33,38,39

304 effectively corresponds to an increase of the
relative C atom

305 density on Ir(111) as the growth
temperature decreases, in

306 other words, the buildup of an effective biaxial
compressive

rotations rather than by compressions of the
graphene lattice. 327 Within our coincidence site
lattice model, we are able to 328 reproduce our
experimental results, and we find robust locking
329 conditions of the rotated graphene with
minima in the stability 330 curve for the distinct
commensurate small-angle rotational 331

phas 332
es.
As our model is only sensitive to the strongest

Fg%'nc'dencﬁg’r%%hene with atoms of the topmost

334
at least locally, must
exhibit 335

metal substrate, the
binding,*

covalent contributions instead of being only of the
van der 336 Waals type. Anticoincidence sites,
however, naturally also exist 337 in the
moirélattice, and there the graphene-Ir atom

dlstance is 338 0.1-1 A23,3646 F th
5 5o oo

B Yot IS

locking conditions, we are furthermore able to
estimate the 340 lattice parameter of relaxed
graphene on Ir(111) at the 341 investigated
growth temperatures. Considering the general
342 assumption of small or negligible thermal
expansion of 343 graphene, we can conclude the
room temperature lattice 344 parameter
aGr/lr(111) = 2.465 + 0.003 A for relaxed 345

graphene on 346
Ir(111).



307 stress. The resulting strain is relieved
through the observed

308 small-angle rotations rather than
accommodated through

309 isotropic compression.

310 Summary and Conclusions. During growth
of graphene

311 on Ir(111), islands with a variety of
rotational angles are

312 formed. Large-angle rotations on various
substrates were

313 already reported several years ago!640:4849.52
and are believed

314 to be formed due to kinetic limitations.>*

2'1‘:;%%'&Né§af§poﬁﬁt.ﬁall—angle rotations at distinct

316 1.1°, and =1.7°. While some of these have
been predicted by

317 density functional theory,** there was
no experimental

318 evidence for their existence until now. The
presence of the

319 particular angles we observe in the
present study can be

320 explained by strain minimization between the

gzrlaéﬂfgﬁé%a%l]@) substrate. As the growth

argue that the

324 significant reduction of the substrate’s lattice
parameter during

325 growth at lower temperature imposes a biaxial

The existence of rotated domains with robust
locking 347 conditions for graphene on Ir(111) is
similar to 2D lattices of 348 noble gas or alkali
atoms at the surface of graphite or metals, 349
where increasing adatom density resulted in
increasing 350 compressive strain and a series
of distinctly rotated 351 domains.19,43—45 This
was referred to as rotational epitaxy.42 352 In
our version of rotational epitaxy, however, it
is not a 353

changing adatom density but the effective

biaxial stress 354

imposedly hg substrate that 355
ngsﬂlgglé(,gghcgwsizes the important role of the

temperature-dependent lattice parameter

resulting in the 357 formation of small-angle
rotated domains. Depending on the 358
interaction strength between the substrate and
any epitaxially 359 grown 2D materials,50 we
would expect the formation of 360

322 decreased, the Ir lattice parameter shrinks while the ~Similar thermodynamically stable small-angle rotational
graphet?d lattice parameter remains almost constant.” W&61 domains to be inevitable. However, the 36

rotational epitaxy 2
presented here may provide a route to achieve 3g
particular 3

orientations in stacks of 2D materials, which 36
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