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1. Properties of the Bulk
1.1. HoF3 Bulk Benchmark

As for HoF3, no experimental, but a purely empirically predicted band gap of ca. 9 eV
exists, we calculated HSE06/4f-in-core and HSE(06/4f-in-valence as references (Figure S1).
Considering the computational demands and SCF convergence issues, only HSE06/4f-in-
core was relaxed in unit cell parameters. The HSE06/4f-in-valence band gap is calculated
on the experimental crystal structure. The difference between the two HSE06 direct band
gaps is 3.24 eV. All 4f-in-core values of PBE and PBE+Uy4 with U = 1-7 eV are found within
that range of both HSE06 values. However, all PBE+U¢/4f-in-valence band gaps stay below.
Note the non-linear behavior of PBE+U;/4f-in-valence at 6 eV. Here, the nature of the
valence band maximum (VBM) changes from Ho-4f to F-2p. At 10 eV, the band structure
collapses to a pseudo-metallic one.
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Figure S1. Calculated HoF3 direct band gaps with HSE06 (blue), PBE+U (green) and pure PBE (red)
applied on 4f-in-core (full markers) or 4f-in-valence (crosses); HSE06/4f-in-valence is not relaxed but
done on-top of the crystal structure; the area between the two HSEQ6 values is highlighted in blue.

Pure PBE/4f-in-core performs already quite well on the band gap, as well as on the
unit cell parameters (Figure S2). All PBE+U;/4f-in-valence values perform worse with the
exception of Uy = 6 eV. By increasing the potential in PBE+Uy, the unit cell parameters
increase almost linearly up to Uy = 8 eV. At Uy = 3 eV, the relaxed unit cell volume
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deviates by as little as 0.5% from the experimental value. HSE06/4f-in-core gives a much
more shrunken unit cell, which is 15.6 A3 below the experimental value.
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Figure S2. Calculated HoF3 relaxed unit cell parameters with HSE06 (blue), PBE+U (green) and pure

PBE (red) applied on 4f-in-core (full markers) or 4f-in-valence (crosses) compared to the experimental
values (horizontal line).

In conclusion, the 4f-in-core approach reduces the computational demand and general
SCF convergence issues inherent to the 4f-in-valence method, considerably. Moreover,
it leaves the Bader charges practically unchanged and does not suffer from wrong spin
arrangements (see main paper). In addition, it gives larger band gaps, which are closer
to the predicted value and the calculated HSE06 ones. Finally, it yields the least struc-
ture derivation from experimental crystal structure (Figure S2 and main paper Table 1).
Consequently, all HoFj3 slabs are obtained by PBE+Uy with 3 eV on 4f-in-core.
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1.2. Bulk Band Structures
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Figure S3. Bulk band structure, total DOS (tDOS: gray) and DOS projected onto the metal d band
(blue) or fluorine 2p band (green): (a) YF3 (PBE) and (b) HoF3 (PBE+Uy/3 eV/4f-in-core).

Band structure calculations on the 3D-bulk show, that, typical for such ionic com-
pounds, the bands are very localized or flat in k-space. This is especially true for the valence
band (VB) of both compounds, which is mostly made from the 2p band of fluorine. The
conduction band (CB) is mostly made from d band of holmium or yttrium. In YF3, the
CB is also very flat and featureless. In HoF3, the CB has a slightly pronounced minimum
(CBM) at the I'-point.

2. Relaxation Effect on Coordination Polyhedrons

Table S1. Comparison of unrelaxed versus relaxed (or rearranged) slabs in metal coordination
number at the surface (CNgy,¢), as well as in metal centers of the non-surface layers (CNpop.surf) as
determined with a bond distance cut-off of 2.6 A:

unrelaxed relaxed
CNaurs. CNhon-surf CNiurf. CNhon-surf
(hkl) term.|YF; HoF; YF; HoF;| YF; HoF; YF; HoF;
1 59 9 59 9
2 6,9 9 6,9 (2 8,8) 9
(100) 3 58 9 58 9
4 4,7 9 4,7 (2" 8,9) 9
1 8,8 9 8,8 9
(010) 2 6,6 9 6,6 9
1 6,8,9,9 9 58,89 8
001) 2 6,8,9,9 9 6,7,8,9 8
3 4,6,9,9 9 45,89 8
1 6,89 9 6,8,8 9
(110) 2 589 9 6,88 9
3 4,6,9 9 469 4,638 9
1 6,8,8,9 9 6,7,8,8 8
2 4,699 9 6,6,8,8 8
o1 3 68,88 9 67,88 8
4 5,6,8,9 9 56,79 56,838 8,9
5 57,88 9 4588 5688 8 9
1 6,6,9,9 9 6,6,8,8 8
o 2 | 7799 9 7,7.9,9 8
3 4,499 9 44,838 8
1 4,699 9 6,778 7,788 8,9 89
a2 6,6,7,9 9 56,83 8,(9)
3 6,6,7,9 9 6,6,7,9 8,9
4 5,6,8,8 9 55,77 8,9
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Figure S4. Effect of surface rearrangement on the stoichiometric surface terminations of (110)-1 (left),
(110)-2 (middle) and (101)-2 (right). Atomic positions are shown before (gray) and after relaxation (M:
blue, F: green). For the latter, all polyhedra are shown but the one from the initially lowest surface
coordination number (CN;‘alrrfel). Given are the surface energies in Jm~2 of the unrelaxed surfaces

(E‘mrel) for YFj3 (first) and HoF3 (second).

surf

Table S1 shows the change in surface coordination numbers (CNg,¢ ). For three exem-
plary surfaces, these are also visualized in Figure S4. The 6-fold coordination polyhedron of
(110)-1 reminds vaguely of a distorted pentagonal pyramid with the metal center cut by the
pseudo-equatorial plane. Four out of five pseudo-equatorial fluorine have an angle of only
65-75° towards the axial fluorine. The 5-fold polyhedron of (110)-2 is obtained by removing
one pseudo-equatorial fluorine from the 6-fold coordination p olyhedron. When allowed
to rearrange in atomic positions, both terminations converged into an equivalent surface
arrangement. Both show the same surface coordination and an identical surface energy
within slab thickness convergence (Tables S2 and S3). In (101), the unrelaxed
stoichiometric terminations (101)-1 and -2 mainly differ in a 4-fold versus 6-fold
coordination (Figure S4 and Table S1). The latter is constructed as in (110)-1. Within the 4-
fold polyhedron, all four fluorine point towards the second slab layer in a distorted 4-
fold umbrella shape. After relaxation, (101)-1 and (101)-2, both, have six as their
lowest coordination number and are also equivalent in surface energy. In contrast to
(110), the relaxed polyhedron keeps a clear exposure of the metal ion similar to
substoichiometric (101)-3 shown in main paper Figure 2.

Apart from the coordination at the surface layer, Table S1 also gives the coordination
numbers of the non-surface metal centers (CNpon-surf)- HOWever, no correlation to Eg,¢
could be found. During relaxation, the slabs expand in vacuum-direction. For some slabs,
this leads to a reduction of some fully coordinated metal centers from 9 to 8 inside the
non-surface layers. Within the non-surface layers of (111)-3 and -4, the 8-fold and 9-fold
polyhedrons are both present in roughly the same ratio. Whereas in (111)-2, the 8-fold
coordination strongly dominates within the non-surface layers. This is denoted by the
parenthesis in Table S1. If only the coordination within the second layer is different from the
other non-surface coordinations, as e.g. in (100)-2 and -4, this is denoted by (2nd). However,
none of these changes in non-surface layers from 9-fold to 8-fold coordination does effect
the Bader charges, discussed in the main paper (Figure 5).

Considering the surface layers, the very exposed CNg,¢ = 4 is only found for 4 (HoF3)
or 5 (YF3) relaxed substoichiometric slabs missing two fluorine per surface. Initially, prior to
relaxation, also stoichiometric (101)-2 and (111)-1 show a 4-fold coordination. Accordingly,
their unrelaxed surface energies are among the highest ones. During relaxation, their surface
energies reduce considerably while the surface coordination increases to CNgy,f = 6.
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3. Convergence against Slab Thickness

The bulk- and slab-derived surface energies of all calculated slab thicknesses are given
in Table S2 for YF; and Table S3 for HoF3. The respective stoichiometry is given in respect
to the unit cell (UC) of M4F5.

Table S2. YF3 (PBE) bulk-derived (nglrf) and slab-derived (Eggrf) surface energies without (SP) and
with atomic position relaxation (OPT); all energies in ] m~2; the E?4 values are used within the

surf,opt
main paper:
SP OPT
(hkl ) st01ch10metry E?Srf,SP E:Srf,SP ES\‘}rf,opl E:Srf,opt
30C 272 — [ 156  —
(100)-1 | 4UC 279 250 | 159 147
5UC 287 251 | 161 148
150C 105  — | 101 —
(1002 5 55¢ 200 162 | 103 088
1UC—7F 153 — [ 121  —
(100)-3 | 5 5ok 161 125 | 124 111
I50C4F [ 207 = | 176 =
(1004 55 GC—4F 214 174 | 179 163
30C 068 — [ 051  —
(010)-1| 4UC 076 045 | 054 040
5UC 084 045 | 058 040
TUC—4F I Z— R i —
0102 5 5c 45 205 166 | 180 163
30C 3% — | 15 —
(001)-1| 4UC 240 220 | 124 128
5UC 245 220 | 123 126
I50C 138 — [ 059 —
©0)-2 555¢ 139 112 | 058  0.62
15UC—4F T — | 128  —
©O)-3 | 5 5uC—4F 170 142 | 127 131
30C 160 — [ 090 —
(110)-1 | 4UC 174 153 | 098  0.66
5UC 180 153 | 101 090
150C 735 — | 098  —
(1102 5 55¢ 241 211 | 100 088
I5UC—4F T8  — | 140 —
(11013 | 5 5uC—4F 173 144 | 142 130
30C a0 — [ 08 —
(101)-1| 4UC 144 127 | 081 072
5UC 148 127 | 082 076
30C 330 — | 078  —
(101)-2 | 4UC 330 313 | 080 071
5UC 334 313 | 082 075
IUC7F IS E— I/ S—
(A0)-3 | suc—_oF 116 095 | 076 068
I50CoF [ 206 — | 107  —
A0D)-4| 5 50C—2F 210 187 | 107  1.05
IUC_4F 135 — [ 096 —
A0D)-5 ) s 5c_aF 139 118 | 098 089
30C A R — 7 S—
(011)-1| 4UC 126 109 | 077 072
5UC 130 109 | 078 073
30C 13 — 059 —
(O11)-2 | 4UC 127 110 | 060 056
5UC 132 110 | 061 057
ZUC—4F T6d  — | 124  —
O3 5uc_ar 168  1.18 1.25 0.93
30C 337 — | 059 —
(111 | 40C 342 324 | 100 -0.62
5UC 346 327 | 102 089
6UC 349 327 | 103 096
IUC_7F 126 — 082 —
A1)-2 )| s5c_oF 130 111 | 083 077
I5UC_0F 166  — | 13 —
A3 | 5 50c—2F 170 149 | 105 097
TUC—4F 137 — 092 —
A1)-4 ) 5 5c_4F 140 122 | 093 085
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Table S3. HoF3 (PBE+Ug4/3 eV /4f-in-core) bulk-derived (EP4

surf

) and slab-derived (E

d
U

.¢) surface

energies without (SP) and with atomic position relaxation (OPT); all energies in Jm~2%; all magnetic

moments in pp; the E

:ﬂ rf opt values are used within the main paper:
SP OPT
(RRT) | stoichiometry [EDT o, ESTcp [ msp Esgrf,opt E:Srf,opt Hopt
4U0C 147 — 10.00]| 077 — 10.00
(1001 | 3UC 146 148 |0.00| 073 093 [0.00
6UC 1.46 148 |0.00| 0.69 0.93 |0.00
70C 1.46 148 |0.00 | 0.66 0.93 |0.00
45UC 0.95 — 10.00| 040 — 10.00
(100)-2 | 5.5UC 094 096 |0.00| 036 0.58 | 0.00
6.5UC 094 096 |0.00]| 033 0.58 |0.00
4UC-2F 0.67 — 1000 | 046 — 10.00
(100)-3 | 5UC—2F 0.67  0.68 |0.00| 043 0.62 | 0.00
6 UC—2F 066 068 |0.00| 039 062 |0.00
45UC—4F 088 — [001| 070 — |0.00
(100)-4 | 5.5 UC—4F 0.88 090 [0.00| 066 088 |0.00
6.5UC—4F 0.88 0.90 |0.00 | 0.62 0.87 10.00
40C 047 — [000] 022  — ]0.00
(010)-1 6UC 0.45 049 |0.00 | 0.10 0.47 | 0.00
7UC 0.45 048 |0.00 | 0.05 0.39 |0.00
TUC—4F 51  — |403| 128 — |3.3
(010)-2 | 5UC—4F 149 160 |357| 122 153 |3.53
6 UC—4F 1.48 152 | 357 | 116 1.52 |3.53
4UC 2.22 — 1000 1.14 — 10.00
oo1)-1|5UC 222 224 [000| 109 133 |0.00
6UC 222 225 [000| 104 137 |0.00
70C 2.21 2.24 | 0.00 | 0.99 1.33 |0.00
450C 115 — |000] 043  — 0.0
(001)-2 | 5.5UC 114 116 |0.00| 0.38 0.67 | 0.00
6.5UC 1.14 1.16 | 0.00| 0.33 0.67 |0.00
45UC—4F 1.24 — 1000 0.9 — 10.00
(001)-3 | 5.5 UC—4F 127 110 |-0.01| 0.93 1.08 |0.00
6.5UC—4F 126 129 |0.00| 0.87 123 ]0.00
4UC 157 — [0.00| 081 — 10.00
(1101 | 5UC 156 158 |0.00| 076  1.00 |0.00
6UC 156 159 |0.00| 071 099 [0.00
70C 1.55 159 ]0.00| 0.66 1.01 |0.00
450C 216 — [000] 079  — [0.00
(110)-2 | 5.5UC 216 218 [0.00| 074 1.00 |0.00
6.5UC 215 218 |0.00| 0.69 1.00 |0.00
4.5UC—4F 1.34 — 1000 | 1.06 — 10.19
(110)-3 | 5.5 UC—4F 134 136 | 047 | 1.01 127 10.27
6.5UC—4F 133 136 | 047 | 0.82  2.09 |0.00
4UC 1.32 — 10.00]| 075 — 10.00
(1011 | 5YC 114 133 |000| 072 087 [0.00
6UC 113 133 |0.00| 069 089 [0.00
70C 1.13 133 | 0.00| 0.65 0.90 |0.00
4UC 3.16 — 10.00| 074 — 10.00
(101)-2 5UC 316 317 [0.00| 071 0.86 | 0.00
6UC 316 3.17 |0.00| 0.67 0.88 | 0.00
7UC 315 318 |0.00| 0.64 0.89 |0.00
4UC-2F 0.87 — [200| 055 — 200
(101)-3 | 5UC—2F 087 088 [200| 052 068 |2.00
6 UC—2F 086  0.89 |2.00| 048  0.69 |2.00
45UC—2F 185 — |196| 088  — |[2.00
(101)-4 | 5.5 UC—2F 184 187 |200| 084 105 |2.00
6.5UC—2F 1.87 170 | 0.00] 081 1.03 |2.00
4UC—4F 1.08 — 10.00| 076 — 10.00
(101)-5 | 5UC—4F 1.08 1.09 |0.00| 074 0.83 | 0.00
6 UC—4F 1.09 0.99 |0.00 | 0.69 0.99 |0.00
4UC 112 — 1000 | 0.65 — 10.00
(O11)-1 50C 112 1.14 |0.00 | 0.62 0.81 |0.00
6UC 112 114 |000| 058 081 |0.00
7UC 112 114 |0.00| 054 079 [0.00
40C 14 — [000] 052  — 0.0
(011)-2 5UC 1.14 115 | 0.00| 048 0.67 | 0.00
6UC 1.13 115 | 0.00| 044 0.68 | 0.00
7UC 1.13 1.15 | 0.00 | 0.40 0.67 |0.00
4UC—4F 1.37 — [0.00| 1.04 — 10.00
(011)-3 | 5UC—4F 136 1.38 | 0.00 | 1.01 1.19 |0.00
6 UC—4F 136 138 |0.00| 094 135 |0.00
4U0C 3.27 — [0.00]| 072 — 10.00
(11| 5YC 325 336 [195| 072 071 |0.00
6UC 324 329 [000| 070  0.87 [0.00
70C 325 323 |184| 067 0.88 | 0.00
4UC—2F 1.03 — 1200| 070 — 1200
(111)-2 | 5UC—2F 102 1.04 |200| 067 082 |2.00
6 UC—2F 1.02  1.04 |2.00| 0.64 0.82 |2.00
45UC—-2F 1.46 — [200| 086 — 200
(111)-3 | 5.5 UC—2F 146 111 |200| 0.83 0.75 |2.00
6.5UC—2F 146 111 |2.00| 080 075 |2.00
4UC—4F 15 — |004| 079 — [0.00
(111)4 | 5 UC—4F 115 112 |131| 078  0.80 [0.00
6 UC—4F 116 113 |292| 075 095 |0.00
7UC—4F 111 144 |000] 072 092 |0.00




S7 of 510

4. Error Estimation

The error in final total energy is maximum 10~®eV. Compared to the the one in slab
thickness convergence, this error is negligible. Of course, there might be considerable errors
inherent to the applied electronic structure methods. However, these cannot be quantified
without reference value. Therefore, we focus on the slab thickness convergence error.

4.1. Error Estimation in Slab Thickness Convergence

For YFj3, all surface energies slab-thickness-converged within 0.03 Jm~2 at thicknesses
of about 5-5.5 UC. For HoF3, 14 terminations including all of the most stable ones per
Miller indices converged to 0.01 Jm~2 or less within slab thickness of about 6-6.5 UC.
Some of the higher energy terminations converged only to 0.02-0.04 ] m~2 at that thickness,
whereas four high energy terminations did not converge even to 0.1 ] m~2. The difference
in surface energy between the two largest adjacent slab thickness are visualized as error
bars in Figure S5.

In HoFj3, the surface energy of (110)-3 with a fluorine-deficit of two per surface is
much higher with 2.09 J m~2 than any other. It also contains the highest uncertainty due to
slab thickness convergence as shown in Table S3 and Figure S5. The large difference to the
next smaller slab thickness seems to correlate with the change in magnetic structure from
Hopt = 0.27 pp to none.
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Figure S5. Relaxed slab-derived surface energies of HoF3 (PBE+Ug /3 eV /4f-in-core). The uncertainty
due to slab thickness convergence is given by error bars on each termination.

4.2. Error Estimation in Wulff Plots

The Wulff plot is constructed by the lowest energy termination of each Miller indices.
These have a slab thickness convergence error of maximum 0.03 ] m~2 or 0.01 ] m~? for
YF; or HoF3, respectively. The error margins for the Wulff plots given in Table 5S4 come
from a very conservative view and give the maximum of possible error accumulation. For
the very tiny surface percentages this gives huge relative errors of 46-100%. For the two
most important surfaces, with 25% or 34% surface abundance, the relative errors are 8%
or 12%. Note that, due to the geometrical interdependence of the surfaces, the absolute
errors are not simply symmetrical around each initial value, but might be generally over-
or underestimating.
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Table S4. Effect of maximal error accumulation due to the convergence in slab thickness of maximal
+40.03 Jm~2 for YF3 and +0.01 Jm~2 for HoF3 onto Wulff construction; i denotes the initial value of
average surface energy (JEgy,¢) or surface abundance (%gy, ) given by the Wulff plots in the main
paper Figure 4:

YF3 HoF;
i +0.03 i +0.01
PEqufin]m=2 | 0.70 0.66-0.73 | 0.59 0.57-0.60
Yoy (100) 7 4-10 25 25-27
Yogurf(010) 26 21-30 34 32-36
Yosurf(001) 10 5-17 6 5-8
% Osurf (110) 5 2-10 0 0
Yosurf(101) 20 11-29 14 11-18
Yosurf(011) 22 12-33 13 10-16
Yogurf(111) 10 2-23 7 4-11

5. Electronic Properties of Surfaces
5.1. Surface Band Gaps

The direct and indirect band gaps of all slabs are given in Figure S6. It should be
noted, that these values are directly obtained from the k-point grid of 9 x 9 x 1 for YF; or
7 x 7 x 1 for HoF3. No band structures have been calculated for the 2D-slab models. In
agreement with the rather flat band structures of bulk YF3 and HoF3 shown in Figure S3,
most slabs also show a direct I'-I" band gap. The I'-point is included within our k-grids.
However, some show indirect band gaps including a k-point, which is not explicitly
included within the k-grid. For these, the actual band gaps might slightly differ from the
ones given.
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Figure S6. YF; (left, PBE) and HoFj3 (right, PBE+Uy /3 eV /4f-in-core) band gaps of surfaces compared
with the respective bulk value (gray). Minimal band gaps, direct or indirect are given by solid bars.
In the case, the minimal band gap was found to be indirect, also the direct band gap is given
by a transparent bar. For HoF3 (101) and (111) with 41 nominal charges, the band gaps are not
spin-symmetric and both direct transitions are given.
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5.2. Surface DOS

Slab convergence was tested against the direct band gaps, total DOS and projected
DOS onto central-slab atoms. We found that the valence band and near conduction band
are already converged at our smallest slab sizes. A comparison of the total DOS between
the most stable termination of each (fkl) is shown in Figure S7.
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Figure S7. DOS comparison between the most stable surfaces ordered by their abundance (in %):
YF; (left, PBE), HoF;3 (right, PBE+Ug/3 eV /4f-in-core), total DOS (tDOS: gray, downscaled to the
bulk tDOS) and projected DOS of a single surface atom (Y, Ho: blue; F: green). Substoichiometric
slabs with a fluorine-deficit of 1 per surface are framed in green. The top row gives the bulk tDOS
with projected DOS of a single bulk atom as reference.
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