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The End Members: Vi; and Crl;
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[3]S. Tian et al., . Am. Chem. Soc. 2019, 741, 5326.
[4] M. McGuire et al., Chem. Mat. 2015, 27, 612; N.Ubrig et al., 2D Mater. 2020, 7, 015007.
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/ Both bulk ferromagnets:

Cr3* 3d3 (magnetic anisotropy)

V3* 3d? (spin orbit coupling)

Structure: Some geometric distortion possible

What does a flat energy landscape do under

/

\ substitution?
Vi,
C2/m (< 79 K)
cepermeniot [3] S. Tian et al., J. Am. Chem. Soc. 2019, 141, 5326.
M P ?}EE.:W [4] M. McGuire et al., Chem. Mat. 2015, 27, 612; N.Ubrig et al., 2D Mater. 2020, 7, 015007.

[5]1 B. Huang et al., Nature 2017, 546, 270.
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The Challenges of V,Cr,_I;
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. Synthesis method does not work )

[6]S. Pan et al., J. Alloys Compd. 2022, 908, 164573.
[7]1X. Li et al., Nature Physics 2024, 20, 1145.
[8] Q. Wang et al., Appl. Phys. Lett. 2025, 127, 052405.
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Synthesis: Why Does It Not Work?

Rhombohedral phase (R3)

Chemical vapour transport (CVT)
syntheses of V, :Cr 5678

. Synthesis method does not work
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Challenges:

« CVT causes phase separation
» Incongruent transport
» Competing phase formation

Solution?

« Consider crystal growth mechanism

« Choice of reagents

Fine-tuning reaction conditions

Different crystal growth route, i.e., physical vapour
transport (PVT), self-selecting vapour growth (SSVG), or
flux growth

@ von Rohr Lab



Synthesis Pathway: Which One is Best?

Chemical vapour transport AT = 100 K - |2 loading 5.0 mg/cm?® - endothermic

Parameter CThemlca|:’ ?Cp\cl)'ll")r CIGS-TE. 0 growth zone 850 °C
ranspor

Driving force AT shifts equilibrium - ¢ )
& = @
Transport Medium Reactive gas phase .
Purity ngh’ pOt SUbStitUtiOn MSz(s) + 2 l2(g) = Mls(g) + Sz(g) Mis(g) + Sz2(g) = MSz(s) + 2 l2(g)
GrOWth Rate SIOW (days _ WeekS) @ Mis + Sz (source = sink) @ Iz (regenerated, returning)
Agent / Solvent Often halogen Transport rate Transported Elapsed
2.50 mg/h 1 mg Oh

Endothermic: the charge sits in the hot zone, crystals grow in the cold zone

Physics

D M P Animation generated with Claude (Anthropic) 7 I‘@ von Rohr Lab



Synthesis Pathway: Which One is Best?

P—— Chemical Vapour
Transport (CVT)

Driving force AT shifts equilibrium
Transport Medium Reactive gas phase L R R o oYy A
Purity High, pot. substitution
Growth Rate Slow (days - weeks)
Agent / Solvent Often halogen

i
— 10pm UNIGE 27/01/2025 I 10pm UNIGE 27/01/2025
2.00kV SEI IM WD 27.5mm 10:05:38 X 2,000 2.00kV SEI IM WD 27.5mm 10:06:37

DOMP & Animation generated with Claude (Anthropic) 8 @ von Rohr Lab



Synthesis Pathway: Which One is Best?

Physical Vapour

Driving force

Transport Medium
Purity
Growth Rate
Agent / Solvent

AT drives sublimation

Self-transport
Very high
Slow - moderate

None

Physical vapour transport — unseeded
source 975 °C - AT = 100K - residual gas 0.105 mbar

source 975 °C sink 875 °C
e o o000 e @ 4
& ] ° ®
+++++4++ N @ @ P ] ®
+444444 oy ®
+444444 ® @
MX(s) = MX(g) sublimation MX(g) - MX(s) condensation
@ MX vapour — one way, no carrier to return
Ap (source - sink) Growth rate Deposited
1.166 mbar 5.78 mm/d 0.0 mm - 0.0d

Unseeded: the cold wall nucleates spontaneously, so many crystals compete for the same flux

Department of
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Synthesis Pathway: Which One is Best?

Physical Vapour

Driving force AT drives sublimation
Transport Medium Self-transport i C
Purity Very high =
Growth Rate Slow - moderate
Agent / Solvent None

| N I 1
200um [ TUD 2.0kV 15.1mm x2.20k/57.7um SE(L) 6/16/2021

i
[ R |

' 3 i . |
TUD 2.0kV 15.3mm x250/508um SE(L) 6/16/2021

D M P Animation generated with Claude (Anthropic) 10 I‘O von Rohr Lab



Synthesis Pathway: Which One is Best?

Self-selecting vapour growth — upright ampoule
vertical gradient 3.0 K -+ horizontal gradient 2.0 K

cooler

ST Self-Selecting Vapour m |
Growth (SSVG) 3.0 K over the charge

plus 2.0 K across it,

. Near isothermal; AT < biasing which grain wins
Driving force o
5°C
Transport Medium Own vapour pressure
Purity High; self-selected
GFOWth Rate SIOW (dayS - WeekS) growth surface
Agent / Solvent None ikt charge base

temperature -
charge rests at the base

Grains remaining Largest crystal Source converted

10 1.4 mm 1%

Vapour rises a few millimetres from the warm base and condenses on the cooler top of the charge

D M P s Animation generated with Claude (Anthropic) 11 @ von Rohr Lab



Synthesis Pathway: Which One is Best?

DE[E Self-Selecting Vapour
Growth (SSVG)

Near isothermal; AT <
5°C

Transport Medium Own vapour pressure

Driving force

1mm UNIGE 31/10/2024 I 100pm UNIGE 31/10/2024
2.00kV SEI 1M WD 26.9mm 16:02:27 2.00kV SEI LM WD 26.9mm 16:04:58

Purity High; self-selected
Growth Rate Slow (days - weeks)
Agent / Solvent None

>

-

— 10pm UNIGE 31/10/2024 — 10pm UNIGE 31/10/2024
2.00kV SEI 1M WD 26.5mm 16:45:39 2.00kV SEI LM WD 26.5mm 16:06:48

D M P s Animation generated with Claude (Anthropic) 12 @ von Rohr Lab



Synthesis Pathway: Which One is Best?

Flux growth in a Canfield crucible set
soak 900 °C - cooling 3 °C/h - decant at 700 °C

- Load and seal
rarameter m / \

[0 catch crucible (inverted)

.. Slow cooling —» o
Driving force & B e
supersaturation I —
Tra nsport Medlum Molten ﬂux . silica wool cushion
[0 sealed silica ampoule,
Purity Moderate, flux inclusion ¥ atm argon
Growth Rate Moderate (days)
Agent / Solvent Oxide, halide, metal \ /
i
Temperature Crystals Mean size Yield
25 °C - — —

Slow cooling keeps supersaturation low: few nuclei, and they grow large

DOMP & Animation generated with Claude (Anthropic) 13 @ von Rohr Lab



Synthesis Pathway: Which One is Best?

Parameter

Slow cooling —»

Driving force :
supersaturation

Transport Medium Molten flux
Purity Moderate, flux inclusion
Growth Rate Moderate (days)
Agent / Solvent Oxide, halide, metal

D M P Animation generated with Claude (Anthropic) 14 @ von Rohr Lab



Synthesis Pathway: Which One is Best?

Parameter Chemical Vapour Physical Vapour Self-Selecting Vapour
Transport (CVT) Transport (PVT) Growth (SSVG)

Driving force AT shifts equilibrium AT drives sublimation Near isotf;sgmal; S sﬂg\évrggfu“rg%io_)n
Transport Medium Reactive gas phase Self-transport Own vapour pressure Molten flux
Purity High, pot. substitution Very high High; self-selected Moderate, flux inclusion
Growth Rate Slow (days - weeks) Slow - moderate Slow (days - weeks) Moderate (days)
Agent / Solvent Often halogen None None Oxide, halide, metal

Large, high-purity crystals
No ‘foreign’ transport agents
Compromise on growth rate

D M P 15 @ von Rohr Lab



Crystal Growth Mechanisms: Are They Important?

Two factors to consider for the growth mechanisms:

1. Jackson « factor:

Jackson a-factor - driving force Ap/keT = 0.35

a=1.2 - rough a= 3.0 - transitional a=5.5 - smooth, faceted
continuous growth, R « Ay faceted at low Ap, roughens under drive layer mechanisms necessary, R = e™{-B/Au)
AG File file
i, /\

g coverage x cove
single minimum at x = % — no barnier barrier AG* = 0.12 kaT per site barmier AG*

I-j'JI\ "
= (.69 kaT per site

rough at every driving force roughening faceted at every driving force
Rate Width Rate Width Rate Width
1.40 0.22 0.51 0.13 0.26 0.00

Same material, same driving force — a alone decides whether the interface is rough or faceted

Jackson a-factor across growth media
layered compound - n/v =050 - AWksT = 0.50
melt at Tm * flux at 0.50 Tm vapour at 0.60 Tm

hollow: AH alone salid: with the real oparating temperature
rough faceted a=2

|

0.2 0.3 1 s > 10 20 30 100

from the melt from flux / solution from the vapour
AHw = 25 kjfmol AHgetn = 6O k]mol #iHgwe = 150 kjfmol
at Tm = 11530 K Bt 050 Tm =573 K at 0,60 Tem = 6290 K
a Layers @ Layers a Layers
1.3 o 6.3 ] 13.1 0
igh, cantinuous 2.36/s faceted 20 nucleation 0.24/s faceted spiral growth 0. 200

All three advance — the meit grows rough and fast, the vapour grows flat, layer by layer, by the spiral mechanism

| AHtrans f
kgl

a < 2: rough interface, continuous growth
a = 2: smooth, faceted interface,

layer mechanisms necessary

a

D M P Animations generated with Claude (Anthropic)

16 @ von Rohr Lab



Crystal Growth Mechanisms: Are They Important?

Two factors to consider for the growth mechanisms: * Low supersaturation: small number of
C—Cons larger, high-quality crystals
. . _ sat _ ¢ _ . . .
Supersaturation ot o = Cont S—1 « High supersaturation: fine powder or

small crystals c=0

Supersaturation o = 0.12

CVT + S5VG =—>

Flux growth =

o=20.5
Rough / continuous 2D nucleation Spiral (BCF)
atoms stick anywhere island must spread hilleck winds up
0.48 layers/s 0.00 layers/s 0.03 layers/s o = 1

D M P ys Animation generated with Claude (Anthropic) 17 @ von Rohr Lab



Crystal Growth Mechanisms: Are They Important?

o = Supersaturation level

| a2

=0 CVT + SSVG Flux growth ¢ = 0.5 o=1
Rough / continuous 2D nucleation Spiral (BCF) Interface Dominé!nt Typica| o
Mechanism
Strongly Spiral, 2D
| = VR e faceted nucleationatT o Vel e
- H=H - 1 PVT Faceted Step flow on off- Low-
[ : \ !
| ; | (seeded) ViE[pely vicinal seed axis seed moderate
: Spiral/layer-by-
| SSVG Vapour I layer, near Very low
faceted libri
Atoms stick anywhere Needs a new island Step never runs out equilibrium
e el R . Faceted, TRIEIRTZD Low, set by
Flux Solution nucleation s
weaker cooling rate
common
[ What type of surfaces are required? ]

DOMP Image of growth types generated with Claude (Anthropic) @ von Rohr Lab



What About the Reagents?

Starting from Elements: Starting from Binary Precursors:

L N 4

¥

- 10pm UNIGE 04/12/2024
2.00kV SEI LM WD 29.0mm 15:48:36

10um UNIGE 04/12/2024
2.00kV SEI WD 29.0mm 14:16:03

[ Choice of reagents affects crystal growth ]

D

M P 19 @ von Rohr Lab



Synthesis Design: Temperature Considerations

4 )

Temperature Choice s In literature + decomposition onsets
* NoV-Iphase diagram exists > Crl3: 720°C - 640°C; ~700°C: 2 Crlyq) - 2Crlyg + |y
Sink solid Transport additive ~ Temperature | °C . o of . ~ of . RN
kld T Loy » VI3:400°C - 350°C;  ~270°C: 2 Vi3 = Vg + Vigg
I, 500 — 400, 800 — 700
VI, I, 400 — 320
880—; L+ 6 L
g 840—%
e ] (Cr) + CrIzorth

\ Cr at. % I /
DOMP & o 20 @ von Rohr Lab




Synthesis Design: Temperature Considerations

Temperature Choice

* No V-l phase diagram exists
« Cr-l phase diagram: 857°C and 831°C

Phase interactions are complicated

« Phase diagrams have an “equilibrium
assumption”

» No heating/cooling rates
» No information regarding time

« As soon as another component is
introduced the formation and
decomposition conditions change

Department of XXX
Quanturn

Matter

Physics

In literature + decomposition onsets
» Crl3: 720°C - 640°C; ~700°C: 2 Crlgq) = 2Crlyq) + Iy
> VI3:400°C - 350°C;  ~270°C: 2 Vg = Viyg) + Vigg

21 @ von Rohr Lab



Synthesis Design: Further Considerations

Temperature Choice mmm) What happens in the transport?
* No V-I phase diagram exists > Uncertainties in the dominant transport mechanism
 Cr-I phase diagram: 857°C and 831°C » Uncertainties regarding the solid-state reaction

Chemical vapour transport — what the gas phase actually contains SpeCIatlon In the melt

uncertainty in AfH° = 15 kj/mol o Diffusion pathways
i - Intermediates and reaction pathways
| _ calculated partial pressure / bar
one species, cleanly written 1
Ml i ®
¥ T Mis i ®
/ @ e e ©e ege o \ |
lu'f . . . '-I M?!B L
|| 4 .g o o0 _| | )
Nosale R = .* MSt: g The exact reaction pathway
= 4 Mt S is often unknown!
MSa(s) + 2 l2(g) - Mls(g) + Sa(g) o o o 1o
the equation on the slide bars right of the dashed line cannot be ruled out
2.5‘i-DU.;|. mg/h Mla ‘ 15 -

The written equation picks one carrier. Nothing in the experiment measured which one it was.

DOMP & o 22 @ von Rohr Lab



The Roadmap

Reagents

Heating/

Cooling
Parameters

Temperature

Synthesis Method

Choice of synthetic method: self-selecting vapour growth
v High-purity, no foreign transport agent
v’ Large crystals possible, layer-by-layer growth

Choice of reagents: elemental precursors
v Favours layer-by-layer growth

Choice of temperature profile: avoid preferred formation of Vi;
and Crl;

v" Remain below 720 °C
v" Remain above 400 °C

Heating and cooling rate: Need to be sensible, take vapour
pressures into account

Annealing times: Start small, see if compound forms, then
adjust

[ = An iterative trial-and-error process ]

D

Department of
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Physics
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Challenge 1 Solution: Self-Selecting Vapour Growth

« End member syntheses (CVT): / e, | e \
» Crl;: 720°C - 640°C e ki
> Vl5:400°C - 350°C (100K

« V, Cr,l; synthesis: self-selecting vapour growth (SSVG)X! - 1.67 K min'!
S . (- 100 K h)
> All substitutions stable across series, 0 <x <1 \ RT RT/

» Up to mm-sized crystals, homogeneous (per EDX)

Inside

doS-E=1V

24 @ von Rohr Lab



Challenge 1 Solution: Self-Selecting Vapour Growth

« End member syntheses (CVT):
» Crl;: 720°C - 640°C
> VI5:400°C - 350°C
« V, Cr,l; synthesis: self-selecting vapour growth (SSVG)™!
> All substitutions stable across series, 0 <x <1
» Up to mm-sized crystals, homogeneous (per EDX)

Vi.2Crp.sl3

Vi.oCro.113

aaaaaaaaaaaaaa
D Q M P ﬁhu” [9] A. Lukovkina et al., Chem. Mat. 2024, 12, 36.
Physics

25 @ von Rohr Lab



Challenge 2: Phase Identification

4 N
[ Phase Identification J

Challenges:

* Only highly-oriented patterns are shown in other study:
Finer differences cannot be ascertained

CrMng ggl3 Mng g3
] » Disorder (stacking and otherwise)
3 | [ Sou > Polytypes - this information can also get lost
>
f: m - Complementary elemental analysis techniques often missing
E Foq" —- Vi3 | . .
_ & g 1 o « No single-crystal data to confirm the structure
R R R oA Solution?
2Theta (°)

« Sample identification not hampered by orientation
» Type of powder X-ray diffraction (PXRD) measurement:

Powder X-ray Diffraction:
Debye-Scherrer in capillary set-up

Highly oriented samples
— Uncertain identification « Use of complementary techniques
1\ J

Department of
Quanturn
Matter

Physics
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Challenges All Around: Which Phase Is It?

[9]

- Disagreement in the literature for Vi;, which space group? e | Fersmativavion

R3:C2/c:P3m1=5:1:1

« Crlsissue: Stacking faults and 120° twist domainsl9
— broadening of, and shift in, identifiable peaks

Ny |

4 Multiple issues: fk H
1. Space group uncertainty

E 2. Stacking faults
=3 3. Twist domains
g _ 4. Substitutional disorder
£ [
) S
o L l . \ L l . u [ A l | J
L A L he 7 i
A | l N l R /N 1 l A /\
| ! | ! | T [ T [ T | v T T | T T g — T | 120°-rotational
10 20 30 40 50 60 70 80 90 28 26 4827 2852 29 36 s Macking aut_/
201° (Cu-Ka) 20/° (Cu-Ka)

D M P <" [10) M. Jang et al, Nat Commun 15, 5925 (2024). 27 @ von Rohr Lab



Confirming Composition with EDX

Electron Image 469

3.54 22.59
2.90 21.80
3.20 22.23
0.15 0.22

~ V1Crools ]

74.87

74.12

74.54
0.19

Electron Image 649

12.28 15.13
10.70 14.04
11.33 14.73
0.61 0.42

74.34

73.56

73.94
0.33

[ ~ V7Cro 33 ]

@ von Rohr Lab



Relative Intensity / a.u.

Stacking Changes Across the Series

x=0.2
x = 0.3
x =04
x =0.5
x = 0.6
x =10.7

* ~

X =009

x =01
- |

AN

X

N

2
) .
A

|

20

30

| ' |
40 50

28/ *(CuKa)

Relative Intensity / a.u.

24

26 28 30 32 34

26/ ° (Cu-Ka)

/ No phase separation \

Lattice parameters follow
Vegard's law

Structure scheme:
x<0.2/03:C2/m
x>0.3:R3

Issues with stacking/
disorder:
1. Broader and
asymmetric peaks

\ 2. Shifting peaks /

29 @ von Rohr Lab




What Is Stacking Disorder?

What does this disorder actually mean with respect to the structure?

Stacking Disorder
C2/m (monoclinic) — R3 (rhambohedral)

LEGEND
B Wonoclinic (£2/m) layer

B Rhombohedral (§3) layer

® | Godine) vertex

Monaoclinic Stacking Monoclinic Stacking with Rhombohedral Stacking with Rhombohedral Stacking with Rhombohedral Stacking
(heBAB Rhombohedral Faults Monoclinic Domains Monoclinic Faults A B-CoABC]
Muostly monoclinic stacking Rhombohedral stacking Mastly rhambohedral stacking

Monoclinic faults and domains

DQ M P Animation generated with Claude (Anthropic) 30 @ von Rohr Lab
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Are There Further Issues?

To ensure that there are no further issues - check single crystals and generate the precession images.

» What are the possible issues?

[ Viewing direction ] [ Viewing direction ]

a*/b* [hnl] c* [hkO] a*/b* [hnl] c* [hkO]
' Stacking Disorder B ! b ‘Multi*-Crystal/ . ¥
5 ERERRRERRRS | g \ Domain 4
i ~IESREEEEREE R E . : | ~— . ot it
| (R B
| Bl ] e
i‘ ! L . ! ' ! . . ) E\
!'/ lBentl CryStG/S & - \ N\ , ‘ — ) i : - : . 3 iI/ Reverse/Obverse e : 20 H y . . . \
| [ 17 7 ZJ%N\ | Twinning g
i ’ ] \ \ i i . j : \ - ) : v -
i \ \ [} ] i - - + :
i \ N ; 5 i ’ e . . . .
! N ~ ” P 4 i . . = ..

’
.................................................................................................................
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Confirmation of Disorder

[ Viewing direction ]

a*/b* [hnl] c* [hkO]

| Stacking Disorder ['© + i 4 i
’ CERERRENNERS &

“ISSNREERRRE S

- ISARB REEEERE EE '.

- TAEEREEEERE RS ;
' ‘Multi-Crystal/
. Domain 4 & Sl SRS
: __:.—._ : r : " : ; : ‘ - i : ;

[ Stacking and domain disorder present

Vo.1Crogls

- L] ) )

) e
e Rk it
‘0 Q‘ . :02:'
] 1] . ‘l
ERERR RERIE
‘i s . e /
o3 F 3
/ : B e ~
1] ‘ i :
a5 BEGREREEE
!4! ' ":"3!'1
] N SR
5 3 ? { i
\ ’ ' . ’
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Challenge 2 Solution: Stacking Faults Solved with DIFFaX

Dominant Mono.{Rh. Coherent Mono./Rh.
Composition Stacking .
Stacking Nicarde Domains

CrI3 Monoclinic Rh.: 3.6 % -
V5 1Crools 0.1 Monoclinic Rh.: 8 % -
Vg ,Crogls 0.2 Monoclinic Rh.: 12 % Rh.: 6 %
Vo3Crosls" 0.3 Rhombohedral 0 -
V5 4Crogls 0.4 Rhombohedral Mono.: 12 % - -
Vy5Crosls 0.5 Rhombohedral Mono.: 4% Mono.: 17%, Rh.: 79% Rhombohedral
with M-faults
Vi 6Croals 0.6 Rhombohedral Mono.: ~2% Mono.: 15%, Rh.: 36%
Vo,Crosls 0.7 Rhombohedral O'E)”V??Roé\:/f‘)z/"% Mono.: 15%, Rh.: 37%
Vi sCroals 0.8 Rhombohedral Obv./Rev.: 1-2% -
VoCroals 0.9 Rhombohedral Obv./Rev.: 1-2% - Rhombohedral
Vig 1 Rhombohedral 0 -

gt % Strong preferred orientation in measurements. o
M P P Mono. = monoclinic, Rh. = rhombohedral 33 .O von Rohr Lab



Challenge 2 Solution: Stacking Faults Solved with DIFFaX

Dominant AEREL Coherent Mono./Rh.
Composition Stackmg
Stacking e Domains

phedral

D

Rhombohedral

Crl3 Monoclinic Rh.: 3.6 %
V5 1Crools 0.1 Monoclinic Rh.: 8 % -
VooCrogly 0.2 Monoclinic ( Three structural regimes exist \
Vo3Crols" 0.3 Rhombohedral Dominant StaCklngS:

x<02/03:C2/m
V5 4Crogls 0.4 Rhombohedral x>03: R3
Vy5Crosls 0.5 Rhombohedral
- Do the structural disorderand  |/7V/5
Vi 6Croals 0.6 Rhombohedral ] .
K magnetlc propertles correlate?

V0.7CI’0.3|3 0.7 Rhombohedral OBV Rev o0, S ———
V.5Crosls 0.8 Rhombohedral Obv./Rev.: 1-2% -
VoCroals 0.9 Rhombohedral Obv./Rev.: 1-2% -

Vi5 1 Rhombohedral 0 -
M P gt % Strong preferred orientation in measurements.

P Mono. = monoclinic, Rh. = rhombohedral

Vivavay
Yavavay
Vv
veyw.

VAVAVAYA
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Challenge Number 3: Inconclusive Magnetic Analysis

4 )
[ Inconclusive }

Magnetism

H#H=0.1T, Hilc*
—0— Cl’la
—v— V|3

1

Cro.5Vosl3

| 4
—»— CrMng gg!
\ 0 — 0.06'3

0
1
Y
0.4 \
SR
-0
1

-1

M (A m® kg
=)

- T.= 50.2K
J: To= 55.0K
- Te=579K

F -

T.=578K
| 50 100

“ ™ 7 (K)

50 100 150 200 250 300
T (K)

o

Ferromagnetic behaviour

Inconclusive regarding the
exact dynamics

Department of
Quanturn
Matter

Physics

\_ J

Challenges:

Uncertain structure determination = wrong assignment

Limited magnitude of externally applied fields shown/tested:
» Specifically low-field data is often missing - Finer details lost
» Global vs. local behaviour: no insights

Measurements only showcase static behaviour > What about
dynamics?

Solution?

Measure across a range of fields

» Hopefully see a correlation between structure disorder and
properties

Employ alternating current magnetic susceptibility (ACMS) to gain an
insight into spin dynamics
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Magnetic Properties yyH =0.1Tand 1T 1 c

0.8 1.2 [
] HHLc=1T ] HuHlc=0.01T \
0.7 /\ _ 1.0 0 |
- 0.6 ( \‘
S e x<0.5 \
2 05 f
S 4] H = 1 T: Antiferromagnetic )
g 04- _ NO ) ‘g. . \,
v oo 2 3] uoH = 0.01T: 2 Transitions; ;

- Vo. . ° | | .

Ve,Crads £, _ Complex Ferromagnetic :
Vo3Crorls T ——— .I
V0.4Croels 0.1 | —— /

— V.45Cro.ssl 06 60 .

_VZ':;roojzs S L ————————————————— |, — Rhombohedral
o0 ] HALC="T11 1 HoHLc=0.011 \ : ~
———V,y,Cryl with M-faults

Tl el T N AN \

— V9Cro4l3 % 1 [ \ .

£ 0.31 x=>0.5 \
: 4 . .
5 05 noH = 1 T: Ferromagnetic |-
R poH = 0.01 T: Multiple Transitions; ,
N { | Ferromagnetic :

_ \ y 1 Rhombohedral

0.0- 004 g /
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100|; =
T/K T/K |
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Magnetic Properties yy)H = 0.1Tand 1T | c

2.1 14
. \ wHlilc=1T . 1HlIlc=0.01T
= 197 4 x<0.5 )
S 12T poH = 1 T: Ferromagnetic
5 0.9-\ uoH = 0.01 T: Ferromagnetic, :
— Vo 4Croels \6 ] i iti /
e Zos S potentially two transitions py -
Vo3Cro7ls 0.3 = 2 ] .
Vo4Croels 1 \\& 1 j / /
— V04s5Crossl3 o ——————— - — ’ — Rhombohedral
———V,y (Croul — . - : B .
Vo Crogl 08, S 124 #orie = 00T \ with M-faults
— V5Cro,ls ’ ‘T(D 10' \
— V4Crg 4l p 1 e} - = ]
09%f0.1l3 g 0.6. ﬁw \
0 041 Ferromagnetic Behaviour \"
g - /
5 0.21 gg 7 .
| N 2] 1 Rhombohedral
0.0- ol L /
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100| / =
T/K T/K |
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D

Zmol | €mu mol™ Oe™

Applied External Field - Unclear Magnetic State

Ferromagnet Antiferromagnet Spin glass
E [ &
£ g0- T, ol T, 80/ FCT,
§ 601 _//\\ 607 |
—— m L N i
2 40 1 407 S ZFC
g 207 g1 6,=-1 201/ 8-0
0 =1 0 : : 0 . 1
0 1 2 0 1 2 0 1 2
Reduced temperature
0.40 0.5
Zfew@ 1T Lc zZfew @ 0.1 T Lc
0.35 - few@1Tlc —fcw@0.1T Lc
1 0.4
0.30
] ‘TG.)
0.25 (@)
< 0.3+
0.20 - g
=
0.15 4 o 0.2
©°
0.10 4 £
0.1+
0.05
0.00 ~ 0.0
T T T T T T T T
0 50 100 150 200 250 300 50 100 150 200 250 300
T/K T/K

Department o
Quanturn
Matter
Physics

[ V.4Croels

]

In VSM measurements:

« High field measurements indicate
AFM long-range ordering

« Lower field measurements indicate

potential spin glass (or similarly
complicated) state

- Not enough information for a clear
determination
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Magnetic Properties

« Complex dynamic magnetic behaviour at low fields (< 0.1 T)

« No correlation with structural regimes:

V,Crq,l;5 X

= . . x=04 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 x=1
structure | I I I : ﬁ

Rhombohedral
with M-faults Rhombohedral VI;

wive bbb e——————

Ferromagnetic
One/Two Transitions

poH |l c

Ferromagnetic
One Transition
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Solution Regarding Dynamics: ACMS

VSM — VIBRATING SAMPLE MAGNETOMETER ACMS — AC SUSCEPTOMETRY
Sample stationary - phase-lagged spin response

Sample vibrates - all spins completely frozen
Hpc(wt) - \\_/. a

2 periods

Pia;la-up coil A

."."Q"Q". . . ."
O WU W'Y
99000000

Pick-up coil B (=)
FM domain Domain wall AFM domain FM domain Domain wall AFM domain
all spins frozen — rigid domain texture @ =27° p=87° p="74°
ACMS = speed of change and

whether spins move coherently or

VSM = average
at a spread of rates )

spin behaviour

.
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AC Susceptibility L c (In-plane)

V\CriLls  x=0 x=0.1

2 Crly;  FM+AFM
v

L
s Two transitions
1.2x10°® — T
| Ha=100e //ab
—o—y', f=467 Hz
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O X'
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o 8.0x107 - "
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S x"
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o O
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AC "/ emu Oe™

x=0.6 x=0.7 x=0.8 x=0.9 x =1
'S
.- M Vg~
== Two Transitions ‘o
- — R
1.2x10° T T T T — T 1.2x107
H,.=100e Lc
1.0%10° - oL 1.0x107
—0—y', f=1020 Hz
(@] 'e) x" "
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= 7 :><
¢ 40x10 3
< <
2.0x107
0.0
0
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AC Susceptibility L c (In-plane)

V,Crils  x=0 x=0.1 x=0.2 x=0.3 x=04 x=0.5 x=0.6 x=0.7 x=0.8 x=09 x=1
’ ‘'~ = - " e
FM AFM + FM, Two Trans. e =, Vs
.+ AFM Cluster Spin Glass e =L
= . = - L, L el
7x107 T T T T T T T 46310 xoE— T T T T 1.8x107
H,. =10 Oe Lc I Hae = 10 Qe //ab -5
6x107 —@— 1y, =467 Hz 1.4%10% - —e—x. ffF467Hz H,. L c-axis
o | 6.0xh0s 1" - 1.56%107 -6 \
1 —e—y',f=1020 Hz -—6 —o—y/, fF 1020 Hz . .
5x107 O—x" 1.2¥10° 4 o y" -
- : oy, f=4470 Hz - 'Tx',f=4470 Hz 7= -7 4
S | ¢ . S 1orwexio® & (12107 o
@] ¥ ¥, f= 9984 Hz o Q. T 9984 Hz ©)
2 Fi 2 11 2 o]
5 o 8.0%107 ) -9.0x10% & & ’
= =~ r20xo® =~ ~ = 4] .
= ) = . = =
&) \ 3()) 6.0x10™" o 2O .
< Sl 8580 [l < 6.0x10° & 4o
u\%};; ‘;\4 ! \‘bo (—1 de ‘.f:-~ [ DN
‘ ke | 3.0x10°8 1M1 m H_=100e 2v=395 .
1,~5.45 x 107
-12 T T T T T T T T T T T T T T
: : : : : 0.0 24 22 20 18 -16 -14 12 10 08
0 10 20 30 40 50 80 IN [(T e To)/ Tol
T/K
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AC Susceptibility L c (In-plane)

V.CriLls  x=0 x=0.1 x=0.2 x=1
FM AFM + FM, Two Trans FM e FM + FM - Vi,
, w— — ] — .
+ AFM Cluster Spin Glass ~ -* One Transition  Two Transitions Tr~. o,
. W . — [ ] [ .
3.0x10° . . — . ———— 3.2x107 2.4x10° . . . . . 2.5x107
H,.=100e 1c i H,. =10 Oe //ab
—e—y', f=467 Hz - 2.8x107 2.1x10® —e—y', f=467 Hz
25x10° 4 o - D L 2.0x107
—o—y', f=1020 H | . —o— ', f=1020 Hz .
e - ’ 2.4x107 1.8x10°® oy
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AC Susceptibility L c (In-plane)

0 x=0.1 x=0.2 x=0.3 x=0.4 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 X=1

V,.CriLls  x

FM AFM + FM, Two Trans. FM FM+FM =~ FM
+ AFM Cluster Spin Glass One Transition = * — Two Transitions One Transition
5.0)(10_7 T T T T T T T T T T T T T T T 1_00)(10'7
-7 ] H,.=100e lc
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Magnetic Properties L c

V,Cr,l;5 x=0 x=0.1 x=0.2 x=0.3

x=04 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 x=1
Structure | I I I |1 eE——

Rhombohedral
Crlg with M-faults Rhombohedral VI

AN R R N R
uoH L c

M
One/Two Transitions
<b
ACMS l (_*_I_I_# : #
H1lc 3

Ho In-plane L ¢ V] + ] siacking »

Distortions due to three reasons: . ..

1. Variation in Cr-1 bond lengths Iransitio " - Sition

2. Different | nets I
3. Weak dynamic Jahn-Teller from V (3d?) ©

K Substitutional disorder )

Inet
stacking
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Magnetic Properties || c

Ver s x=0 x=01 x=02 x=03 x=04 x=05 x=06 x=07 x=08  x=09 X=1

Structure I I I I

Crl3 Rhombohedral

with M-faults

/. O NN IR N E E RN (R N N N B
poH |l c
FM

One Transition

s o T bl ———
HoH |l ¢ | N
Out-of-plane || c ’ ' slass

Rhombohedral Vs

Stacking faults
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Magnetic Properties of V,Cr,_,I;

V,Cr,_ 13 x=0 x=0.1 x=0.2 x=0.3 x=04 x=0.5 x=0.6 x=0.7 x=0.8 x=0.9 x=1

Structure I I I I

Rhombohedral
- Crl; — with M-faults Rhombohedral _VI; —
ACMS I I I
IloH lc
FM AFM + FM, Two Trans. FM FM + FM FM
}< + AFM Cluster Spin Glass One Transition Two Transitions One Transition )
ACMS I I I I
HoH |l c
° FM FM, One Transition FM, One Transition
_ Spin-Glass Cluster Spin-Glass )

In-plane L ¢
Geometric distortions Out-of-plane || ¢
Stacking faults

Substitutional disorder
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(Dis)Order Makes a Difference!

V,Cro_ls x=0 x=01 x=02 x=03 x=04  x=05 x=06 x=07 x=0.8 x=0.9 x=1
FM AFM + FM, Two Trans. FM FM + FM FM
+ AFM I Cluster Spin Glass One Transition Two Transitions One Transition
FM FM, One Transition FM, One Transition

Spin-Glass Cluster Spin-Glass

« Solid solutions (and structures) containing transition
metal elements have multiple challenges

» Oxidation number, valency, coordination - structure
is affected! "ODRRE N'A PAS D'IPMROTNCAE

» Synthesis pathway plays a significant role

-
- =

« Understanding the structural peculiarities is key to
understanding the physical properties and their origin

» Proper characterisation of crystals/material is key >
issues can arise at any step!
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