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Key points:

= Quantum treatment of electronsin a magnetic field
= Phasesin magnetic fields

= Landau levelsin 3D are one-dimensionalmodes along the field
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Framework: Electrons in a magnetic field

Magnetic field (B)

##__‘h

\

—
V Force = Bev

electron
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Classical Electrons in a magnetic field

Classicalwarmup:

FL =ev XB
0 Uy
o=(3)neen()
B, 0
mx = eB,y my = —eB,x

. (eBy\*
x+< )x=0
m

= Harmonic oscillators
eB
= Cyclotron frequency w, = —
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Classical Electrons in a magnetic field

Classicalwarmup: Cyclotronradius:
FL —ev X B
0 Uy,
B = (0) 2> F, = eBZ(—vx>
B, 0
mX = eB,y my = —eB,x
eB,\* : =k
5 +( z) x=0 Distance / speed = time
m
2nr, _ 2T
= Harmonic oscillators v T w,
= Cyclotron frequency w, = B
m _mv
Te = eB

Classically, any orbit size is allowec
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Quantum description

Classically, any cyclotronradius is allowed.

Single-valuedness of quantum wavefunction allows only discrete set of orbit:
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Quantum Electrons in a magnetic field

x(0) = x(T)

Closedclassical trajectory inreal space

Bohr-Sommerfeld quantization: A~ ¢ p dr = 2n(n + y)
B=VXA p-op—eA

Atd(p—ed)dr = A l1¢p dr—% $ A dr
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Quantum Electrons in a magnetic field i

Bohr-Sommerfeld quantization: A~ ¢ p dr = 2n(n + y)
B=VXA p-op-—eA

A-lP(p—ed)dr = A l¢p dr—% $ A dr

% $Adr = % [Badr? = %cb Magnetic flux through loop

h
d, = ZNZ - 1071°Tm?

Stable real space orbits enclose an integer multiple of &,
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Types of quantum processes
The real space orbits enclose an integer multiple of @,

Aharonov-Bohm
Orbit is field-independent

0.730K nCDO = B * rZ
‘ 0.300K
S B _%
0.118K n — 72 n
lo%g,  T=00 Oscillations periodic in field

1 1 1 1 1 1
00 02 04 06 08 10 1.2
H(T)

Y. Aharonov, D. Bohm. Phys. Rev. 115, 485-491 (1961
C.P. Umbach et al., PRB 30, 4048 (R) (1984)
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Two facetts of the same physics
The real space orbits enclose an integer multiple of @,

Aharonov-Bohm De Haas — van Alphen
Orbit is field-independent Orbit is field-dependent

n®,=Bx*1r? x B!

D, D,
Bn:r—2 n Bn0C7

Oscillations periodic in field Oscillations periodic in inverse field
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Types of quantum processes
The real space orbits enclose an integer multiple of @,

! 0=28.9° i }\ ;
- 12.4°

e
_ ﬁ) : 4.6°

A h 1.1°

29 30 31 32 33 34 35
F (KT)

De Haas — van Alphen
Orbit is field-dependent

amplitude (arb. units)

torque (arbitrary units)

nd,=Bx*1? «B~!

CDO
Bn 0(7

< 142 14.4 14.6 148 e o o .
Oscillations periodic in inverse field

C. Hicks et al., PRL 109, 116401 (2012)
D. Shoenberg — Magnetic oscillations in me

12
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Harmonic oscillator revisited

2D: H = (px +p2) > — (px +(py — eBx) ) with 4 = (0, Bx, 0) in Landau gauge

As [py, px] = [Py, x] = 0. the solution can be written as ¥(x,y) = P(x)e " *»¥

H = %(p,zc + (hky — eBx)2 )

py 1 e?B*(hk, ?
=|\5-t7m — X
2 2 m? \ eB

22
_ 2 2
= ( + —mw?(xy — x) >

1
Harmonic oscillators: localized states with discrete speckyeaw, <n + §>
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2D density of states

a(e) o
- Fermi-Dirac distribution
)
= f(E,uT)
o bbb boo b b2
P
e
)
A
k Ky
Ae €
' Ky
1 :
E, = how, (n + E) )
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Harmonic oscillator revisited

3D:H = %(p,% +pZ +pz) > —(px + (py — eBx) + pz) with 4 = (0, Bx, 0)

As [py, px] = [Py, x] = [P, x] = 0, the solutions are P(x,y,2) = P(x)e Y e~ k2

1
2m

2 02R2 2
Py 1 B< (hk,, S
===+ — hek
(2 +2m m? (eB X T

1
= (p_;; + -mwz(xy — x)? + h2k2>

H=——(p? + (hky — eBx)" + n?k? )

hzkg
2m

Harmonic oscillators, but unchanged plane waves alonghjerdhw, <n + E) +
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Harmonic oscillator revisited

3D:H = %(p,% +pZ +pz) > ﬁ(p,zc + (py — eBx)2 + pg) with 4 = (0, Bx, 0)

%

= Magnetic fields break translational invariance perpendicularto them.

= Landau levelsin 3D are one-dimensionalmodes dispersing along the field.

hzkg
2m

Harmonic oscillators, but unchanged plane waves alonghjerdhw, <n + E) +
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Harmonic oscillator revisited

a(e) o
Fermi-Dirac distribution

f(E,wT)

3D allowed —
states (B=0) \ (b)

Density of states
|

Age ,
1\ h%k?
En = hwc n + E + Zm ’/

bw,/2 32 Shw/2 The /2 %2

Wavevector l':

Energy
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Fermiology
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Lattice interactions can give complex dispersions

Example: TaP F. Armnold et al., Nat. Comm 7:11615 (2015)

. ‘M | j

8.'3 \ Y M W2
8.2 ,\ ! "
8.0 5

/\/ v W1
S Z N Iz X r

= Orbital arrangement leads to complexwave functions and dispersions

= Fermisurfaces are commonly non-spherical

T 1t T 1T 1T 1

Yet the concepftsfrom free electronscan be directly translated, and
quantum oscillations are a powerful tool to measure Fermi surface
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Semiclassical equations of motion

Wavepacket centered at positionr and momentum k

—_ ~

h— =F = q(vy X B)

— =y, =h"'VE(k)

—~—— —_—

Consider arbitrary (and often crazy complex) E(k)
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Semiclassical equations of motion

dk
hE—F—C[(UkXB)
dr (k)
dt =V = 1VE(k)

k-space orbit is always perpendicular tc

hdk
EE B—(kaB)’BIO

The energy does not change during the orbi
dE(k) dEdk  dk g (ve X B) = 0
dt dkdt kg T TkTVRSEIE

Cyclotron orbits in metals are paths on the Fermi surface perpendicular to B

Les Houches 2019
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Momentum space orbifs

k-space orbit is always perpendicular to B

hdk B=(w,xB)-B=0
q dt — Wk B

The energy does not change during the orbit
dE(k) dEdk  dk ¢ (v, X B) = 0
dt dkdt kgt " pkVRTPIS

Fermi surface
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The magnetic length

At a given B, how large is the area through which one flux quantum thre

®=I4B=0d, - l% = % . magnetic length

Length scale over which the magnetic fieldnotably changes phase of wave

Length scales in metails:
lp ~ sample size . semi-classics, Hall-effect, Boltzmann magnetotransport,...
lg ~ phase coherence: quantum oscillations, Aharonov Bohm, interference

lp ~ atomic scale . quantum limit, non-perturbative, Hofstadter physics,...
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Real space orbits are trivially related to semi-classical
k-space orbits

=)

= Rotate by 90°
= Scale by I3

Momentum-space orbit Dimension! Real-space orbit
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Real space orbits are trivially related to semi-classical
k-space orbits

Bohr-Sommerfeld-quantization: @ =B« A = 2n(n + y) P,

Real space orbit area A > k-space orbitarea S = A lz*

b 2
B*S*(FO) = 2n(n +y) D,

Onsager relation (Bohr-Sommerfeld for k-space orbit)

S(E,k,) ®,/B,, =2n[n+ y]

Area of Orbit
in k-space
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Quantum oscillation frequency = k-space orbit

ared
S(E, k;) ®y/B, =2r[n+y]
Area of Orbit
in k-space
27

Solutions are periodicin 1/B,: Bl = %o (n+vy)
0

n

Frequency: F = - —( - —1)_1=iS

period - Bh,+1  Bp 2Te

Onsager relation: F = B

2T1e

Experimentally measured quantum oscillation frequencies
= k-space orbit area of orbit, evenin highly complexmetals
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Only extremal orbits are experimentally
detectable

Geometric property of Fermisurface: S(k,)
denote direction of fieldas z

Orbits with extremal cross-sections are observables

as _
dk, .

/\ SextOCFext |
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Quantum oscillations in pulsed fields in P1Se,

500mK

’g 400 -

(@)

G
=

=

> 200

@

w0 —10°
&) — 30°

— 6OD
o ——90° (H\\ [2 1 0])
0 20 40 60

Field (T)

= High SNR in pulsed fields
for high conductivity metal

= Multiple guantum orbits observed

Amplitude (a.u.)

od

0 400 800 1200
Frequency (T)
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Quantum osclllation frequencies: Fermiology
Frequency = extremal Fermi surface area (Onsager)

‘I / S(E,k,) ®,/B,, =2n[n+y]
\v/ B I
AN o

Fermisurface of PiSe,

(00]
o
o

Frequency (T
~ o~
o o
o o

= .
. i L S .= Egy u pEEEE
< 200} S
T I T T P S S T T
S| 30 0 30 60 90 120150 180
g N/\MW\/\\M\/\J/\/\ Angle (deg)
> 3 . .
o W Tomographic reconstruction of Fermi surfe
O
5 Rotate B w.r.t crystal.
O ! . N
20 40 60
Field ' (T) Hao Yang et al 2018 New J. Phys.20 04300¢
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Quantum osclllation frequencies: effective mass

The classical cyclotron frequency cannot be complete on quantum level w, =-

, h? 0A
Cyclotron mass: m, = — —
21 OE
4 1/2
Schrodinger Electrons
_ h’kg  h*A 2m'n

— - =
2m* 2m*m h2

Dirac Electrons
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Quantum osclllation frequencies: effective mass

a(e)

kpT

A

v

Density of states
|

Fermi-Dirac distribution
f(E,uw,T)

hw,

—_—

Ag

Meyc

_ heB

= Quantum oscillations are suppressed by increasing temperature
= Thissuppression allows a direct determinatfion of the cyclotron mass m,,,

Les Houches 2019

Philip J.W. Moll



Effective Mass in PtSe,

)
o
o

Amplitude (a.u.
S

electron
m=2.1 m_

hole
m=2.0me

= Band structure: my5,4~0.35m,

= Quantum oscillations: mg¢~2m,

. = Sizeable mass enhancement

Merr = (1+4) Mpand

Temperature (K)

A~4.7

Hao Yang et al 2018 New J. Phys.20 04300¢
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Key points:

= Topologicalsemi-metals offer a new playground for gquantum oscillation
= Quantum oscillation phases encode critical information about the orbit

= Theiranalysisis challenging; a phase offsetof n is NOT a sign of Berry.
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New aspects of topology in semi-metals

Bulk Surface

ARPES

0.0 0.5 1.0

k, (A1)
Weyl-SMNbAs S.Y. Xu et al.,, Science 347 6219 (2015)
Gaplesslinear crossings = Fermiarc surface states
Additional intfernal degrees of freedom = Bulk-boundary connection
Chiral/Helical states = Topological protection

Relativistic guantum mechanics toolbox
Associated quantum transport
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What physical observables are determined by
topology?

Weyl Trivial

EA

Significant difference in orbital content of waveform,
but how about macroscopic observablese
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Quantum oscillafions: frequency and phase

S(E,k,) ®,/B,, =2n[n+ y]

Area of Orbit Phase factor
in k-space
b
A N Simple logic:
02 7 \(\\.o__o._._.-
R o O 1. Landau levels are harmonic oscillatc
O &
. ()GG.-' @ (y =1/2, asin normal metals)
i Q oo Q . .
- 0.1 - ’\ -O\ 2. Wave package gains geometric phc
q o (y=1/2-1/2 =0)
1 phase shift due to Berry phase
0 T > \
S
1/2 5 10 (0
N O\
ol
KS. Novoselov et al., Nature 438, 197 (2005) \E 0

S.G. Sharapov et al., PRB 69, 075104 (2004)
V.P. Gusynin et al., PRB 71, 125124 (20095)
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The phase is always a problem

THE pe HAAS-van ALPHEN EFFECT*
III. EXPERIMENTS AT FIELDS UP TO 32kG

By J. S. DHILLON anp D. SHOENBERG, F.R.S.}
National Physical Laboratory of India, New Delhi

(Received 22 October 1954 )

The periodic field dependence of magnetic anisotropy (de Haas—van Alphen effect) has been studied
for bismuth and zinc crystals by the torque method between about 1-56 and 32 kG at 4-19°K and
about 1-5° K ; in each case the orientation was chosen so that only a single fundamental periodicity
was present. Particular attention was paid to the phase and harmonic content of the oscillations
and to the form of the field dependence of amplitude. For bismuth good agreement was found
with the theoretical formula except that the signs of the fundamental and the odd harmonics had to
be reversed. For zinc the field dependence of amplitude at high fields was quite at variance with

Biis a topologically trivial semi-metal,
yet shows a guantum oscillation phase of !
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= Other corrections to phase beside Berry (~h)

= |[-defined problem due to degeneracies

Les Houches 2019 Philip J.W. Moll
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Why is this hard? | can compute anything!

ij €

Te =

e
Ve=10°m/s
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I

Maslov
J.B. Keller,
Ann. Phys. (N.Y.) 4, 180 (1958)

G.P. Mikitik, Yu.V. Sharlai, -~ """~ ~_ ¢
PRL 82, 2147 (1999) -~ R

PRB 53 7010 (1 996)

chz

XB T ~“"JN. Fuchs et al., Eur. Phys. J. B 77, 351 (2010)
A. Alexandridanata et al., PRX 8, 011027

_______
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Key point: Degeneracies

1 (k), Ya(k), ..., p (k) —

Each state on orbit D-fold degenerate in k-space (a=1..
e.g. D=2: spin-degenerate orbit

Crystal-symmetry related
copies of Fermisurfaces

All have same area (=Frequency),
but a priori not the same phase!

| iMorbit
(1 athwavefunction

A. Alexandridanata et al., PRX 8, 011027

42
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Weyl semi-metal TaAs (I-broken!)

C)

E1l H1

H. Weng et al., PRX 5, 011029 (2015) J. Klotz et al., PRB 93, 121105(R) (2016)

Topological semi-metals:
large number of orbit and wavefunction degeneracy usuall
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Too many degrees of freedom!

Theory

Ap ~ sin (g+ /11) + sin (g+ /12) + sin (g +/13) + sin(g + /14) +...

\ J
[
Each orbit contributes an oscillatory component at same frequency...

... but a priory different phase!

Experiment

= sin(5 +©)
—smB

Les Houches 2019 Philip J.W. Moll



Crystal symmetry reduces degrees of freedom

Crystalis Tand | symmetric (hence D=2 spin degeneracy)
But orbitiisnot Tor | symmetric,onlyTI.

\ Preservessign¢ Timereversal?

=1
u s Symmetry constraints A
|<z () Vi, k' = gok™* 0 0 A= gAg' g = eirfiikk
k 0 I A= gA* ! (;}K)J — pinFueikR (,,'Z“ e R
Y (II-A) k* € 0. |o| = |goo| 0 0 A =gAg! gV = AN/ ginlu
0 | A= F]./—l ._.(7| (?J,K)N — AL’\"!L()JEI";! ()izﬂ Aa cR
1 0 A= '(—IA—I‘(—J,-I ,f_jN — (,."fr."-#,.ikrR ()izﬂ Aa cR
1 ] A= _(_].Al_(_fl ((-I,K)\ — ()l'ﬂf"’l{-”(‘R
(I1B) k* € o, [0] # |goo| 0 0 A1 = 5iAG Tnew.Gy = €mFumikR {21} = {4}
0 1 Aiq1 = 5 A 5! VK. g1 K = elFikR {4}y = {40}
1 0 Ay = A G Oy...o1 = etk {451} = {-4}
1 l Aisr = GiAG;! anvK...g K = e kR {4} = {4}
A. Alexandridanata et al., PRX 8, 011027
=2 (2018)

3D DSM: zero-sum rule for each orbit: 2 + 25 = 0

4 unknowns but only 1 measured phase, 2 constraints
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Crystal symmetry reduces degrees of freedom

Experimental phase

0= ;’12 —l—n‘(l —Sign{cos(ﬁl ;'12)D/2

O = n(l — Sign(cos(ll)))/Q

In the 3D DSM, both = and 0 are possible experimental phases.

AE, ky)/m (b) AEk(E))/n
o O=m
05 0 05 1-05 0 05 1 ® =0
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Dirac semi-metal Cd;As, : spherical bulk Fermi surface

e (Almost) spherical Fermisurface
MdGBBiDIesIg aarees around each Dirac point

BT(6~ DP

=t (a)
15K _
i v  Cd;AS, bulk ,,spherical Fermi surfac
. =1 confirmed by single frequency
200K _
S. Jeonet al.,olll%turgl\sﬂgﬁﬁi)%?s 13(3014y” L.P. He et al., PRL 113 246402 (2014)
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Cd;As, a shows a m offset: Berrye

0.28 ——————F—————1—

(D) = CdsAs, shows a QO phase

of m.
0.21 | B sample B

® sample A = The Roth correction+m/4 is

not arange.
- Minimum orbit: +7

~
o

")

5ol Maximum orbit: —%
o
0.07 | Z 1 | | | |
%25 / Does this prove a Dirac dispersiot
s i2sE 1)
0.00 £ . . , o, Unfortunately, not...
0 2 4 6 8 10 12 14 16

O = n(l — Sign(cos(/ll)))/Q

L. Roth, Phys. Rev. 145, 434-448 (1966)
L.P.He etal.,, PRL113 246402 (2014)
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Key poinfs:

= Quantum oscillation phase is not quantized and can take any value.
= A phase-offset of n does not prove/disprove a Berry phase.

= A proper tfreatment of all corrections based on higherharmonicscan,
insome cases, allow a direct detection of topological phases.
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Higher Harmonics save the day!

M= iie—[wx(m sin [I-(I2S + 2/, — du) £ 7/4]
i (27)?|B|1|S..|'? == r'/2sinh (272 rkT /o,
Harmonic
indexr

Phases of higher harmonics provide further constraints
allowing to solve for the actual A!

A. Alexandridanata et al., PRX 8, 011027
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The tetfragonal crystal structure of LaRhln;

Band structure predicts a Dirac node

pe 1001] RMTng Owd—iUrge—rrre‘rojhtbonds—rL
Dirac fermions in LaRhing
La @—7— ‘o Y (@) 1 \ / _ //
In ol |
ot
0.5 ATV |\
Rh ¢ ¢ o ¢ 3 |
e 5 ofl=
o——Fe |7 E’ 0.
Ll
@ J100] <
o " 0.5}
In
L/
G

~0.1% of DOS due to Dirac Fermisurface
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LaRhin:

(@)*[ 11/B//c (b)*[ Harmonics
. Data 15t
® o} — Fitting 2} 2nd
‘C:_) 3rd
O
O? 0 OVAVA\'][‘\A [AY /\
21 2f
1 2 3 4 1 2 3
B (T) B (T)
PA_bS = ; A/\/g cos(r/\l)erTREcos[r(ng — )+ ¢rK|

Les Houches 2019

Philip J.W. Moll

M. Guo et al., on arXiv soo

53




A1s in the amplitude rafio!

A;  cos(A)

A, cos(rd)

Experimentally:

A=096+001m

Direct evidence for Berry phase of &

2}

Despite multi-band, unknown LL positions,...

Ap iA,

Pbg r=1

Les Houches 2019

\/g

'Harmonics
1st

2nd

1 2 3 4

F
cos(r/\I)lRTTREcos[r(ZWE — )+ OrK]

Philip J.W. Moll

M. Guo et al., on arXiv soo
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Key poinfs:

= Focusedlon Beam enables new quantum experimentsin exotic materials
= New quantum process due to conserved chirality : Weyl orbit
= Beware of longitudinalmagnetoresistance in semi-metals

= Controlledcurrent beams overlong distancesin Cds;As,

Les Houches 2019 Philip J.W. Moll



Bulk-surface distinction vanishes in strong magnetic

fields 4B
Chiral bulk mode Ferm c:rc;-f

A
A.C. Potteret al., Nat. Comm. 5:5161 (2014);
Y. Zhang et al., Scientific Reports 6:23741(2016)
y
L
ky
v 4 Thickness in nm
New quantum process in Dirac-SM CdzAs, nanodevices B
i ) S o < ——— 550
2 —— 500
= 5 ——— 1000
g’ 2 Normalized to ——— 2000
< |bulkfr
0

L SRR W
30 40 50 60 70 80
Frequency (T)

P.J.W.Met al., Nature 535,266-270 (2016)
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Semi-classical effects: Currents at a distance

Normal Metal

Vbottom - O

Baum, Berg, Parameswaran, Stern. Phys. Rev. X 5, 041046
(2015)
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FIB Sample Preparation
Structure Milling

Start from bulk material... ... and furnitinto a
microstructure

Les Houches 2019 Philip V. Moll
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Focused lon Beam microfabrication

Les Houches 2019 Philip J.W. Moll



Non-local transport in Cds;As,

Les Houches 2019 Philip J.W. Moll



E———— o TR a———————————————
Non-local fransport in Cd;As,

Experiment

Strong negative signgl!

-90 +——
40 -20

0 20 40
6 (deq)
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Beware of semiclassics!
Huge field-induced anisotropy + large Hall effect

Zero field: isotropic metal
14T: conducts >700 times better along field than perpendicular

o

N
o)
o

&)
-
o

N
)
o

Anisotropy (c,/ G,)

o

o
()
—
o
—
(0

15
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Current jets in high fields

[+

e

[+8 .I-

= Current beamsform along the magnetic field

d

T

IZ B=0T
Y

B=15T

= Range well beyond mean-free-path

Vmax
Ty
B=14T
Vmin
a
———-

Les Houches 2019
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Current jetting

Current jetting has plagued high-mobility, low carrier density semi-metals for dec

4 6 8
B (T)

New focus due to negative magnetoresistance expectations due to chiral anorr

R. Reis et al., NJP 18:085006 (2016)
Nielsen & Ninomiya, Phys. Lett. B 130, 389-3%6 (1983)
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Usually imperfect contacts

Les Houches 2019 Philip J.W. Moll 67



FIB machining allows microscopic control over current

jet _ h J
Experiment |
90 - Simulation /| - -
S\ 45 -
1 E
> 04 . \ | 1
-45
' sl

min
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Current jetfting devices

V (uV)

0 (deg)

Controlled generation of electron beams in a solid
= Beamssteered by magnetic field

= Longranged non-localsignal propagation (neuromorphic applications)
= Solid-state mulfiplexing

X. Huang et al., on arXiv soo
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Fun Intermezzo (time permitting)

Manipulating quantum states

Les Houches 2019 Philip J.W. Moll



Approach: Cantilever bending mode

CdsAs, single crystal

Tum gop‘

substrate

CdsAs, single crystal

substrate
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4. 5/15/2018 det curr WD mag & HFW  tilt HV

o 1:45:54 PM ICE 0.69 nA 5.3 mm 2 500 x 166 pm 0.0 ° 6.00 kV
Les Houches 2019 | Philip J.W. Moll

50 pm
MPI CPfS
|

73



» >

5/15/2018 |det|curr  |WD
XY 5:23:06 PM ICE 0.69 nA 3.9 mm 1 200 x 345 pm 52.0 ° 6.00 kV MPI CPfS

Les Houches 2019 Philip J.W. Moll



5/15/2018 det curr WD mag O HFW tilt | —
H 5:24:44 PM ICE 0.69 nA 3.9 mm 1 200 x 345 um 52.0 ° 6.00 kV MPI CPfS

Les Houches 2019 Philip J.W. Moll



% 5/15/2018 det curr WD  mag® HFW  tilt  HV — e 10 (T  — e —

° 6:11:37 PM ICE 0.69 nA 3.7 mm 800 x 259 pm 52.0 ° 6.00 kV MPI CPfS
Les Houches 2019 Philip J.W. Moll




% 5/15/2018 det curr WD mag O HFW it HV 100 pm
{

7:23:05 PM ICE 0.69 nA 4.1 mm 1 600 x 259 pm 52.0 ° 6.00 kV MPI CPfS
Les Houches 2019 Philip J.W. Moll




Real Cd;As, device in motion

Movable
capacitor plate

%, 7/26/2018 det curr WD mag & HFW tit HV 40 um
° 8:34:14 AM ETD 0.69 nA 5.2 mm 3 500 x 118 ym 54.0 ° 6.00 kV MPI CPfS

Les Houches 2019 | Philip J.W. Moll | 78



Macroscopic bending

Les Houches 2019 | Philip J.W. Moll 79



Estimate extreme bending parameters

R. = 9oum
T=Tum
~1% strain on top

~2%/um

30um flexure

Compression

Stress Distribution

Les Houches 2019 Philip J.W. Moll



Preliminary results

—_— St Tttt ] = Bulk peak does not shift
= Weyl orbit does not split

B = Movesto higher frequencie
5 0010
5 G No signs of plastic deformatio
‘_g:? 0.006
<

0.004

0.002

0.000 B ~5T at maximal strain

20 30 40 50 60 70 80 9 100
Frequency (T)
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Novel .
quantum Current jets on um scalg

oscillations Higher
in PdCoO, harmonicg

Topological
semi-metals

Essentials
of quantum
oscillations

Les Houches 2019 Philip J.W. Moll



Key poinfs:

= Surprises can happen in seemingly trivial, single-particle systems
= NovelField-linear magnetoresistance oscillationsin layered metals

= Quantum coherence over macroscopic distances possible

Les Houches 2019 Philip J.W. Moll




PACo0O,: ultra-clean metal

Quasi-hexagonal Fermi surface

QO: C.W. Hicks et al., PRL 109, 116401 (2012)
ARPES: H.J. Noh et al., PRL 102, 256404 (2009)

p = 2.6pQ cmvs. 1.7uQ cm in Cu (@ 300K) ReO; 7ufd cm
... but Cu has 3 times more charge carriers!| 1Oz 24uQ cm

Very long mean free path : [~20um (@2K)

Les Houches 2019 Philip J.W. Moll



PACoO,: Very long mean free path

25 [ /> 2.6uf) cm
2 T ReO; 7uflcm
g IrO, 24uflcm
o lb - |
G
-
o 1- |
0.5 i
O \ \ \ \ \ \
0 50 100 150 200 250 300

T (K)
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PdCo0O, Is a coherent layered metal
Quantum oscillations show warped cylinder

r:30_5,,,,,,,,,,L,,,,,,,,j ffffff © ’%bfgo 7777777777777777
= B, 1.7 | . Y]
— Q . | 1) 9 O,
S 300} Bt K- - g g1 %1
8 go g f | §8g
()2 ! ey ' S, ! 9 8] e
I N-] SRR TR R P R R EEEEE EEPE % ----------------------------------
‘ R ee
L hd
-60 -40 -20 0 20 40

6 (degrees)
$=0
E 0.9538(3) A", . 0.007(2) A’ oy -0.0009(3) A
00 (dHvA) 120 (ARPES) (dHVA)
ke H 0.040(3) /ﬂ 0.0107(3) o 0010(3)
(ARPES) (dHvA) deA)

C.W. Hicks etal.,, PRL109,116401(2012)

Well supported by AMRO experiments

[001] 2)
:g k; =0 A1 &iT
< y
g . |
Q 1Y
110 Tl B Mo
AR A A , —— e NA M S
-80 -60 -40 -20 0 20 40 60 80
B (degrees)

J.C.A. Prentice et al., Phys. Rev. B 93, 245105 (2016)
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Out-of-plane transport e

HV: 10 kV, Maq: 900x, — 20 pm —{

Les Houches 2019 Philip J.W. Moll



The experimental configuration

®°§> width

O < >
AE
Y

N CoO,
-
O
—-—
O
e In-plane
8 magnetic field

= Four-probe resistance of FIB-fabricated, c-aligned pillars
= |In-plane magneticfield
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Magnetoresistance oscillations

N I N I
80 —— PtCoO, w=3.4um
—— PtCoO, w=4.8um
PdCoO, w=3.9um : 7
60 -
Q .
)
40
20 |- -
0 , T ] . ] .
0 5 10 15

Field (T)

= QOscillationsontop of the c-directionmagnetoresistance
= PeriodicinB (not 1/B)
= Not material specific, but sample specific

In-plane
magnetic field

Les Houches 2019 Philip J.W. Moll



NOT Shubnikov-de Haas
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Flux physics in a single crystal

A £
C
O
o
S — AWV
] wn
S I o
. | 5
4+ \ 1 T I I 6
E: ". m W_ I o
& I sl 3
-8 3Lk v _ I .. I o
5 \ Interference condition : h/le=B*w * s ..
o I I [
.g - - | O
S 2 . . [ 0
= ®_ | S
b "@_ .
s @. _ o | I @)
1 L - | 1 v
|

sample width w (um)

A

E §

Period is given by one fluxquantum &, = h/e in a box defined by the
micron-sized width of the device,w, and the atomic Pd-Pd distance, s=0.6

Les Houches 2019 Philip J.W. Moll



This is the real aspect ratio of the b@x\

O.énn{

A

5000nm
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Two types of devices: single- and multi-
frequency

Single Multi-frequency

fre q U e n C y c-axis resistivity background subtracted
60 F-axis rgsistivity‘backgrqund sub}racted ‘ 20 7P2C‘300 act ‘ ‘ ‘ ‘ ‘
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s | / IR = | [ I
< 20 A / a M ‘} \ M = \ “ . / ‘0‘
] \ / \ / \ / \ w‘( \ (“ \ g °f \\ n / \\ / \ 1
3 \ / \ / \ ;‘ \ /‘ \ | ‘\ % 0 f \ »" \ }( \ / }
2 o \ R BEE g | | | ]
VNI 2N VN
i VI L VA R
3‘5 -20 \/ \ ‘ \ X \‘ / \ 1 % \ \ /,( “‘
NNV 310 \ | |
8 VY] g VY \
-40 - / 1 ‘ \ \
F / \ -15 U 1
-60 : -20 ‘ ‘
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Field (T) Field (T)

Les Houches 2019

Philip J.W. Moll



32000 -
16000 -

Phase

Amplitude

T Sum of sines periodicin B

Les Houches 2019
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2
Frequency (1/T)
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Rotating the in-plane field

®°§> width

Q(-/)
A
v

Co0O,

Rotate In-plane
magnetic field

D

NN\ N\

c-direction
AR

_;

= Four-probe resistance of FIB-fabricated, c-aligned pillars
= |In-plane magneticfield
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Complex frequency evolution under rotation

0.8 |- -

In-plane field rotation!

o
o

Frequency (T™)
o
P

0.2

0.0

0 60 120 180 240
Angle 6 (°)
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Ballistic motion on hexagonal Fermi surface

Circular Fermi surface Hexagonal Fermi surface
\
A
v
K| |V Three main

propagation directions
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Three quantum paths given by symmetry




High temperature scale of 60K
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Three quantum paths given by symmetry

o

0
Apply fluxto this double chain ® = BLs - A = ( 0 )
=y
Ls

P Vi
—tie Po L

A(r')ar’ _ %yi _ —i2m

_i¢ frz
ti — tie h Tl
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e R ——..
Three quantum paths given by symmetry
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What are the “smoking guns” for topology in gapless
3D systemse

= New devices: mechanical motion on the microscale
Work in progress; Carsten Putzke, Jonas Dia:

= Quantum oscillations are powerful probes of phases,

fhey detect everything nof just Berry. M;(GUO et al, soonon
ArAlv

= Conftrolling current jetting on the micron-scale.
X. Huang et al., soon on
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