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Co/Cu multilayers =
Co (3nm) ;
Cu (1.8nm) =
Co (3nm)
Cu (1.8nm) T T Y Sy R

H (kG)
J. Appl. Phys. 75, 362-367 (1994), Phys. Rev. B 87, 134406 (2013)

Bass, J. (2016) in: Xu, Y., Awschalom, D., Nitta, J. (eds) Handbook of Spintronics. Springer

Exhibit Giant Magnetoresistance

- Characterize interfaces



gl"é:_‘ﬁﬁg“ Examples for heterostructures: (Co/Cu)y

B Faculty of Physics

New machine:

3-D Magnetic ac-field at 10-20 Hz

Sample holder with in situ
resistance measurement

Sputter- and MBE chambers

Fast electronics to shuffle
5000 data points per sec over
hours

. — . B C .

Complete field loop R vs. H in 0.2 sec R | Fmamnisterium MQ Sens
und Forschung

9 From one fleld Ioop to the neXt! we Forschungslabore Mikroeleltronil Deutschland

!1ave about 0.1 monolayers thickness Kl4ui (UMZ), Reiss (UBI)
increase
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In situ magnetoresistance characterization

All Co & Cu Layers 4th Co Layer
10 1 3.0 2.9x10°
R 87 € 227 2.8x 10°
£ p le
[ [}
£ T . £
2 6 101§ =2 20 27x10° 5
g c 2 £
£ 55 =
4 - a4 0
% s 2.6x10
) O
1.0 A
2 .
—pr2.5%x10°
0 - 100 0.5 | T T T T T T T T T
5 10 15 20 25 30 0.00 025 050 075 1.00 125 150 175 2.00
Thickness in nm Thickness in nm

= Unexpected behavior for d., lower than about 1nm
* Pronounced maximum (? oscillation) with Co thickness
» GMR also increases with the first few atoms of Cu

= Explanation pending ..
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Sensing, memories ..

» Detect the position and movement of magnetic particles

« By sensing the stray field of
magnetic nanoparticles

8
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1.4e-05
] —— 767Hz PARTICLES
1.2e-054 | = 767Hz NOParticles
1e-05

2f-signal in V
3
&

Sensing of magnetic particles & biomolecules

Particle-signal

pd :

/ Oersted field
/ Conming < compensation
Sense Layer PY 10 nm Weak RKKY_

Interlayer [ 4 coupling

Py 4 nm
1 Pinning Mnir 10 nm Strong Exchange-
2e-06 . :
- Buffer [ Bias-coupling
0 Si/Si0 Wafer
-2e-06 T T T T ] T T T T I T T T T ] T ] T T T T ] T T T T l T T T T ] T T T T ' T T T T I

MAgnetic Diagnostic Assay

for neurodegenerative discases

PN

15
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AM
a)
FM

A
&

O
S

0

c) Spin split band structure
b) of a model altermagnet (FM)

AFM - No net spin polarization

- But in this case spin polarized currents
depending on direction.

Vea
N/

x»
X

y = Interesting for many phenomena:

"

Tunneling Magnetoresistance
Spin Orbit Torque #1 (switching of a FM)
Spin Orbit Torque #2 (switching of an AM)

a) Spin split band structure
of a simple ferromagnet (FM)
b) Band structure of a simple
Antiferromagnet

... and many more </

L. Bai, W. Feng, S. Liu, L. émejkal, Y. Mokrousov, Y. Yao, Altermagnetism: Exploring New Frontiers in Magnetism and
Spintronics. Adv. Funct. Mater. 2024, 34, 2409327. https://doi.org/10.1002/adfm.202409327 11
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4 O ,
s § R
Ru2\/e o Crystal structure and magnetic

moments (Ru) of RuO, (tetragonal
lattice with different surroundings of
the two Ru sites).

. -
A Rut > &
TS(S=1,P) K
CNE, CTHE </

Reason for magnetic ordering is not primarily spin-orbit coupling, but
due to crystal symmetry - expected to be robust with respect to
contamination, doping etc.

But magnetic order for RuO, is also reported as fragile !

A. Smolyanyuk, I.I. Mazin, L. Garcia-Gasull, R. Valenti, Fragility of the magnetic order in the prototypical altermagnet

RuO,, Phys. Rev. B 109, 1345424 (2024)

L. Bai, W. Feng, S. Liu, L. émejkal, Y. Mokrousov, Y. Yao, Altermagnetism: Exploring New Frontiers in Magnetism and
Spintronics. Adv. Funct. Mater. 2024, 34, 2409327. https://doi.org/10.1002/adfm.202409327 12
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» Altermagnets
o Growth of RuO,

14
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- RuO, in (110) direction

- Twinning possible

15
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E/[010]
"y
JP/[100]
k.’ Spin down
(001) plane

- Need to grow (110) or (101) direction

- Not many substrates possible

- MgO with (001), (110) ..
- TiO, (100), (110) ..
- MgF,

H. Chen et al., Altermagnetic Spin-Splitting Magnetoresistance, arXiv:2412.18220 [cond-mat.mes-hall] 16
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RuO,(110) [25nm;

TiO,(110)/MgO(001)

RuO, growth using reactive magnetron sputtering

———— » deposition of RuO, at 310°C
1-10° mbar * Ar:O, ratio of 4:1

RuO; (110) 410" mbar
j _ . .10-3
MgO- — 7.10% mbar pressure of 7 - 107> mbar

substrate

1

reported techniques for single crystalline RuO, growth:

Intensity [arb. unit]

pulsed laser deposition: Fedchenko et al., Sci. Adv. 10, 5 (2024)

Feng et al., Nat Electron 5, 735 (2022)
KeRler et al., APL Mater. 12, 101110 (2024)

molecular beam epitaxy: Ruf et al., Nat Commun 12, 59 (2021)
Bose et al., Nat Electron 5, 267 (2022)

4 6 8 10 12 14 16 18 20 22 24
o [deg]

17
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RuO, on TiO,

N Maik Garner

Ta(111) [5nm]
Co,Fe,B,, [4.50m]
MgO(001) [2.0nm]
RuO,(110) [25nm]

TiO,(110)

, —_—
1 Ti0,(110)
io, g [110:0220) Ti0,(330) o measured data
] : E cumulative fit 7
— | | |Ru02 (110)
€ 4 , [_1Tio, (110) >
g ] ' :
©
S RU(OPOZ) | | 270° ig
£ 4 £
2 2
£
FWHM=0.88°
60°
w=g5° 225
20 30 40 50 co 70 8 %0 100 110 13.2 134 13.6 13.8 14.0 14.2 14.4 146 14.8 70°
26 [deg] o [deg]

Highly textured (110) growth of RuO,, no twinning visible

18
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- . - . 3
§ _ - : P N ,"
.-.-—7—,;-._— - = .V .»: '» ) ! . ! o *"’.‘«’ L

‘} -
A *
o
90° i
20 [deg]

Again, highly textured (110) growth of RuO, with twinning

Co,Fe,B,, [4.5nm]
Mg0(001) [2.0nm]

Ru0,(110) [25nm]

MgO(001)

MgO(004)

Intensity [arb. unit]
Norm. Intensity

1 N 1 M 1 N T N T N I M 1

N 1 M 1
30 40 50 60 70 80 90 100 110

19
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112

p [nQ cm]

110

heat up
cool down

RuO,[20nm]
MgO-substrate

RuO, resistance vs

70

60 |-

dp/dT (uQ cm K™)

50 r

1
00 350 400
T(K)

p (MO cm)

40
wm— RUO,/TiO,(110)
RUO,/TiO,(100)
——— RuO,/TiO,(001)

30

20

0 100 200 300 400
T(K)

| |
300 350 400 450
T (K)

_‘|)

dp/dT
(LQ cm K

Similar features as

. femperature

Compare to
Feng et al.
RUOlei02

Feng et al.
RuO,/MgO

in Feng et

al. Nat Electron 5, 735 (2022),
related with Neél temperature,

but hysteretic.

20
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» Altermagnets

o Properties of RuO, / Permalloy
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Finn Peters

Py(202) peak at26 =76.349°
90°

S
o

W
w

W
o

T
N
w

F 15

180°

N
o
intensity
o
intensity

r 10

270° 270°

0

- Polycrystalline growth of Permalloy (Nig,Fe,;) ¥ - No magnetic crystalline
- Sixfold symmetry in XRD texture maps anisotropy for

- (111) texture with twinning Permalloy expected
22
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MOKE Data from MgFz/Ru0O2/Py/MgO/Ta
90°

Remanence

1352

180°

Magnetic Moment (emu)

(001)

270°

- Strong induced uniaxial anisotropy

- Remanence different for
0° and 180° ??

-2 4

Magnetism of MgF,/RuO,/Permalloy

Exchange Bias and Coercive Fields

le-5
il —=- Ha= —370.260e
11
...... : : === H; =20.370e
-
S 1 — EB= —174.940e
- i .
-~ 1 f Data with error bars
11
11
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0 5]
: i
- : 11
0»::.’""'-.‘ H T
e, i
e L. 11
= [ i
£ il |(-174.940e]
! 11 L J
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: 11
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: +H+
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I "
H <
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H ] =
- . 1
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. - i
e % - 11
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fe- . -, 11 —
e o i
R SWae oW L/ * -
%ss‘ I : ......
i
11
J T T l ll T T
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Magnetic Field (Oe)

- Exchange bias of = 17.5 mT
- Hint for antiferromagnetism in RuO,
- Unstable upon annealing

- Mo Mg for permalloy = 1.05T
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» Altermagnets

o Harmonic Hall investigation of torques in RuO,/ Permalloy

24
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For Ferromagnet: Magnetic Field B,
at ip-angle ¢

I I U=R’L Comput;erwith
Lock In Cards

First, second and third harmonic signal

(x and y components) .
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Harmonic Hall Measurements RuO, / Permalloy

Niklas
Schmolka

Expect:

Viu = (Ry + Rapg)losin(wt) + Ri“‘H plocos(2wt) = Vo + V sin(wt) + Vo, cos(2wt)

Vi, = Rpsin(2¢)ly  Rp: Planar Hall Effect Resistance

By 1 Bpy Iy
“Rpcos(20) — —=————Rapp + o' Iy)—=cos(p
BT (2¢) 2B, A 0)—=cos(p)

V2
Br. / Bp.: Field- and damping-like field
B« Effective field including anisotropy
Bexi: External field
Rane: Anomalous Hall Effect Resistance
a’ : Includes Anomalous Nernst Effect

Oty pr = 2; BoLy IffL‘\[‘“fF M Mg: Saturation Magnetization
’ JAM C tey: Thickness of FM layer
jam: Current density in AM

c: Correction factor* = 1/1.45

* L. Neumann, M. Meinert; Influence of the Hall-bar geometry on harmonic Hall voltage measurements of
spin-orbit torques. AIP Advances 1 September 2018; 8 (9): 095320. https://doi.org/10.1063/1.5037391 26
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Harmonic Hall Measurements RuO, / Permalloy

Niklas
Schmolka
- . ’/_;, ,,_\\\ CenX Ft
o ‘.  X-ray reflection tm=4.54 + 0.23 nm
%w N\ tam=5.56 £ 0.6 nm
glt “ :’/‘ \\‘.
Roughness < 1nm
0 010 qlA-l]uin 025 0.3 03s
0.225
“1 Anomalous
0175 IJoMS ~1+£0.02T

Hall Effect

Ry = 0.086 + 0.001Q

20 -15 -10 -05 00 05 10 15 20

27
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Harmonic Hall Measurements RuO, / Permalloy

Niklas
Schmolka
Expect:
V., = Rpsin(2p)I, »Planar Hall Effect®
. Bpr, , 1 Bpy, Iy
‘/2w = (— RPCOS(ZL,Q) — = RAHE + O“IIO)—‘(‘.OS(Q)
Bert 2 Beff \/Z
Get:
(a) (b)
0.006 1 0.006 1 ® Daten
— Fit
0.005 A1 0.005 A
0.004 0.004 A
o 3
0.003 A 0.003 1
0.002 A 0.002 A
0.001 A 0.001 A
6 56 1(;0 15'0 260 2510 360 3510 6 Sb 160 1_‘;0 260 2§O 3(;0 35;0
¢ [deg] 9 [deg]

Examples of the first harmonics for a magnetic field of (a) yoH = 80mT and (b) pogH = 350mT.

28



UNIVERSITAT
BIELEFELD

B Faculty of Physics

Harmonic Hall Measurements RuO, / Permalloy

Niklas I
—_— — 1
Schmolka !
le—6
4 e « somT
34 o BN e 150mT SeCOHd
o’ Ne e 200mT ]
| S A : - 2o | Q@ArMonIc
* o RS ot NN . . 300mT
o : Hall Voltage
s .
5 0 for different
-1 H
applied
_2 <
fields
0 50 100 150 200 250 300 350
Qcorr (deg)
06 1 } a) b) I { f { ; i [
04y [ 03 - t : T
- Pt [
00 { i
o r % o 02
© 021 T L ©
L J
-0.4 - ? = Durchschnitt = Durchschnitt
-0.6 $ o Halkreuz 3 011 § O Hallkreuz 3
os ] § o Halkreuz 2 § 6 Hallkreuz 2
‘ 1 $ Oo. Halkreuz 1 $ . Hallkreuz 1
_10 T T T T T T
100 200 300 400 500 600 00 100 200 300 400 500 600
HoH[mMT] HoH[MT]

The (a) damping-like B85, and (b) field-like Ogr, SHA's of the Hall crosses at
different applied fields - Torques seem to be present - Antiferromagnetism 29
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» Altermagnets

o Neél vector switching in RuO,/Pt

30
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Neél vector switching in RuO,/Pt

Florian
i Knossalla

in '
: 20 ym /
Jo

yo)
% A
Image of the 8-cross D
pattern with an overlay _
depicting the measure- p A 2l > jo <
ment geometry. Current pulses
@ 2
Detect either longitudinal 0@,"@(“ =
resistance (AMR) or P £
Q

-as in the sketch- / i; um m
4 uF
C

perpendicular voltage
(PHE). urrent pulses

31
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Knossalla %

Expect: N\
- Nothing if all is simply metallic and not magnetic ?
- Anisotropic Magnetoresistance or Planar Hall voltage, if Neél

vector rotates

4 ym

Compare to
Switchina in MnN/Pt1_ |

Get:
f" E;_:
§ )
< Control |n Nb (Electromlgratlon
= -8 :
E -6():: i
:C‘ '62:“. : :
6 ]
, 66 }i‘ HT sample E
UUUUUUUUUU tlme [s]buuu BOOO 1Cc000 ‘65[] .-|) l|U 11'-’ 2|U
time (minutes)
M. Dunz, PhD thesis Uni Bielefeld (2021), Prof. M. Meinert, ?Phys. Rev. Research, 2(3):033077, 2020

https:/doi.org/10.1103/PhysRevResearch.2.033077 32
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Neél vector switching in RuO./Pt

Florian o ’20 um
,

Knossalla %,
’os

pulse line

’ J "
Unclear up to now, if
really Neél-Vector switching s i R
is achieved. -y = 09975
1.150 - . 7
= i - 0.9950
Seems, however, not to be (pure) ]« = [
electromigration. 00y
p o - 0.9900
1.075 A s N
. . » > - 0.9875
Ongoing experiments: 1.050 1 A
’,-’ L% - 0.9850
1.025 - 3 \
. - . r i L W
ReSIStance drops upon IncreaSIng 1.000 ‘/" -®- - Relative Current Density -®  Relative Resistance'\\. - 0.9825
the pulse current density. 1 2 3 4 5 & 71 8 9

measurement index

Look for structural changes...
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» Altermagnets

o Magnetic tunnel junctions RuO,/MgO/CoFeB

34



UNIVERSITAT Altermagnetic tunneling magnetoresistance
BIELEFELD

BN Faculty of Physics Maik Garner
RuO, (110)/barrier/ferromagnet tunnel junction

RuO, spin splitting along '-M ([110]) direction

== spin-polarized current along [110]

1 ;
yam A\
== different transmissions for parallel/antiparallel - Spif‘pc;g;g .
states S
2
3 0
1] /
M 1 — \\ o [ Mg
! N Y — |
e ‘ — -1
[ -M r M
= N ' == Wave vector
high current ) ] ) - low current k [001]
tunnel . 4 i7» -
barrier A R' [T =
[110] M« = - -M
T<[ﬁ°1 Kaaof X | Koy
g—1
Fedchenko et al., Sci. Adv. 10, 5

(2024)
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B Faculty of Physics cb,‘,Fe,‘,B;o [4.5nm]
MgO(001) [2.0nm]

110) [25
Ru0,(110) [25nm] \

Ferromagnet fix
Barrier

| — wue  AMIFM

— up-down
® Difference

P AM/AM

2.54 —— up-down

Difference
¢ 0.4 A

2.0 -
agreement with

15 4 Smejkal et al., Phys. Rev. X
12, 011028 (2022)

conductance [e”™2/h] * 10000.0
conductance [e”™2/h] * 10000.0

1.0 1
0.5 1
0.0 A L
-4 A 0 2 4 -4 -2 0 2 4
energy [t] energy [t]

Different features: Smaller conductance, up-up can be also smaller
than up-down
But: Energy not experimentally accessible

Accessible parameters: Voltage U, direction of ﬁm
38
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M Faculty of Physics Co, Fe, B, [4.5nm]
MgO(001) [2.0nm]
RuO,(110) [25nm] .
Ferromagnet var.
Barrier
. Angle
8 —— Energy 0 dependence
5 — Energy 1 - Different
Control = signs for
60 - diff. energy
.| Voltage dependence - not
- Different signs sinusoidal
%7 for diff. voltage | .
s 971 -if more bands are 0 200
z 204 involved: More Angle (deg)
= _40] structure
0] €Xpected In comparison with “simple”
tunnel-junctions more complicated
—801 _— behavior expected such as
1o —os 00 0’5 10 sigh changes or zero-TMR regions
Voltage (V) as function of voltage.

39
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Inga Ennen RuO, / MgO / CoFeB tunnel junctions

[ , [4.5nm]
MgO(001) [2.0nm]
Ru0,(110) [25nm] \

Mainly amorphous CoFeB

Partly crystalline MgO
Twinned RuO, (110)

- RuO, on MgO shows
twinned structure

- On TiO, much less twinning

- Barrier MgO continuous but

rather rough, partly

crystalline, ongoing work ....

40
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MTJ fabrication using e-beam lithography

» 3 step lithography process
« circular pillars with diameters d=200nm-2um

MgO(001)/TiO,(110)

400
T=3K 2] T=30K
054 T=8K _ |
g MgO-Substrate 1 TiO,-Substrate
MgO-Substrate = 300 4
= 14
< £2 . - |
= 0.0 ] < 2
8 g 200 . 8o
8
L j
a 4
o
I -1 4
B | - | /
T T T T T T -2 T T T
-0.1 0.0 0.1 -0 0.0 01 -0.2 0.0 02
Ubias V] DC bias [V] Uy V]

Tunneling curves show typical nonlinear behavior
around U = 0V - Tunneling seems oK.

41
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‘

4—

Ta(111) [5nm]
Co,Fe,B,, [4.5nm]

Mg0(001) [2.0nm]

RuO,(110) [25nm]

MgO(001)

LI resistance (U32%/1,.) [kQ]

Maik Garner

Tunneling MR in RuO,/MgO/CoFeB

H out of plane

10% —= 10°
—RUQ2/ 1102/0Cr0U,
\_ RuO,Ti0,/CrO
g - [
out-of-plane switching of the ferromagnet - :;==<\/}]\
210°} Sy 110°
= TMR up to 13.2% at 3K 0 \ o -
g r ¥(:)'_. ,\ XX —-—"‘—/ | E
- equal switching fields in TMR and VSM ST e Y \ 1015
= ]
: o [— —Positive TMR e 8 ™M
== sign of the TMR is bias voltage dependent Jgo[NegativeTMR . ”
050 025 000 025 050
E-E- (eV)
Chi et al., Phys. Rev. Appl. 21 034038
(2024)
260 I v I T T T T T 250 T T T I T 1 T I
TMR=8.3% . TMR=-13.2%
. 240 - -
250 - - ]
230 - .
4 2404 - 220 - 4
930 210 - .
| U,;.=13.5mV i 1 Upias=16.4mV
I ! I ' I I I 200 I ' I I ' I I
-4 -2 0 2 4 -4 -2 0 2 4
HOOp [T] Hoop [T]
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H in plane
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Co,Fe B, [4.5nm]
T T T T T T T T T MgO(001) [2.0nm]

® exp. data RuO,(110) [25nm] .

fit

S0 0 100 200 300 400
O angle of field direction [deg]

I T T (6 T T T T T
— 77 _ i — | ]
G ] ] G 75- i
2,76 ©=80° ] 2" O=170° -
O or ] ' o 47 .
O 751 - O .
C c 734 -
© 74 - 4 -'(E |
v O 72 1 -
‘» 731 ] 8 71 i _
9 72 - - baet 1

T T T T T 70 T T T T T

-0.5 0.0 0.5 -0.5 0.0 0.5
H,, [T] Hip [T]
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+ T T T T T T T T T
Upias=16mV ® exp. data
i ft T
3
2 o ]
o
= ®
|_
RuO,[110]
N . |
400 0 100 200 300 400
angle of field direction @ [deg]
simple two-domain fitting model:
Ta(111) [5pm] ) 1 1 -1
Co,Fe,B, [45nm] Y = Amp. - (RO + sin(x + phase) * Twin_A + Ry + cos(x + phase) = (1 — Twin_A)> -1
MgO(001) [1.5nm] 1 1 -1
RuO,(110) [25nm] B (RO + sin(x + 180° + phase) * Twin_A + Ry + cos(x + 180° + phase) * (1 — Twin_A))
MgO(001) .. .
Twinning analysis:
from XRD: from TMR fit:
Twin A: 42.8% Twin A: 43.0% —> reasonable
Twin B: 57.2% Twin B: 57.0% agreement

44
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Temperature dependence of the oop-TMR
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Tunneling MR in RuO,/MgO/CoFeB

Uy, =40mV
244 | L} | T
244 - | | | | l_ i | | | | |
242 - 1 2427
238 i - 238 —
I 4K . . 8K
236 — J 236 -
| L B N B | | | | I
2 =% 0 2 4 4 -2 0 2 4
240 | | 1 } | | |
| | | | | | 115.0 — | | | v| | |
238 - 114.8 - 11
236 — 114.6 —
— 20K ] 114.4 5 1" 200K 1
| L L B 114.2 i 11" LY
4 -2 0 2 4 4 -2 0 2 4
B opil 1] B oop: 111
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» Altermagnets

o Growth of Mn;Si;
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2 — 4“ sample heater

e Deposition via
snodzniog co-sputtering
of Mn and Si

sensor

sensor

/ o> . & i A magnetron
/ ‘ . sputter sources
4 mm / \ , ‘1‘[

evaporator
cover

2WTN4

@ different
rcliemgl substrate temperatures

48



g{;:}ﬁﬁgﬂ Maximilian Altermagnets MnySiy

s Faculty of Physics Koll - WOI'kS on progress

10000 Highly textured
AlL,O4(0006) Al,O4(000 12) 9"0Wth of Mn58i3
@ 1000 in (0001) direction
3 Mn;Si5(0002)
100 Mn;Si(0004)
w A
||Iﬂ|”||ﬂmnm EWMWWHM M\ m I“HlH L
100  29/°
7007 l l 37'434' 37 452° | ] ‘; s
600 - e - Mn5Si3
500 l _ crystals with
. _ . about 0.5° FWHM
O 300 1 ] - % : 1 Island growth with
200 - o 1 » infinite resistance
100 - . for TDep > 360°C
. 360°C

T T T T T | E— T T T T
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> RUOZ:

o Confirm, if Neél vector switching
Is present
o Improve tunneling barrier

» Modify growth of MnySiy

» TMR and GMR in Altermagnet-Devices

» Spincaloric effects (T. Kuschel)
Many thanks to

K. Rott, J.-M. Schmalhorst, |l. Ennen,
A. Thomas, T. Kuschel, L. Kempe,

N. Schmolka, F. Knossalla, F. Peters,
M. Koll, M. Garner

Counts

Intensitat [willk. Einheiten]

MgO
Barrier

Ovutlook

0.140 mbar
+  0.100 mbar
0.092 mbar
- 0.080 mbar

- =
IIIIII

Mn;Si,(0002)

T
360°C (18nm)
520°C (23nm)
360°C with 1.4nm
seed layer (22nm)




