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SLAC At A Glance – DOE/University 
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•  SLAC is a U.S. DOE-funded  National 
Laboratory, operated by Stanford 
University; Established in 1962 

 
•  426 acres of Stanford land. 
 
•  ~50 Stanford faculty, ~1,500 employees + 

3,000 users, visiting scientists per year 
 
•  In the past operated SPEAR, PEP, SLC 

for high energy physics. 
 
•  Today operates 2 major DOE-BES 

scientific user facilities (LCLS and SSRL) 
– light sources 

•  SLAC is not only operated by Stanford 
University it is also a part of the 
University. SU students and faculty work 
at SLAC 



SLAC Now And Then – A Changing Mission 
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Stanford Linear Accelerator Center (SLAC), started out as dedicated high 
energy physics laboratory (1960 – mid 2000s) 
 
 
SLAC National Accelerator Laboratory today, enables accelerator based 
experiments (including cosmological accelerators) in general, with a 
particular focus on Photon Science. 
 
SLAC is a multidisciplinary user facility e.g. 
-  Life Sciences 
-  Applied Physics 
-  Astrophysics 
-  Chemistry 
….. 
 
 
Right: The LCLS undulator hall 



Outline 
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1.) Why synchrotron based x-ray microscopy? 
 
 
2.) A quick primer into soft x-ray absorption 
 
 
 
3.)  Examples: 
 
-   Chemical and magnetic sensitivity   LSMO 
-  High sensitivity microscopy:    Spin Injection 
-  High temporal and spatial resolution:    Spin Waves 



A Very Brief History Of X-ray Microscopy 
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The “power” of X-rays:  
 

-  X-rays provide SEE-THRU vision. 
- The incredible intensity allows nanometer resolution in three dimensions 



A Synchrotron Is A Pulsed X-ray Source 
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CHAPTER 3. EXPERIMENTAL TECHNIQUES 43
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Figure 3.5: X-rays from SSRL synchrotron: (a) X-ray intensity variation at
SSRL with time, (b) the bunch structure of SSRL, operating at 476 MHz with pulse
width of 50 ps.

The SSRL storage ring operates at 476 MHz, i.e. every 2.1 ns x-rays are produced

by electron bunches traveling at almost speed of the light inside the synchrotron ring.

The experimental time resolution is determined by the pulse width of these bunches

which is 50 ps. SSRL operates in top-o↵mode implying that the charge of the electron

bunches is topped o↵ every 5 mins. A plot of total intensity with its decay and top

o↵ every 5 minutes is shown in fig. 3.5, along with the bunch structure of SSRL. The

intensity distribution of bunches is very inhomogeneous with a lot of bunch to bunch

fluctuations. Hence it is extremely important to normalize these bunch to bunch

fluctuations, in order to have the sensitivity better than 5⇥ 10�4 to be able to detect

extremely small spin injection signal in Cu [69].

The detection of x-ray pulses was done using the electronic setup (‘time machine’)

built by Y. Acremann et al. [75, 76]. It is a unique photon counting system which

takes the input from the x-ray signal from APD (risetime ⇠ 500 ps) and allows us

to measure individual x-ray pulses. It is a single photon counting system which

labels a photon event as ‘1’ and no photon as ‘0’ for individual bunches. Up to

16 photon counters available in time machine can be freely configured to count on

any synchrotron bunch pattern. It also has pulse generators which can be used to

synchronize applied current to the sample with the bunch structure of the storage

ring. This way, many di↵erent bunches following the pump pulse (current excitation

pulse) can be acquired in separate counters, allowing one to simultaneously measure

the response of the sample at up to 16 di↵erent times after the pump pulse.

… it is a wonderful tool for time resolved studies with a few 10s of picosecond 
time resolution. 
 
… produces wide spectrum of polarized radiation (eV – keV) 
 
… but it also varies in intensity over time (~2%) due to electron loss 

 
à Normalization is crucial for high sensitivity  

à real time normalization, lock in to pulse structure 



X-ray Microscopy At The Nanometer and Picosecond Scale 
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The time structure 
and wavelengths of 

synchrotron 
radiation is uniquely 
suited to study the 

fundamental 
processes behind 

technologically 
relevant magnetic 

devices . 



A quick primer to Soft X-ray Absorption Microscopy 

IEEE 2017 DL - Santa Clara Valley Section 



Elemental And Chemical Sensitivity 
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Energy of absorption resonance (binding energy of core level)à Elemental specificity 

Shape of resonance DOS(E) of final states à Chemical sensitivity 



Polarization Dependence: XMCD 
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•  Optical transition conserve the electron spin 
•  Selection rules limit the number of possible transitions 

effectively generating spin polarized electrons as a probe 

Spin asymmetry in ferromagnets leads to 
 à X-ray Magnetic Circular Dichroism (XMCD) 



X-ray Microscopy 
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X Ray absorption can be detected in transmission, fluorescence or electron yield  

à X-ray and electron microscopy is possible with high spatial resolution.  



The SSRL Scanning X-ray Microscope 

à Effective double lock-in at 476 MHz and 1.28 MHz with 24hr stability ~ 1ps 
à Enables useful normalization in STXM and SNR of 105 - 106 after seconds 

RF Generator locked at  
 
n x 476MHz + 1/m x 476 MHz 

IEEE 2017 DL - Santa Clara Valley Section S. Bonetti et al. Rev. Sci. Instr. 093703, 86 (2015) 
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The Mystery Of Two Transitions in LSMO 
 
A “static” example 



The Mystery Of Two Transitions in LSMO 
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Investigate the microscopic origin of two transition temperatures in 
La1+xSr2-xMn2O7 –- Extensively studied by ARPES !! 
 
 
Bi layered LSMO with x~0.25 shows 
(Ling et al. PRB 62 15096 (2000)) 
 
 
-  a metal to insulator transition 
-  a ferromagnet to paramagnet transition 

around 120K 
 
 
Note: cubic LSMO is a ferromagnetic metal at RT 



Conduction above TC? Magnetism above TC? 

IEEE 2017 DL - Santa Clara Valley Section 

Nature Physics 2007 Phys Rev B 1998 



PEEM Reveals Magnetic Contrast Above 120K 
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Magnetic Inclusions And Linear Dichroism 
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- Layered sample exhibits linear dichroism 
 
-  Magnetic Impurities do not à 3D structure like 

cubic, metallic, ferromagnetic LSMO phase 

-  Stacking Faults !!! 



Stacking Faults Exhibit Metallic Signature 
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Mannella et al. PRB 2005 

XAS intensity at peak onset  
à Indicates DOS at EF 



Summary Example 2 
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1.  PEEM can be used to reveal effects from intergrowths in “real” samples 

2.  T* is due to stacking faults that are structurally more 3D like 

3.  Stacking faults are more metallic than the bi-layered host 
 
M. Hossain et al., Appl. Phys. Lett. 101, 132402 (2012). 
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Observing spin accumulation at 
interfaces and in the bulk 
 
Measuring tiny magnetic 
moments via high frequency 
lock in techniques 



Transient Magnetization and Giant Magneto Resistance 
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electron electron 

Spin polarization in Cu can 
be used to switch second FM 
 
 
Predicted less than 0.001 
Bohr Magneton per Cu atom 



Complex Sample – Buried Cu – High Current Density 
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Lithographically 
fabricated Pillars 

150 x 150 nm2, 
250 x 250 nm2  

Lithography done by 
J. Katine from HGST 

Stack Layers grown by 
A. Kent group from NYU 

Stack – Ta(3)/Ru(30)/Ta(3)/Ru(30)/Ta(3)/CoPd(10nm)/NiCo(2nm)/Cu(27 nm)/Au(50nm) 



XMCD of a Nanopillar 
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CHAPTER 6. IMAGING OF SPIN INJECTION INTO COPPER 87

in the second case it is the reflected electrons which are responsible for the transient

magnetization. In order to determine and compare the sign of spin polarization in Cu

for these two cases we follow the sign convention introduced in the Chapter 1. The

magnetization of Co is aligned in up direction, with majority spin channel pointing

in down direction. As magnetization is defined as m = �gµBs, the moment and spin

have opposite directions. So, in this case the majority states have spin down while

the minority states have spin up. Now let us take a closer look at the two cases,

In the first case of +5 mA, the electrons flow from the Co to the Cu layer as

shown in fig. 6.4a. The current flowing through the Co layer gets spin polarized

due to the di↵erence in conductivity of up and down spin channel in the Co layer.

Minority itinerant sp electrons undergo higher scattering in the Co layer owing to

more empty localized minority d-states present at the Fermi level, as seen in Chapter

1 fig 1.13. Futhermore, the minority (up) spins undergo higher reflection compared to

the majority (down) states at the interface. This results in more majority (down) spin

transmitted through Co and in turn, the magnetization of the transmitted current

through the Co layer is the same direction as Co magnetization (up). When these

majority electrons enter Cu layer, they lead to spin accumulation voltage at the

interface owing to unequal number of up and down electrons while in bulk Cu has
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Figure 6.3: Spin Injection into Cu with current polarity: (a) Shows the tran-
sient magnetization induced in Cu for +5 mA, (b) shows the transient magnetization
induced in Cu for -5mA, which shows opposite XMCD contrast compared to +5 mA.

Estimated 3x10-5 µB per Cu atom due to spin injection. 
 

Spectroscopy shows ~ ½ of the scattering at the interface. 

CHAPTER 2. MAGNETITE AND NANOPILLAR SAMPLES 36

can withstand KOH). As an additional protection step to prevent KOH from going

through the side edges, silicone is glued on the sides. The total etch time in KOH is

approximately 40 hours with an etching rate of about 0.5 µm per minute in 22.5%

KOH at 70 C. After KOH etching, black wax is removed by immersing the wafer

in xylene solution for ⇠5 hours. The black wax process is extremely dirty, however,

because the pillars are extremely small, the probability of a remanent black wax

particle residing on top of the pillar is relatively small.

The samples are then cut from the 6” wafer using a wafer saw into individual

(5 by 5 mm2) chips containing a single devices on the SiNx membrane. The chips

are mounted and wire bonded to custom printed circuit boards in order to apply

current pulses using external electronics. Resistance measurements performed on

these devices resulted in a resistance of ⇠47 ⌦.

The scanning electron microscopy (SEM) and STXM images of the nanopillar

devices at Cu L-edge and Co L-edge are shown in fig. 2.5. Fig. 2.6 shows the trans-

mission spectra of the Cu at the L3 edge along with the total transmission from the

entire layer stack. The Cu absorption is only 10% of the total absorption from the

entire layer stack.
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Figure 2.6: Transmission through the individual layers of the nanopillar
layer stack.

250 nm Cu contact  
t=27nm 

R. Kukreja et al., Phys. Rev Lett. 115, 096601 (2015)  



Magnetic Interface and Chemical Interface 
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1.) Significant alignment via spin torque at interface 
2.) Small spin accumulation per atom in Cu bulk 



OK – let’s ride some (spin) waves now 
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Spin Torque Oscillator and Spin Waves 
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J. Slonczewski, J. Magn. Magn. Mater. 195, 
261 (1999) 

H 

A. Slavin and V.  Tiberkevich, Phys. Rev. Lett. 95, 
237201 (2005) 

H 



Case 1: Out of plane anisotropy 

Free layer: (0.2Co|0.6Ni) x 6 

Fixed layer: Py 10 nm 

Spacer:  Cu 10 nm 

External field:  700 mT 
Current:   24-30 mA 
Contact:   ~150 nm 
Photon Energy:  778.2eV (Co L3) 
 

-  Precession of the magnetization will reduce M along x-rays 
-  Acquire images with current on/current off 
 
à Images of the envelope of the excitation   
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Observations 

No changes up to 29mA 
 
Onset of magnetic 
excitation at ~ 30 mA 
 
Excitation persists up to 
at least 34 mA 
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Conclusions – What is this? 
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à Sudden onset of excitation 
à Stability range of excitation 
à Line profile and width (~175 nm) cannot be fitted with propagating mode 
 

Consistent with real space image of a localized magnetic soliton. 

400nm 

D. Backes et al. Phys. Rev. Lett. 127205 (115), 2015 



Now We Rotate The Film And Magnetization In Plane …. 
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H=0.07T


Ni80Fe20(5nm)


CoFe(8nm)

Cu(3nm)




Following the Excitation in Time 
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1 deg, 4 nm Ni


Nano

Contact




50 nm 


x 

130 nm




Spin Wave Movie 
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200 
nm 

Out-of-plane 
cone angle H



Variation of Internal Fields à Asymmetric FMR 

IEEE 2017 DL - Santa Clara Valley Section 

Local FMR map
Internal magnetic field


Internal Field = Oersted field + External field + Dipolar field from polarizing layer 



Conclusion: Symmetry is Important 

Oersted and Dipolar field create potential well and a localized spin wave 
 (Slavin and Tiberkevich) 

 
But: the real potential landscape is asymmetric 
à  Asymmetric dynamics around nanocontact 

à  Additional nodes in excitation 

S. Bonetti et al, Nature Comm.  8889, 9, (2015) 
IEEE 2017 DL - Santa Clara Valley Section 



Summary 

X-ray microscopy is able to image the dynamics of spin current  
driven devices in operations and realistic environment on the  
Nanoscale. 
 
 
 
 
 

Sensitivity sufficient for spectroscopic characterization  
of dynamically induced changes in the electronic structure. 

 
 
 
 
 
 
Complex dynamics behavior can be observed in basic device structure taking into 
account the “real” geometry and boundary conditions. 
 

CHAPTER 6. IMAGING OF SPIN INJECTION INTO COPPER 87

in the second case it is the reflected electrons which are responsible for the transient

magnetization. In order to determine and compare the sign of spin polarization in Cu

for these two cases we follow the sign convention introduced in the Chapter 1. The

magnetization of Co is aligned in up direction, with majority spin channel pointing

in down direction. As magnetization is defined as m = �gµBs, the moment and spin

have opposite directions. So, in this case the majority states have spin down while

the minority states have spin up. Now let us take a closer look at the two cases,

In the first case of +5 mA, the electrons flow from the Co to the Cu layer as

shown in fig. 6.4a. The current flowing through the Co layer gets spin polarized

due to the di↵erence in conductivity of up and down spin channel in the Co layer.

Minority itinerant sp electrons undergo higher scattering in the Co layer owing to

more empty localized minority d-states present at the Fermi level, as seen in Chapter

1 fig 1.13. Futhermore, the minority (up) spins undergo higher reflection compared to

the majority (down) states at the interface. This results in more majority (down) spin

transmitted through Co and in turn, the magnetization of the transmitted current

through the Co layer is the same direction as Co magnetization (up). When these

majority electrons enter Cu layer, they lead to spin accumulation voltage at the

interface owing to unequal number of up and down electrons while in bulk Cu has

(b)(a)

1.00008

1.00004

1.00000

0.99996

0.99992

151050

C
u

rr
e

n
t 

O
n

/O
ff

Pixel

On Pillar

-5 mA

σ+

σ−1.00008

1.00004

1.00000

0.99996

0.99992

151050

C
u

rr
e

n
t 

O
n

/O
ff

Pixel

On Pillar

5 mA

σ+

σ−

Figure 6.3: Spin Injection into Cu with current polarity: (a) Shows the tran-
sient magnetization induced in Cu for +5 mA, (b) shows the transient magnetization
induced in Cu for -5mA, which shows opposite XMCD contrast compared to +5 mA.
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