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Outline
• A little history of sputtering

• Demand for high crystalline quality films

• Off-axis sputtering: important factors

• Epitaxial films grown by off-axis sputtering: structural quality

o Perovskites and double perovskites

o Magnetic garnets

o Heusler compounds

o Intermetallics, metals, alloys

o Binary oxides

* References to papers

• Outlook
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Sputtering Techniques

• Diode sputtering
• DC voltage of 1 - 5 kV
• Gas pressure of 10 - 100 mtorr.
• Very low deposition rate

• Triode sputtering
• A hot cathode as extra electron source

• Ion beam sputtering
• Needs a separate ion source

• Magnetron sputtering
• Developed since 1970s
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• Modern condensed matter and materials research demand and start with 
high quality materials

• Single crystalline materials are arguably the most important class of materials 
for this purpose

• Bulk single crystals
• Single crystal films and multilayers by epitaxy

Demand for High Quality Films



Deposition of Epitaxial Films of Wide Range of Materials: 
Innovative Off-Axis UHV Sputtering
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Deposition of Epitaxial Films of Wide Range of Materials: 
Innovative Off-Axis UHV Sputtering
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P ~ 10 mTorr

: 50 - 60

Yang & Hammel, J. Phys. D, Topical Review, 51, 253001 (2018)

• Stoichiometry (complex materials)

• Phase purity

• Compositional uniformity

• Crystal ordering

• Sputtering target
o Phase-pure, powder target

• Total pressure

• Sample position

• Deposition rate

• O2 content



Perovskites & Double Perovskites

ABO3 single perovskite &
A2BB’O6 double perovskite
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A2BB’O6 double perovskite 
(e.g., Sr2CrReO6):
• Ferrimagnetism
• High Curie temperature
• Half-metallic (100% spin 

polarization)

ABO3 perovskites (e.g., SrTiO3):
• 100s – 1000s compounds
• High Tc superconductivity
• Ferromagnetism
• Antiferromagnetism
• Ferroelectricity
• Piezoelectricity
• Multiferroics
• Solar cells



Epitaxial Films of Double Perovskites

A2BB’O6 double perovskite
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Extraordinary magnetic anisotropy 
in Sr2CrReO6 films

• 90-nm Sr2CrReO6

films as a function 
of strain and 
temperature

• Magnetocrystalline 
anisotropy as large 
as tens of Tesla

• Perpendicular 
magnetic anisotropy 
for Sr2CrReO6 films 
grown on Sr2CrNbO6

buffer layers on 
SrTiO3 with tensile 
strain

Lucy, et al. Phys. Rev. B
90, 180401(R) (2014).



References for perovskites 
& double perovskite films
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Garnets

A3B5O12 garnets
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Y3Fe5O12 (YIG):
• Ferrimagnetic insulator (ferrites)

• Extremely low damping, low loss
• Microwave ferrites are ubiquitous in systems that 

send, receive, and manipulate electromagnetic 
signals across very high frequency to quasi-
optical frequency bands

• Arguably the most important microwave 
material
• Microwave filters
• Microwave oscillators
• Frequency synthesizers
• Microwave circulators
• Microwave circuits

• Radars
• Telecommunication



Epitaxial Films of Magnetic Garnets
Y3Fe5O12 (YIG)
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Epitaxial Films of Magnetic Garnets
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Spin pumping in YIG/metal bilayers
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• SH changes sign at nd+s  7

➢ nd+s = 7 → nd = 5: half fill

• Surprisingly large SH for 3d metals
• mV inverse spin Hall voltage

Wang, et al. Phys. Rev. Lett.
112, 197201 (2014).



Epitaxial Films of Magnetic Garnets
Tm3Fe5O12 (TmIG)
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Magnetic skyrmions in TmIG/Pt thin bilayers
Tm3Fe5O12 (TmIG)
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References for magnetic garnet films

17

1. Du, C. H., et al. Probing the Spin Pumping Mechanism: Exchange Coupling with Exponential Decay in Y3Fe5O12/barrier/Pt 
Heterostructures. Phys. Rev. Lett. 111, 247202 (2013).

2. Wang, H. L., et al. Large spin pumping from epitaxial Y3Fe5O12 thin films to Pt and W layers. Phys. Rev. B 88, 100406 (2013).
3. Adur, R., et al. Damping of confined modes in a ferromagnetic thin insulating film: Angular momentum transfer across a nanoscale 

field-defined interface. Phys. Rev. Lett. 113, 176601 (2014).
4. Du, C. H., et al. Experimental and Numerical Understanding of Localized Spin Wave Mode Behavior in Broadly Tunable Spatially 

Complex Magnetic Configurations. Phys. Rev. B 90, 214428 (2014).
5. Du, C. H.; Wang, H. L.; Yang, F. Y.; Hammel, P. C. Enhancement of Pure Spin Currents in Spin Pumping Y3Fe5O12/Cu/metal Trilayers 

through Spin Conductance Matching. Phys. Rev. Applied 1, 044004 (2014).
6. Du, C. H.; Wang, H. L.; Yang, F. Y.; Hammel, P. C. Systematic variation of spin-orbit coupling with d-orbital filling: surprisingly large 

inverse spin Hall effect in 3d transition metals. Phys. Rev. B 90, 140407(R) (2014).
7. Wang, H. L.; Du, C. H.; Hammel, P. C.; Yang, F. Y. Strain-Tunable Magnetocrystalline Anisotropy in Epitaxial Y3Fe5O12 Thin Films. Phys. 

Rev. B 89, 134404 (2014).
8. Wang, H. L.; Du, C. H.; Hammel, P. C.; Yang, F. Y. Spin Current and Inverse spin Hall Effect in Ferromagnetic Metals Probed by Y3Fe5O12-

Based Spin Pumping. Appl. Phys. Lett. 104, 202405 (2014).
9. Wang, H. L.; Du, C. H.; Hammel, P. C.; Yang, F. Y. Antiferromagnonic Spin Transport from Y3Fe5O12 into NiO. Phys. Rev. Lett. 113, 

097202 (2014).
10. Wang, H. L., et al. Scaling of Spin Hall Angle in 3d, 4d, and 5d Metals from Y3Fe5O12/Metal Spin Pumping. Phys. Rev. Lett. 112, 197201 

(2014).
11. Wolfe, C. S., et al. Off-Resonant Manipulation of Spins in Diamond via Precessing Magnetization of a Proximal Ferromagnet. Phys. Rev. 

B 89, 180406(R) (2014).
12. Adur, R., et al. Microscopic studies of nonlocal spin dynamics and spin transport. J. Appl. Phys. 117, 172604 (2015).
13. Adur, R., et al. The magnetic particle in a box: Analytic and micromagnetic analysis of probe-localized spin wave modes. J. Appl. Phys.

117, 17E108 (2015).
14. Du, C. H.; Wang, H. L.; Hammel, P. C.; Yang, F. Y. Y3Fe5O12 Spin Pumping for Quantitative Understanding of Pure Spin Transport and 

Spin Hall Effect in a Broad Range of Materials (Invited). J. Appl. Phys. 117, 172603 (2015).



18

15. Manuilov, S. A., et al. Spin pumping from spinwaves in thin film YIG. Appl. Phys. Lett. 107, 042405 (2015).
16. Wang, H. L.; Du, C. H.; Hammel, P. C.; Yang, F. Y. Spin transport in antiferromagnetic insulators mediated by magnetic correlations. 

Phys. Rev. B 91, 220410(R) (2015).
17. Brangham, J. T., et al. Thickness dependence of spin Hall angle of Au grown on Y3Fe5O12 epitaxial films. Phys. Rev. B 94, 054418 

(2016).
18. Gallagher, J. C., et al. Exceptionally high magnetization of stoichiometric Y3Fe5O12 epitaxial films grown on Gd3Ga5O12. Appl. Phys. Lett.

109, 072401 (2016).
19. Prakash, A.; Brangham, J.; Yang, F. Y.; Heremans, J. P. Spin Seebeck effect through antiferromagnetic NiO. Phys. Rev. B 94, 014427 

(2016).
20. Bartell, J. M., et al. Imaging Magnetization Structure and Dynamics in Ultrathin Y3Fe5O12/Pt Bilayers with High Sensitivity Using the 

Time-Resolved Longitudinal Spin Seebeck Effect. Phys. Rev. Applied 7, 044004 (2017).
21. Kimling, J., et al. Picosecond Spin Seebeck Effect. Phys. Rev. Lett. 118, 057201 (2017).
22. Singh, S., et al. Strong Modulation of Spin Currents in Bilayer Graphene by Static and Fluctuating Proximity Exchange Fields. Phys. Rev. 

Lett. 118, 187201 (2017).
23. Wang, H. L.; Du, C. H.; Hammel, P. C.; Yang, F. Y. Comparative determination of Y3Fe5O12/Pt interfacial spin mixing conductance by 

spin-Hall magnetoresistance and spin pumping. Appl. Phys. Lett. 110, 062402 (2017).
24. Prakash, A., et al. Evidence for the role of the magnon energy relaxation length in the spin Seebeck effect. Phys. Rev. B 97, 020408 

(2018).
25. Ruane, W. T., et al. Controlling and patterning the effective magnetization in Y3Fe5O12 thin films using ion irradiation. AIP Adv. 8, 

056007 (2018).
26. Ahmed, A. S., et al. Spin-Hall Topological Hall Effect in Highly Tunable Pt/Ferrimagnetic-Insulator Bilayers. Nano Lett. 19, 5683 (2019).
27. Cheng, Y., et al. Nonsinusoidal angular dependence of FMR-driven spin current across an antiferromagnet in Y3Fe5O12/NiO/Pt 

trilayers. Phys. Rev. B 99, 060405 (2019).
28. Jamison, J. S., et al. Long lifetime of thermally excited magnons in bulk yttrium iron garnet. Phys. Rev. B 100, 134402 (2019).

References for magnetic garnet films (cont.)



Heusler Compounds

X2YZ Heusler
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Intermetallics, Metals, and Alloys
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• Gallagher, J. C., et al. Robust Zero-Field Skyrmion Formation in 

FeGe Epitaxial Thin Films. Phys. Rev. Lett. 118, 027201 (2017).

B20 compounds: Magnetic skyrmions; Novel magnetism
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Ultralow damping in metallic ferromagnetic films
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Outlook
What materials can be grown into good 

epitaxial films by this technique?
• Elements

• Binary alloys and compounds

• Ternary alloys and compounds

• Quaternary alloys and compounds

• More complex compounds possible

• Non-volatile

• Atomically homogeneous, single phase targets
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