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Overview of Soft Magnetic Materials 
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Granular	  film	  
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Target	  300	  kW/m3	  

1.	  Powder	  cores	  	  
	  	  	  	  	  fop	  <	  200	  kHz.	  
2.	  Amorphous/nano-‐

crystalline	  cores	  
	  	  	  	  	  fop	  <	  200	  kHz.	  
3.	  Ferrites	  	  
	  	  	  	  	  low	  power.	  
4.	  Granular	  films	  	  
	  	  	  	  	  thin	  film	  applica&ons	  
5.	  Fe	  Nanocomposites	  
	  	  	  	  	  high	  loss	  



Objective 

•  Magne&c	  substrates	  with	  following	  specs:	  

•  Compa&ble	  with	  semiconductor	  integra&on	  
process	  

OperaGon	  freq.	  	  
f	  op	  (MHz)	  

InducGon	  swing	  	  
ΔΒ  (mΤ)	


Core	  loss	  P	  (kW/
m3)	  

SaturaGon	  InducGon	  	  
Bsat	  (T)	  

5	   40	   <	  300	   ≥	  0.5	  



Physics Principals — Snoek’s Law 

•  fop needs to be 2-3 orders lower than fres for small losses 
•  3d transitional metal and alloy (CoFe, Fe, and FeNi) has high Ms     
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	  γ:	  gyromagnetic ratio (28 GHz/T) 
Ms:	  saturation magnetization 
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Snoek’s limit can be enhanced  
in 2D system! 



Physics Principals — Magnetic Losses 
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1.  FeCo,	  FeNi,	  Fe	  
2.  Amorphous	  Materials	  

3.  Exchanged	  coupled	  systems	  
(nanocrystalline	  materials)	  

	  
• 	  Insula&ng	  coa&ng	  of	  par&cles:	  3D	  
• 	  Insula&on	  ||	  B:	  2D	  or	  1D	  

B B 

Strong	  Eddy	  
Current	  

Weak	  Eddy	  
Current	  

Small	  Peddy	  requires	  large	  ρ	  and/or	  small	  t	  Small	  Phys	  requires	  small	  k1	  
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•  If	  domain	  wall	  exists	  and	  moves	  during	  excita&on,	  eddy	  current	  can	  concentrate	  in	  
and	  near	  domain	  wall,	  causing	  large	  excessive	  eddy	  current	  loss	  
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Physics Principals — Anomalous Loss 

H 

A uniaxial easy axis 

Now	  only	  magne&za&on	  rota&on	  is	  involved	  

• 	  	  Magne&c	  field	  annealing	  can	  be	  performed	  to	  introduce	  an	  easy	  axis	  in	  the	  
materials,	  perpendicular	  to	  the	  magne&c	  induc&on	  direc&on.	  Anomalous	  eddy	  
current	  loss	  can	  be	  largely	  eliminated.	  	  



Physics Principals — Demagnetizing Effect 
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Our Strategy 

2D	  material	  

Enhanced	  Snoek’s	  limit	  

Small	  thickness	  limits	  
eddy	  current	  

Small	  demagne&zing	  
factor	  along	  the	  field	  
direc&on	  

Permalloy	  flake	  

Fe	  based	  soq	  magne&c	  
ribbon	  

FeHfO	  ribbon	  

2D	  ferrite	  sheets	  

Compa&ble	  with	  semiconductor	  integra&on	  
process	  	  



Our Strategy—Compatibility 

Tape	  cas&ng	  to	  PCB	  

Low	  temperature	  Curing	  

Mix	  flakes	  and	  binder	  
into	  slurry	  

Polymer	  plate	  

Bonding	  to	  PCB	  

2D	  precursor	  (flakes,	  plates,	  ribbons)	  	  

Achieve	  desired	  2D	  soq	  magne&c	  
material	  through	  annealing	  



Material platforms 

a)  Permalloy	  Flake	  

b)  Nanocrystalline	  Ribbon	  by	  Melt-‐spinning	  	  

c)  FeHfO	  Ribbon 

d)  2D	  NiZn	  Ferrite	  



Permalloy Flake 

Deforma&on	   1st	  SiO2	  coa&ng	  

Hot	  press	  

Annealing	  and	  	  
2nd	  SiO2	  coa&ng	  
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Permalloy Flake-Core Loss!

Thickness	  
(µm)	  

Core	  loss	  @	  5	  MHz	  
(kW/m3)	  

Permeability	  @	  5	  
MHz	  

1.6	   6570	   100	  
0.8	   9280	   61	  
0.4	   6380	   74	  

0.4	  in	  H	   2680	   40	  
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Nanocrystalline Ribbon by Melt-spinning!
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ρ:	  density	  
Φ:	  orifice	  diameter	  
P:	  ejec&ng	  pressure	  
Vs:	  surface	  velocity	  of	  the	  wheel	  

Commercial	  Finemet	  	  
Ribbon	  18	  µm	  

Homemade	  Ribbon	  	  

•  	   Small	   orifice	   diameter,	   small	   ejec&ng	  
pressure,	   large	   surface	   velocity	   of	   the	  
wheel	  are	  preferred.	  	  

•  	   Forma&on	   of	   nanocrystallites	   also	  
requires	   high	   cooling	   rate,	   thus	   high	  
temperature	  is	  favored.	  	  



Nanocrystalline Ribbon-Field Annealing!
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o  Core	  losses	  were	  reduced	  in	  both	  cases.	  	  
o  At	  Bmax=100	  G,	  core	  loss	  decreases	  from	  8140	  to	  2064	  kW/m3	  at	  4	  MHz.	  	  
o  At	  Bmax=200	  G	  	  and	  5	  MHz,	  the	  core	  loss	  is	  about	  12000	  kW/m3	  



Mo-doped Permalloy Ribbon-Thinning!

Chemical	  etching	  

Taping,	  cuvng	  
and	  winding	  

Ribbon	  
thickness	  (mm)	  

Core	  loss	  
(kW/m3)	  

Permeability	  
at	  5	  MHz	  

In	  DC	  field	  

2.3	   1160	   1070	   No	  
2.3	   390	   317	   Yes	  
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FeHfO Ribbon 

1.	  Small	  k1	  can	  be	  achieved	  through	  
exchange	  coupled	  Fe	  nanocrystallites	  

Small	  Phys	  requires	  small	  k1	  
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2.	  Thin	  ribbon	  limits	  eddy	  currents	  

3.	  HfO	  provides	  large	  resisGvity	  

Small	  Peddy	  requires	  large	  ρ	  and/or	  small	  t	  

HfO	  HfO	  

Exchanged	  coupled	  Fe	  crystallites	  embedded	  in	  HfO	  matrix	  

Fe	  crystallites	  



FeHf based Ribbon 

Post	  treatment	  

Select	  materials	  

Make	  ingot	  by	  
arc	  mel&ng	  

Make	  ribbon	  by	  
melt	  spinning	  

Fe 110 
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FeHf	  based	  ribbon	  

Es&mated	  if	  ribbon	  
thickness	  is	  
reduced	  by	  half	  

in	  H	  field	  

Hc	  <	  0.4	  Oe	  
Fe	  par&cle	  size	  ~	  15	  nm	  
Ms	  ~	  150	  emu/g	  
µ	  >	  140	  @	  5	  MHz	  



2D NiZn Ferrite 

Co-‐precipita&on	  

Milling	  	  
Pressing	   Sintering	   Bulk	  material	  

2D	  NiZn	  ferrite	  

Bulk	  property	  op&miza&on	  

2D	  sheet	  

Composi&on	  tuning	  

Grain	  size	  op&miza&on	  

Cas&ng	  

Strategy	  

Fabrica&on	  

Slurry	   Sintering	  

Snoek’s	  limit	  is	  enhanced	  in	  2D	  system:	  
•  Material	  can	  have	  higher	  FMR	  without	  sacrificing	  permeability	  
•  Higher	  FMR	  helps	  to	  reduce	  loss	  	  



2D NiZn Ferrite—Bulk 

o  At	  5	  MHz,	  B<10	  mT,	  CoF1	  is	  similar	  to	  4F1,	  	  
o  At	  5	  MHz,	  B>10	  mT,	  CoF1	  is	  similar	  to	  LTCC	  50.	  	  
o  CoF1	  has	  µ=	  80~90,	  higher	  than	  both	  4F1	  and	  LTCC	  50.	  	  
o  At	  1.5	  MHz,	  CoF2	  has	  similar	  loss	  as	  LTCC	  50,	  but	  μ	  of	  CoF2	  is	  excep&onally	  high	  (μ=643)	  



2D NiZn Ferrite—Tape Casting 

Ferrite	  sheet	  

Al2O3	  sheet	  

Ferrite	  NP	  powders	  made	  
by	  co-‐precipita&on	  

Milling	  with	  binder	  	  

Tape	  cas&ng	  

18	  layers	  of	  CoF1	  +	  18	  layers	  of	  Al2O3	  	  



Summary 

•  Physics	  principles	  for	  high	  frequency	  soq	  
magne&c	  materials	  

•  Submicron	  permalloy	  flakes,	  thin	  ribbons,	  	  and	  
thin	  ferrite	  sheets	  have	  been	  successfully	  
fabricated	  

•  Thin	  Mo-‐doped	  Permalloy	  ribbon	  and	  FeHf-‐	  
based	  ribbon	  are	  most	  promising	  to	  achieve	  
low	  loss	  and	  high	  permeability	  and	  sa&sfy	  the	  
needs	  for	  DC/DC	  converter	  applica&ons	  	  
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