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Abstract 

CoCr/NlFe double layers were measured by FMR for different 

angles of the applled fleld. Several resonance curves were 

observed for CoCr. whlch are attrlbuted to the different 

layers of a magnetlcally stratlfled CoCr. Thls was 

lnvestlgated by carrying out FMR measurements on a slngle CoCr 

sample and removlng successlve layers by lon beam mllllng. The 

origln of some of the curves 1s stlll unclear. One resonance 

curve 1s attrlbuted to the top or bulk layer and another to 

the Inltlal layer. Stress was discovered to have an Important 
lnfluence on the resonance peaks. 

lntroductlon 

h double layer medlum conslstlng of a CoCr perpendicular 

anlsotropy fllm wlth a soft magnetlc NlFe fllm underneath was 

reported by Iwasakl et al. to have a hlgh recording 

sensltlvlty I l l .  In our prevlous paper 121 the lnteractlon 
between the two layers was studled uslng ferromagnetlc 

resonance (FMR) measurements performed at 9 Gllz, wlilch gave 

lnformatlon on the NlFe of the double layer. For the NlFe of 
the double layer the resonance fleld 11 (6 )  (where ,3 1s the 

angle between the applled fleld and the normal to the fllm) 1s 

approxlmately equal to that of a slngle NlFe fllm. The 

difference ln the wldth at half helght A l l  of the resonance 

curves 1s due to the bombardment of the NlFe layer by the 
plasma particles durlng the deposltlon of the CoCr on top of 

It. FMR 1s a unlque tool for determlnlng dlfferent types of 

anisotropy energles whlch can occur In magnetlc fllms and 

whlch are due to crystalllne structure, stress, dlsordered 

structure, chemlcal lnhomogeneltles etc. It 1s well known that 

the mlcrostructure of deposlted CoCr layers can be dlvlded at 
least lnto a so called "lnltlal layer" ( I L ) .  (the first CoCr 

layer to grow on the substrate) and the bulk or "top layer" 
(TL) whlch has a well orlentated structure and 1s 

characterlzed by a posltlve anlsotropy 1.e. K1>1/2p M2 (where 

K 1s the flrst order crystal anlsotropy constant, Ms the 
saturatlon magnetlzatlon and pothe permeabillty In vacuum). 

The structure and the magnetlc behavlour of both layers are 
dlfferent 13-61, The flrst conflrmatlon by FMR of posltlve 

anlsotropy In a single CoCr layer was reported by Mitchell et 

al. (7J, and further lnvestlgated In l S , 9 l .  In most of their 

slngle CoCr layers they found two resonance peaks : one due to 

the perpendlcular (posltlve) anlsotropy and one due to the in 

plane (negatlve) anlsotropy (Kl<l/2poM~). which can be 

assoclated wlth the TL and the IL. Thls 1s concluded from FMR 

measurements In comblnatlon wlth lon mllllng the sample from 

top to bottom. In I71 a peak for K = l/Zp H2 1s also reported. 

Our present paper reports FMR measurempnts carrled out at 

35 GHz where €Ir(@) of both CoCr and NlFe In the double layer 

was measured. In order to obtaln lnformatlon on the orlgln of 

the dlfferent peaks these measurements were also carrled out 

on slngle CoCr layers before and after varlous etchlng steps. 

o s  

o s  

Experlmental Technlques 

The NlFe vas RF-sputtered on SI uslng a 82/18 at% alloy 

target. Sputterlng parameters were: argon pressure 

(Par) = 2.5 .10-2mbar. blas voltage = 0 . 1  KV. sputter voltage 

(V 1 = 1.0 kV. target-substrate distance (d) = 38 mm. 

A magnet of fleld strength 7 . 5  kA/m was placed around the 

substrate holder durlng sputterlng to lntroduce a magnetlc 

anlsotropy. The thlckness (t) of the NlFe layer was chosen at 

500 nm as this is the optlmal value for readlng (101. The C o C r  

layer was magnetron sputtered (on SI In the case of slngle 
layers or on the NlFe In the case of double layers), uslng a 

81/19 at% alloy target using the followlng sputter parameters: 

Par = 6.10-3 mbar. VRF = 200 V, d = 32 

Leybold lleraeus 2400 was used and the background pressure was 

less than 3.10-' mbar. Some samples were etched by lon beam 

mllllng. The etch rate was 6 , 5  nm/mln. the power was 6.3 W and 

PAR = 2 . 10.' mbar. The sample was rotated to avold 

anlsotroplc etching effects. The composltlon and thlckness of 

the samples was checked using X-ray fluorescence. The flrst 

order anlsotropy constant KITM was measured using a torque 

magnetometer (TM). Other magnetlc parameters were obtalned 

uslng a vlbratlng sample magnetometer. 

The FMR apparatus contalned a magnet produclng a maxlmum DC 

fleld of 1590 k A / m  (20 KOe). The resonance frequency w/2n wa9 

34.8 GHz. The sample was placed In the centre of a cyllndrlcal 

cavity. resonatlng In the TEoll  mode. The Dc fleld could be 

rotated In a plane perpendlcular to the RF fleld. 

RF 

mm. For both cases a 

Theory 

By solvlng the Landau-Llfshltz equatlon of motlon ( 1 )  

H ( p )  can be determlned theoretlcally 1111.  

= -r.tbih ( 1 )  
dt 

where 7 Is the gyromagnetlc ratlo. 8 the magnetlzatlon 
and fi the fleld. 
of the second derlvatlves of the free energy F. 

The solution may be expressed In terms 

where 8 1s the angle between 9 and the normal to the fllm, and 
Q the angle between d and a plane normal to the fllm. and 
M = Idl. The values for H ( 6 )  for NlFe were calculated In thls 
way. as in (21. For CoCr the free energy may be written as 

F = 1/2 p M: COS'Q t Klsln28 - ( ~ g ? ~ . d  ( 3 )  

Imposing the equlllbrlum condltions F,- F - 0 and uslng 
Q = 2K / p  M2 

1 o s  

$ 
one obtalns a relation between 8 and ?I . 

M ( Q  - 1)  sln 28 = 2Ar sin (6  - 8 )  (4) 

Substltuting ( 3 )  in (2) we can obtaln an lmpliclt equation for 

11 . llowever uslng a hlgh fleld approxlmation we obtalned the 
followlng: 

11' = - M ( Q  - 1 ) . l l  (3 cos'p - 1 )  + (5) 
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Thls has the advantage that by plottlng H: versus 
11 

can be obtalned lndependently of one another. This enabled us  

to calculate K and r and therefore the g factor for the 
dlfferent layers in the C o C r .  Solvlng [SI for Hr a theoretlcal 
curve H ( 8 )  can then be calculated. 

(3 cos2p - 1) the material parameter Ms (Q - 1) and 

Results and Dlscusslon 

In table 1 the magnetlc parameters calculated uslng (5) for 
the resonance curves of the different samples measured are 

shown. In this article the magnetlc parameters are used to 

compare resonance curves of dlfferent fllms. For thls purpose 
g I s  the most Important parameter slnce It 1s the most 
accurate. K is obtalned from M (Q-1) uslng the average value 
of Ms of the whole fllm and especlally for Q approachlng 1. 
K 1s the less accurate parameter. 

type of 

layer 

;Ingle 
CoCr 
1360 nm 

srng le 
ZoCr 
370 nm 

r 
1350 nm 

double 
layer 

NlFe 
slngle 
C o C r  
1360 nm 
wlthout 
substrate 

curve 

number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 
13 
14 

__ 

7 

10" Hz/l 

2.04 
1.82 
1.97 
1.89 
I .  98 
1.74 
1.92 
1.96 
1.67 
1.77 
1.98 

-_- 

-___ 

1.93 
2.20 
1.87 

lo3 kA/m 

2.07 

0.25 

1 2.50 -0.28 

K I  
lo5 J/mn 

0.7 
1.3 
1.6 
1.9 
0.5 
1.3 
1.8 
1.7 
2.1 
1.6 
1.9 

0.5 
1.5 

Table 1. The values of the magnetlc parameters calculated 

uslng I51 drawlng the theoretlcal curves through the 

measured values of Hr ( 8 ) .  

In flgures 1-4 the measured values of H 
and the correspondlng theoretlcal curves (solid Ilnes) 

calculated uslng ( 5 )  are shown. Flgure 1 shows the 

measurements of H ( 8 )  for a slngle CoCr layer wlth thlckness 
t = 1360 nm, KITHr= 1.6 .1OSJ/m3, saturatlon magnetlzatlon 

Hs = 460 

Hs(Q-l) = 0.12 .lo3 kA/m. Flgure 2 shows H ( 8 )  for a slngle 
C o C r  layer wlth t = 370 nm. KITH = 1.2 . 10' J/m3. 
Hs = 460 kA/m. Q = 1.1. H (Q-1) = 0.046 . l o 3  kA/m. From 
figures 1 and 2 I t  1s clear that the C o C r  layer gives several 

resonance peaks. In l8.91 thls 1s assoclated wlth the magnetlc 
stratlflcatlon of C o C r .  Flgures 1 and 2 are both of slngle 
CoCr layers and are very slmllar desplte of the dlfference in 
thlckness of the layers. Conslderlng the flgures and 

respectlve magnetic parameters we may compare curves 1 and 5 .  

2 and 6 .  3 and 8 .  as well as 4 and 7. For curves 1 and 5 we 
see that Hr(8) decreases with 8. These curves therefore 
correspond to a Qcl 1.e. negatlve anlsotropy. Mitchell et al. 

[71 also found a resonance peak wlth negative anisotropy for a 

slngle CoCr layer on S1. Thelr value for g = 2.14 1s somewhat 

as a functlon of p 

kA/m. quallty factor Q = 1.3. 

Hr 
(kAlm) 

1200; 

1000 

800 

600 
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Flg.l Experimental values of Hr(p) and theoretlcal curves for 
a 1360 nm slngle CoCr layer. 

lower than our values of g for curves 1 and 5 whlch are 2.31 
and 2.26 respectively. We do not find that the same value of 

g = 2.14 can correspond to both peaks wlth posltlve and wlth 

negatlve anlsotropy as In 171. In curves 3, 4 .  7, 8 we see 

that I1 (8) lncreases wlth p and these curves therefore 
correspond to a Q.1 1.e. posltlve anisotropy. In [71 a 

resonance peak 1s found with positlve anisotropy and g = 2.14 

whlch Is similar to that of 4 and 7. A curve lndependent of 8 ,  
that is. wlth Q = 1 1s also found. In 171 a resonance peak 

wlth Q = 1 1s found, wlth g = 2.0, whlch can compare wlth our 
values of g = 1.98 and g = 2.07. In 191 the slngle CoCr  layer 

gave two resonance peaks whlch are assoclated wlth the IL and 

the TL. 
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Fig.2 Experimental values of H ( p )  and theoretlcal curves for 
a 370 nm slngle CoCr layer. 
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Flg.3 Experimental values of H . ( p )  and theoretlcal curves for 

a double layer (1350 C o C r  on 500 nm NiFe). 



Flgure 3 shows 

top of 500 nm NIFe. It shows the resonance curves of CoCr such 

as those whlch are shown In flgure 1 wlth the NlFe resonance 

curve superlmposed on It. The I L  curve Is not vlslble because 
of the NlFe curve. Curve 3 may be compared wlth 11. both 

having slmllar g factors. In order to lnvestlgate the orlgln 

of the peaks the 370 nm slngle CoCr layer was treated by Ion 

beam mllllng. Flrst we removed 10 nm from the top of the 

sample by Ion beam mllllng. FMR measurements gave the same 

Hr(p )  as before Ion mllllng. None of the peaks had 

dlsappeared. Therefore no evldence for a surface ferromagnetlc 

layer as In 1121 was found by us. However I t  could be that the 
Ion mllllng process Itself generates a new surface layer. 

After thls a further 200 nm were removed leavlng a CoCr layer 

wlth a thtckness of 160 nm. After etchlng 210 nm In all.the 

lntenslty of the peaks of curves 7 and 8 compared to curve 5, 

had been conslderably reduced (see fig. 4 ) .  These observatlons 

and the fact that Q>l  Indlcates that the curves 3, 4, 7 .  8 

belong to the TL of the sample. Comparlng the values of K for 

the dlfferent layers of the slngle CoCr (see table 1 )  to the 

average K of the whole sample the following can be 

observed. The K of the 1L Is conslderably lower than K 
Horeover K Is generally lower than K of the TL. Thls 

dlfference Is more slgnlflcant for the thinner sample where 
the volume of the I L  forms a larger fractlon of the volume of 

the entlre sample. 

Hr(B) of a double layer wlth 1350 nm CoCr on 

1 T M  

1TU' 

l T M  

I I I I I  
600 800 1000 1200 

Hr(kA/m) 

F l g . 4  Resonance peaks of a 370 nm single CoCr layer a) before 

and b) after removlng 210 nm off the top. (The lntensltles of 

the TL should only be compared wlth the correspondlng I L  as 

the vertlcal scale Is not the same In both cases). 
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Flg.5 Experlmental values of H ( 8 )  and theoretlcal curves for 

a 1360 nm slngle CoCr layer wlthout substrate 

In order to Investlgate the Influence of stress on the CoCr 

the 1360 nm slngle CoCr sample was separated from the SI 

substrate and FMR measurements were carrled out (flg 5 ) .  
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As In flgures 1 and 2 there Is a curve, namely 13, wlth Q < l .  

However there I s  only one curve, 

curve 14 Is about 20% lower than K of curves 4 and 7 and 6% 

lower than K1 of 3 and 8. I t  would seem that there are two 
parts which repond differently to stress. The Q = 1 curve Is 

not vlslble as I t  may be sltuated In the slope of curve 14  

etched 20 nm from the bottom of thls sample. 

the peaks of curve 13 compared to curve 14 had decreased. 
These observatlons and the fact that Q < l  Indicate that curves 

1 and 5 as well as 13 belong to the I L .  

that Is 14, wlth Q.1. K, for 

We 

The Intenslty of 

Concluslons 

TMR measurements were performed on CoCr/NlFe double layers arid 

on slngle CoCr layers. For CoCr several resonance cuves 11 ( 8 )  
are observed, uhlch are assoclated wlth dlfferent layrrs In 

CoCr. One of the resonance curves wlth Q < l  I s  attrlhuted to 

the I L  while another wlth Q.1 belongs to the TI.. A curve ulth 

Q = 1 Is also observed. For thls and certain other curves the 

orlgln I s  stlll unclear. The measurements are analysed using 

a new hlgh fleld approxlmatlon model uhlch enables us t o  

calculate the correspondlng theoretical curves for 
0 = 0'- 90' and calculate the correspondlng 7 and M ( P I )  

Independently of one another. Stress also has an Important 

lnflupnce on the resonance peaks.Dlfferences between the 
resonance cur'ves of slngle and double layers could also be 

partly due to the Influence of thls factor. 
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