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NMR measurements on obliquely evaporated Co-Cr films 
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The distribution of the hyperfine fields or the resonance frequencies in metals and alloys obtained by NMR measure- 
ments have been known for a long time. Recently, new experimental data have been published about thin films for studying 
their chemical inhomogeneities. An example is the study on sputtered and evaporated Co-Cr layers. In this paper we report 
on the compositional distribution of co-evaporated Co-Cr films by using the Co spin-echo NMR technique. For comparison 
single source evaporated samples of Co-Cr and pure Co as well as two alloyed ribbons ("bulk" samples) have also been 
measured. Based on the NMR results the local Cr concentration of the ferromagnetic and less ferromagnetic regions are 
determined. In comparison the data from the co-evaporated films, even at low substrate temperature, have clearly shown the 
presence of a process-induced compositional separation. This is in qualitative agreement with the magnetic properties of the 
samples. 

1. Introduction 

Sputtered C o - C r  films for perpendicular 
recording were first mentioned by Iwasaki et al. 
in 1975 [1]. A l t h o u g h  in the meantime many 
alternative materials have been proposed, C o - C r  
is gtill the medium mostly used for application in 
perpendicular recording. During recent years de- 
posited (sputtered and evaporated) C o - C r  media 
have been improved in many aspects and many 
good results have been reported on their practi- 
cal use [2]. 

The basic magnetic properties such as magne- 
tization, coercivity and anisotropy depend on mi- 
crostructural properties, compositional separa- 
tion of Co and Cr and phase separation. These 
inhomogeneities are the main source for the devi- 
ation of the saturation magnetisation (M s) from 
the Slater-Pauling curve (see below) which gives 
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the relation between the saturation magnetiza- 
tion (M s) and homogeneous bulk C o - C r  [3]. 

In general most papers reported that the M s 
of sputtered and evaporated films, deposited at 
higher substrate temperatures, is found to be 
larger than that for bulk alloys having the same 
average chemical composition. Although in the 
literature various origins have been proposed the 
most likely explanation is the phase separation. 
Two hcp phases, which hardly occur in bulk C o -  
Cr material at low temperatures, cause composi- 
tional fluctuations along the grain boundaries as 
the film growth proceeds. In ref. [35] it was ex- 
plained that the separation into a ferromagnetic 
and paramagnetic (e-Co) phases appears to be 
the most likely explanation. With a non-homoge- 
neous distribution of Cr in the Co the 3d shells of 
Co stay unfilled. Consequently this gives rise to a 
high magnetic moment. The Cr-rich areas with a 
Cr content higher than 25 at% are non-ferromag- 
netic and are too small to compensate for this 
high M s. As a result, the average value of M s for 
a C o - C r  film with a compositional separation 
becomes higher. 
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Very frequently such a compositional inhomo- 
geneity shows the so-called CP structure [8-12] 
within the Co-Cr grains. In such layers the com- 
positional fluctuation have been clearly demon- 
strated by a selective chemical etching method 
(e.g. ref. [8]). Very recently NMR studies of such 
compositional inhomogeneities in sputtered Co- 
Cr have been published [13] and the results are 
consistent with the model of compositional sepa- 
ration as mentioned above. 

Two different types of thin obliquely evapo- 
rated Co-Cr films have been prepared. In one 
type the deposition of Co-Cr was made from one 
alloyed source and in the other type co- 
evaporated films were made in which two vapour 
beams being directed from opposite directions, 
one source containing Co and the other Cr. Shad- 
owing effects during deposition play an important 
role in the nucleation and growth of the layers. In 
the case of the co-evaporated method the geome- 
try of the deposition induces separated regions 
that are Co- and Cr-rich. Consequently this en- 
ables us to deposit Co-Cr films consisting of a 
so-called process-induced compositional separa- 
tion which shows enhanced perpendicular mag- 
netic properties, even at low substrate tempera- 
tures [4-7]. This is in contrast with sputtered 
Co-Cr films which have always been deposited at 
elevated substrate temperatures in order to ob- 
tain the necessary magnetic properties which are 
in general caused by the pronounced composi- 
tionally separated state of the samples. It has 
been shown for sputtered films that a composi- 
tionally modulated structure of ferromagnetic 
Co-rich and less-ferromagnetic Cr-rich phases ap- 
pears [8]. 

An alternative method for preparing Co-Cr 
films for high density recording is evaporation 
[14], using a continuous roll-coater deposition. 
Again in this type of film a spatial distribution of 
Co and Cr has also been measured. It has been 
shown by NMR and TEM in combination with 
selective etching [14,15] that the compositional 
distribution is shown in a CP structure. 

In the above-mentioned research on evapo- 
rated and sputtered layers, NMR has shown to be 
a very useful tool for determining the various 
compositions of thin Co-Cr films. 

1.1. N M R  measurements 

Applying the NMR technique very precise 
measurements are possible of the distribution of 
the hyperfine fields or the resonance frequencies 
in metals and alloys. 

Hyperfine interactions (interactions between 
electrons and nucleus) have been studied since 
Pauli's postulation on the existence of a spin-an- 
gular momentum and an associated magnetic nu- 
cleus moment [16]. The magnetic hyperfine inter- 
action was first given by Fermi using the Dirac 
relativistic theory for the electron. Later this the- 
ory was extended for multi-electron contributions 
to the hyperfine interactions. One of the well- 
know experimental techniques for studying the 
hyperfine interactions is the application of the 
M6ssbauer effect. This method can be used for 
many applications because it does not make use 
of an rf field, which is needed in the NMR 
technique. Due to the fact that the energy associ- 
ated with the nucleus-electron interaction is very 
much smaller than that needed for electron-elec- 
tron interaction in ordered magnetic materials a 
simplification in the theoretical approach as pro- 
posed by ref. [17] is permitted. Here the nuclear 
energy may then be written as: 

E = mla, n H n / I  , 

where m is the magnetic quantum number of the 
nucleus, /~n is the nuclear moment, I is the 
nuclear spin and H n is the field established by 
the electron magnetization. 

Nuclear resonance can be obtained when the 
quantum energy in the rf field hv  = AE. Here 
AE is the energy splitting (= IxnHn/ I ) .  

The transition probability can be calculated 
from the resonance theory and it is found that for 
a resonance of 59Co the fractional energy absorp- 
tion should be about 10 -5 . Experimentally an 
enormous enhancement is found in relation to 
the computed value namely 5 orders of magni- 
tude greater. The reason for the enhancement is 
that the resonance is not driven by the external rf 
field directly (from the coils used around the 
sample) but indirectly by the nuclear-electron 
hyperfine coupling. The effect of a transverse rf 
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field within the limit that the electron and nu- 
clear spins are decoupled is to turn the electron 
magnetization M through an angle H x / H  a, 
whereby H x is the external rf field and H a the 
static anisotropy field acting on the electrons. 
The transverse magnetization than will be M x = 
M H x / H  a. The nucleus then experiences a trans- 
verse field [18]: 

2 H  1 = H x + ( M x / M ) H  n = (1 + H n / H a ) H  x. 

The transition probability, and thus the absorp- 
tion rate, will then be enhanced by the factor 
(1 + Hn//Ha )2. In the case of pure Co fcc, Hn is 
215 kOe and H a = 1  kOe which gives an en- 
hancement factor of 4.7 × 10 4. 

It can be concluded from this that nuclear 
resonance excitation in ferromagnetic materials 
takes place indirectly from the sample magnetiza- 
tion. 

Associated magnetic moments of the spins of 
the nuclei are measured by the unit of the nu- 
clear magneton, which is given by: 

M n = i ~ o e h / 2 m p  = 6.33 × 10 -33 Wbm. 

Here M n is the nuclear magneton, mp is the 
mass of the proton and h is Planck's constant. 
The magnetic moment M / M  for 59Co is 4.460. 
The hyperfine-field H~ (kA/m) can be roughly 
approached by the following equation: 

f =  g ( M n / h ) H  ~ = 1.24 × 10-2Hn . 

In which f is the resonance frequency (MHz), g 
is the g-factor which has a value 1.31 for pure Co. 
Using the above-mentioned formulae we can cal- 
culate the hyperfine fields and in the case of Co 
the measured frequencies have about the same 
value as the calculated hyperfine fields. In gen- 
eral for 59Co nuclei in fcc Co a frequency of 217 
MHz and for hcp C o  220-228 MHz has been 
measured. The exact frequency depends on the 
crystal structure, morphology and chemical inho- 
mogeneity. These frequencies are roughly in 
agreement, respectively, with hyperfine fields of 
215 and 218-226 kOe, measured at 4 K. 

In conclusion the hyperfine fields and thus the 
echo frequencies and their peak widths depend 
on many factors such as: crystallographic struc- 

ture, chemical inhomogeneities, crystal faults, the 
average magnetization (proportionally) and stress. 
All those factors make it clear that we have to be 
careful with the interpretation of measured spec- 
tra of practical samples from which only a few of 
these aspects are known in general. 

1.2. N M R  experimental conditions 

In this study a 59Co NMR spin echo equip- 
ment, developed at NTT [21], was used in which a 
variable frequency spin-echo pulse at liquid- 
helium temperature was measured. The ampli- 
tude was detected as a function of the frequency 
which was directly related to the local hyperfine 
field of the material. All measurements were 
carried out at zero external field. The principle of 
the measurement is the creation of two sequen- 
tial pulses of rf excitation to the material and 
measuring the spin echo amplitude as a function 
of the resonance frequency. The rf pulse width 
was 1 Ixs and the separation between the two 
pulses 15 Vs. The applied rf field is less than 
about 25 Oe anddepends on the size and shape 
of the measurement rf coil around the sample. 
Keeping the width and separation of the pulse 
constant the maximum echo was adjusted by the 
pulse amplitude. The echo intensity was plotted 
vs. the measured frequency f .  In order to correct 
the echo intensity for the enhancement and 
Boltzmann factors [22] it is divided by f2. In 
order to improve the reproducibility of the fre- 
quency measurement, the impedance mismatch- 
ing in the transmission line of the equipment was 
decreased by connecting two 6 dB attenuators to 
the in and output connections of the sample 
holder. 

1.3. The use o f  standard samples 

The keypoint in the interpretation of NMR 
data is the use of standard samples to character- 
ize the various NMR spectra. In most cases pow- 
der samples are used as references for the inter- 
pretation of the spectra measured from alloys, 
because these samples are much closer to the 
equilibrium state and their atoms are expected to 
be more uniformly distributed than in the case of 
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the deposited (Co-Cr) alloy films. The spin-echo 
frequencies of powdered Co-Cr [13,15], sput- 
tered [13] and evaporated Co films as well as data 
for fcc [23] and hcp [19,20] Co-bulk materials are 
presented in fig. 1 as a function of the average 
at% Cr. It can be concluded from this figure that 
for a pure Co material the main echo frequency 
can be varied between 217 and 226 MHz. This is 
due to various reasons, namely the preparation 
method, purity, morphology and microstructure. 

In binary hcp Co alloyed polycrystalline sam- 
pies it was shown by ref. [20] that NMR spectra at 
4.2 K for each alloy consists of a main line and 
satellite lines. A main line and satellite lines are 
also found in Co-alloys having an fcc structure 
and measured at 77 K [24]. The origin of these 
lines has been discussed by ref. [25]. The origin of 
the main line in powdered hcp Co (228 MHz at 0 
K) was first described by ref. [26] as originating 
from the resonance coming from the nuclei in the 
domain wall. In single-crystal specimens [19] and 
polycrystalline samples [20] of hcp Co a domain- 
wall resonance frequency of about 225.5 MHz 
and a domain frequency of 220.5 MHz were re- 
ported. 

The peak frequency and the peak width of the 
various Co alloy samples mentioned in the litera- 
ture is rather complicated to understand since 
there are additional signals originating from 
mixed phase and fault structures [27,28], aging 
effects [29], deforming of Co-powders [30] and 
pressure dependence [31]. 

The influence of impurity atoms, Cr in this 
study, on the echo frequency is very important. A 
model is chosen based on an asumption that Cr is 
only situated as a completely isolated atom and 
the hyperfine fields are not affected by the impu- 
rities located further than the nearest neighbours 
(NN). Cr supplies a large number of electrons in 
the 3d band of the Co host material which leads 
to a redistribution of electrons in the NN sites of 
the Co atoms around the Cr. The moments of 
these Co-atoms surrounded by Cr are smaller 
than those from the isolated Co [24]. 

Powdered samples have been used up to now 
for calibrating the Co-Cr deposited films. The 
experimental data of this type of sample given in 
refs. [13,15,24], consisting of 0.6-22 at% Cr, have 
shown the same tendency for the peak profiles 
although there are remarkable differences. In 
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general (see fig. 2) a slightly diluted Co alloy 
consists of a main line and satellites. 

The origin of the main line is from the Co 
nuclei without any Cr NN. The first satellite line 
appears at about 177 MHz and is caused by Co 
nuclei that have one Cr atom at their NN site. 
This satellite peak already occurs at an average 
at% Cr of about 1-2%. When the Cr at% in- 
creases to about 5% a second satellite peak ap- 
pears at a frequency of about 130 MHz. In this 
case 2 Cr atoms are acting at the NN site of Co 
nuclei. The third satellite line which appears at 
about 11 at% Cr arises from three NN Cr atoms 
around the Co nuclei. In the case of Co-Cr the 
frequency intervals between the satellites and the 
main line is about equal to 40 MHz. 

It is also shown that the main-line intensity 
and position change due to the increasing per- 
centage of Cr. The effect of an increasing Cr 
amount becomes visible in the appearance of 
satellite peaks and a lower intensity of the main 
peak. Further, the main peak shifts slightly to 

smaller frequency and its width becomes larger 
(see also section 4). At 13% Cr even the first 
satellite can become higher in intensity than the 
main line. At 22 at% Cr the spectrum becomes 
very broad with its maximum at about 80 MHz. In 
the last case the individual main and satellite 
lines cannot be distinguished due to the overlap. 

2. Co-Cr phase diagram 

There has been much literature published on 
the Co-Cr binary phase diagram; the most im- 
portant ones for so far being the diagrams of 
Elsea [32], Grigor'ev [33] and Alibert [34]. Re- 
cently a complete overview and new data were 
published by Ishida and Nishizawa [35]. 

With respect to the application of Co-Cr as 
thin-film media for magnetic recording the most 
interesting area of the phase diagram is around 
the temperature range from room temperature to 
1000°C. Furthermore the compositional area of 
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interest is <35 at% Cr. In this part of the 
diagram two phases, a-fcc and e-hcp are repre- 
sented. 

It can be seen from the latest published phase 
diagram [35] that even at 35 at% Cr a hcp e-Co 
can exist (see fig. 3). There can be two phases, 
one with a high Co-rich composition (ferromag- 
netic) and the other with a high Cr-rich content 
(paramagnetic). The phase diagrams are based on 
an equilibrium process and achieved from ther- 
modynamical calculations. The thin-film materi- 
als discussed here are made by deposition which 
is by definition a non-equilibrium process. In this 
case a very important factwas assumed in ref. 
[35], namely the phase diagram at high Co con- 
centration below 800°C is very complicated be- 
cause sluggish diffusion inhibits the equilibrium. 
It is known, for instance, that during sputtering 
the surface temperature of a grown film is quite 
different from that of the substrate [36]. The 
bombardment exerted by various particles from 
the plasma on the surface results in a much 
higher temperature at the surface. This and also 

the increase of substrate temperatures, ion-as- 
sisted deposition and geometrical deposition ef- 
fects can stimulate the compositional inhomo- 
geneity state of the thin film. 

3. Various preparation techniques used in this 
study 

In order to make a comparison we have meas- 
ured pure Co and Co-Cr obliquely evaporated 
films, Co-Cr co-evaporated films and alloyed rib- 
bons having two different compositions. 

3.1. Evaporated films (single source) 

At a pressure of 10 - 7  Torr a small amount of 
Co80Cr20 was evaporated by one e-gun on a Si 
substrate. As a function of time various samples 
have been deposited which resulted in a series 
with a variation of the composition of 13-31 at% 
Cr (due to the higher evaporation rate of Cr from 
the alloy source). The deposition was mostly car- 
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Table 1 
Properties of the obliquely evaporated Co-Cr films from one 
source 

Sample Subs. at% Cr Thick- M s H c ± 
temp. (XRF) ness [kA/m] [kA/m] 
[°] [nm] 

M910423D 400 25.6 207 458 35 
M910501E RT 13.2 186 834 27 
M910506E RT 17.8 227 594 22 
M910503E RT 30.9 213 160 9 

Table 2 
Properties of obliquely co-evaporated Co-Cr films 

Sample Subs. at% Cr Thick- M s 
temp. (XRF) ness [kA/m] 
[°C] [nm] 

nc.L 
[kA/m] 

M900712E RT 24.7 356 471 57 
M900713E RT 21.5 648 540 49 
M900718E 399 27.6 399 457 91 
M900720E 400 27.3 753 498 92 

ried out at RT but in one case at Tp -- 400°C. The 
layer thickness varied from 180 to 230 nm and the 
angle of incidence was a i = 27.5 °. Their  magnetic 
parameters show a wide variation (see table 1). 
From XR D it can been concluded that all sam- 
ples consist of a hcp phase. The samples pre- 
pared at 400°C have slightly higher d002 values 
than the RT samples. 

3.2. Co-evaporated Co-Cr layers 

The deposition was carried out in the same 
high vacuum system as mentioned above but in 
this case we used two e-beam sources. The angle 

of incidence, defined as the angle between the 
vapour flux and film normal was 27.5 ° for both Cr 
and Co vapour. The substrate was located in the 
common evaporation plane (defined by the two 
vapour-flux directions). Two deposition tempera- 
tures were used, namely ambient temperature 
and at 400°C. Heating of the substrate was car- 
ried out by infrared radiation and caused a pro- 
cess temperature (T O ) as mentioned. 

The layer thicknesses we have investigated 
were 400 and 700 rim. The deposition rate was 
0.4 nm/s .  The average Cr content, determined by 
XRF, was measured from 22-28 at%. For further 
information please refer to table 2. All films show 
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a columnar morphology inclined towards the di- 
rection of the CO source. The angle depends on 
the substrate temperature  and is 14-15 ° for the 
ambient temperature  and 8-10 ° at 400°C. From 
X RD measurements it can be concluded that all 
films have the hcp structure. As for the one 
source samples we have observed the same ten- 
dency namely the HT  samples have larger d0o 2 
values. Details about microstructure and mag- 
netic properties are given in ref. [7]. 

3.3. Ribbons 

Two kinds of ribbons (20 and 27 at% Cr) with 
thicknesses of 20-30 Ixm and widths of 6-10 mm 
were prepared by a spun-melt method. The exact 
compositions, measured by XRF  were 19.8 and 
27.2 at% Cr, repsectively. It was found from 
X-ray diffraction that both compositions were 
crystallised [38]. The M s for the 20 and 27 at% Cr 
ribbon was 180 k A / m  (which is much lower than 
the value of 228 k A / m  expected from a random 
distribution) and 8 k A / m ,  respectively (which is 
close to the expected value for bulk material, 
namely zero). 

4. Random distribution model of Co-Cr 

The relation between the M s vs. the at% Cr in 
Co can be represented by the Slater-Pauling 
curve [39]. In fig. 4 we used the data from Haines 
[40] to compare our experimental data. In the 
random C o - C r  alloy the Cr atoms are not dis- 
tributed in the most suitable way for reducing the 
M s of the alloy. Therefore  the maximum local 
content of Cr for this distribution is much higher 
than in the case where Cr -Cr  bonds are not 
present. The next line in fig. 4 shows the latter 
behaviour and it can be seen from this that the 
M s becomes zero at 25 at% Cr based on the fact 
that for bulk material the measured M s for this 
composition was zero. Consequently 4 Cr NN in a 
hcp lattice make the final M s zero. 

In the case of deposited C o - C r  films it is 
possible that a random distribution assembly of 
Cr atoms c a n  be present in one area while in 
another  area only a low concentration appears. 

For a given hcp structure of Co -Cr  and a certain 
composition using the random distribution model 
one can calculate the frequency spectrum ex- 
pected for spin-echo NMR based on a measured 
spectrum of a sputtered Co film (see fig. 5a). The 
spectra for 20 at% Cr (randomly distributed in 
the hcp Co) and 24 at% Cr are shown in figs. 5b 
and c, respectively. These results from a simula- 
tion program are obtained under  the following 
assumptions: 

1. The satellite peaks appear periodically in fre- 
quencies with a 40 MHz interval. This is quali- 
tatively confirmed for the first and second 
satellite peaks by refs. [15,24] but not yet for 
the following peaks. 

2. The main and satellite-peak frequencies 
change with the same concentration depen- 
dence. 

3. All the resonance peaks (Gaussian shaped) 
have the same peak width and the same con- 
centration dependence of each peak width. 

For assumptions 2 and 3 the following should be 
mentioned: the satellite spectra have very compli- 
cated shapes as shown by ref. [15] because of the 
atomic configuration of non-magnetic nearest 
neighbours. The peak width for satellite peaks 
should be much broader  than the main-peak 
width. Due to the fact that we do not have 
reliable data for the satellite-peak widths and the 
concentration dependencies we cannot incorpo- 
rate these into our simulations. Another  point is 
that at present we did not take into account the 
fact that the integral intensity of satellite peaks 
depends on the atomic configuration of non-mag- 
netic NN as described by ref. [23]. Because our 
simulations are based on a very simple approach 
they can only be used, especially at the low fre- 
quency regions, as a rough estimation. 

A very broad resonance peak containing the 
resonance lines of the various compositions avail- 
able in a particular composition can be observed 
from the simulated data shown in figs. 5b and c. 
It can be seen that the peak shifts to lower 
frequencies when the amount of Cr increases. 

If we now combine the same pure Co volume 
and 24 at% Cr (randomly distributed) then a 
spectrum as shown in fig. 6a appears. A composi- 
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tively given in fig. 6b. The main line is slightly 
decreased in frequency and the width is larger 
than the pure Co peak (see fig. 5a). 

In fig. 6c a further simulation is given of a 
sample having a large volume of 8 at% Cr and a 
part with 28 at% Cr. If we change the large 
volume to a lower random composition, for in- 
stance, 2 at% Cr then fig. 6d is simulated. In this 
spectrum the main peak is closer to the pure Co 
and the intensity is again much higher in relation 
to the satellite(s). 

Taking the above-mentioned comments about 
the simulations into account we still think that 
the presented simulations are very useful to ob- 
tain an idea about what can be expected in the 
various samples. Care must be taken when using 
them to explain exactly the composition of com- 
positional distribution of the experimental data. 
There are too many sources that influence the 
actual samples which are not incorporated into 
the simulation program. For instance, experimen- 
tally, we always found lower intense satellite peaks 
than with the simulated spectra. 

5. Experimental data of this study 
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Fig. 5. Simulated NMR spectra for Co-Cr  alloys based on a 
random distribution in a hcp structure from measured data of 

a sputtered Co film. 

tional inhomogeneity partly consisting of pure CO 
and 4 compositions (2-8 at% Cr) and a larger 
part of randomly distributed 24 at% Cr is qualita- 

We have measured a series of single-source 
Co-Cr samples having various compositions, 4 
co-evaporated films with two thicknesses namely 
400 and 700 nm prepared at room temperature 
(RT) and 400°C. As calibration samples we used 
two Co-Cr ribbons of 20 and 27 at% Cr and an 
evaporated Co-film. 

The saturation magnetizations (M s ) of the 
samples are plotted in fig. 4 together with the 
lines calculated according to ref. [40]. It can be 
dearly seen that for all deposited films the M s is 
higher than the random distribution line. Conse- 
quently they all are in an inhomogeneous state. 
The two ribbon samples have their magnetization 
under the random distribution line. It can be 
concluded from this that they have a more homo- 
geneous composition. There is also a difference 
in magnetic properties between the co-evaporated 
and the single-source samples: M s (at% Cr) is 
slightly larger while H c_L is much larger for the 
co-evaporated samples. 
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For NMR measurements usually two samples 
of the same evaporation charge have been mea- 
sured. In the case of co-evaporated samples NMR 
was carried out in two directions for two samples 
namely in the plane of evaporation and perpen- 
dicular to that plane. This was done to confirm 
the influence of the morphology on the NMR 
spectrum. It has been shown earlier [6,7] that the 
evaporation geometry causes different morpholo- 
gies in both directions which consequently shown 
different magnetic properties. NMR measure- 
ments in both directions have shown no signifi- 
cant difference. 

The magnetic properties of the samples are 
characterized by VSM and torque measurements. 
The average compositions have been determined 
by XRF. 

5.1. Co-Cr ribbons and evaporated Co film 

5.1.1. Co-Cr ribbons 
Looking for an alternative calibration we pre- 

pared two Co-Cr ribbons containing an average 
composition of 20 and 27 at% Cr. 

Simulations, for 20 and 28 at% Cr, based on 
the random distribution model have been carried 
out  (see fig. 7). The 20 at% curve (fig. 7a) is 
based on 2 Cr NN and the 28 at% (fig. 7b) on 3 
Cr NN. The NMR peak maximum for 28 at% Cr 
is about 67-70 MHz. On the contrary the 20 at% 
Cr shows its maximum at an even higher fre- 
quency namely 112-115 MHz. The peak width of 
the 27 at% Cr ribbon is smaller. 

The experimental NMR spectra for both com- 
positions are given in fig. 8. The main line fre- 

1.0- 
0.8- a 
o.6- 
o . 4 ~  
0.2 
0.0 

0 10 20 30 
at NCr 

0 50 1 O0 

i.0- 
0.8- 
0.6- 
0 . 4 ~  
0.2- 
0,0 

+ - - - - , 4 . - - - - ' + - - - - 4  
0 10 20 30 

at ~Cr 

150 200 250 0 50 1 O0 150 200 250 

FREQUENCY (MHz) FREQUENCY (MHz) 

1.0- 
o.8- C 
o . 0 _ _ ~ ~  
0.4-- 
0.2 -~ 
0.0 ~-T~-~--~o 

at ~Cr 

0 50 1 O0 150 200 250 

FREQUENCY (MHz) 

+ - - - - - + - - - - 4 - - - - - ÷  

1.0- 

°'8 L d 0.8- 
0.4- 
0.2-- 
0.0 + - - - * - -÷ - - .  L:°°°° 

0 50 1 O0 150 200 250 

FREQUENCY (MHz) 

Fig. 6. Simulated spectra for compositional inhomogeneous Co-Cr samples. 
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Fig. 7. Simulated spectra for a 20 and 28 at% Cr sample. 

quency is about 35 MHz for both compositions 
but the peak width of 27 at% composition is 
smaller than for 20 at% Cr and shows a peak at 
120 MHz coming from the sample holder (see 
later). In the case of the 20 at% Cr sample the 
main peak is too broad to detect the 120 MHz 
peak. The fact that the measured resonance fre- 
quency is much lower than the simulated one 
indicates that the ribbons have a much more 
homogeneous composition that a random distri- 
bution. Consequently they are closer to a distri- 
bution containing no Cr-Cr bonds. This is also 
supported by the low M s values (see fig. 4). 
Measurements showed that the signal intensity 
for the 20 at% Cr sample is 7 times higher than 
for the 27 at% Cr. This is also mainly due to the 
fact that the M s of the latter is nearly 0 at RT (8 
kA/m) while the 20 at% sample has an M s of 
180 kA/m.  It can be seen from the 20 at% Cr 
spectra that the peak is much sharper than those 
for powdered samples having a similar composi- 
tion (see fig. 2). Besides this, the peak also shifts 
to a much lower frequency indicating a much 
more homogeneous contribution of the Cr in the 
Co. 

5.1.2. Co film 
A pure Co evaporated film has also been 

obliquely deposited ( a i =  27.5 °) and the NMR 
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Fig. 8. F, Jqaerimentai NMR spectra of two Co-Cr  ribbons. 
(a) 20 at% Cr and (b) 27 at% Cr. 
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Fig. 9. N M R  spectra for a pure Co thin film evaporated (a) 
and sput tered (b). 

spectrum is given i n  fig. 9a. In comparison the 
data for a sputtered Co film by ref. [41] is also 
shown (fig. 9b). As can be seen there is nearly no 
difference between both types of films. Because 
the evaporated one has also been measured at 
low frequencies we can clearly observe the 120 
MHz peak which is caused by Co in the plated Ni 
layers of the sample holder (refer also to section 
5.4). 

5.2. Evaporated films with a single source 

The following can be concluded for the single- 
source films. Although all films show a composi- 
tional separation as indicated by the measured 
M s value it should be realized that they have 
various stages of compositional separation. The 

very low M s sample (high Cr content) only shows 
a broad spectrum without any echo frequency 
except at 120 MHz. The spectra for the other 
samples are given in fig. 10. Based on the average 
composition the 13.2% and the 18.6% sample 
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Fig. 10. N M R  spectra of  obliquely evaporated single source 
C o - C r  samples having various average compositions and made 
at R T  and at 400 ° C: (a) RT, 13.2 at% Cr; (b) RT, 18.6 at% 

Cr; (c) 400 o C, 26.6 at% Cr. 
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show a trend from which the frequency shift of 
the main and satellite peaks can be explained as 
follows. With increasing Cr content the resonance 
frequency of the main line decreases and the 
width of the peak increases. Further the first 
satellite peak increases its intensity with respect 
to the main line. 

The first satellite of the high temperature sam- 
ple is small and the frequency of the main line is 
higher than for the ambient temperature samples. 
This indicates that its state is less homogeneous 
and the amount of Cr in the Co-rich ferromag- 
netic area is less. Of course, due to the higher 
deposition temperature (400°C), it was already 
expected to have the highest compositionally sep- 
arated state (see also table 3). This fact is also 
supported by the highest H c ± which is caused by 
more pinning sites of the domain wall or a combi- 
nation of domain-wall motion and rotation. 

5.3. Co-evaporated samples 

Fig. 11 shows the 4 NMR spectra for the 
co-evaporated Co-Cr samples having thicknesses 
of 400 and 700 nm prepared at RT and 400°C. 

All samples (thick and thin) show the main 
peak at a frequency between 223 (RT) and 217 
MHz (high temperature) which means that they 
have a very inhomogeneous composition with al- 
most pure Co-regions. Comparing the ambient 
(RT) and high-temperature (HT) samples we 

came to the conclusion that the latter has more 
inhomogeneity (higher hyperfine field). 

Based on NMR main-line frequency Yoshida 
et al. [37] introduced a method to calculate the 
ferromagnetic and less-ferromagnetic part. For 
this estimation the average Cr content and the 
M s as function of the Cr content should also be 
known. The average Cr content Car can be deter- 
mined by XRF and is given by Cav = CfVf + CiVl, 
in which Cf and C~ are the local Cr concentra- 
tions of the ferromagnetic and less-ferromagnetic 
regions. In this terminology the ferromagnetic 
volumepart concerns a Co-rich component with- 
out any Cr atoms among the next neighbours of 
Co. The concentration Cf is taken from the NMR 
data for powder Co-Cr and M s (at% Cr) as well. 

The sum of the volumes of both regions (Vf + 
V l) is one. The M s of the whole film, measured 
by VSM is in fact the product of M s × Vf (here 
M s is the local saturation magnetization of the 
ferromagnetic region on the Cr concentration). 
Table 3 gives the results for RT and HT Co-Cr 
samples. All data show a Co-rich component. The 
volume part of this component is larger for the 
high temperature samples than for the room-tem- 
perature ones. Consequently a higher composi- 
tionally separated state occurs in the HT samples. 
Looking to the Cf data from table 3 it can be 
clearly concluded that this value is lower for RT 
as for HT co-evaporated values. The latter is 
smaller than the Cf values in the single source 

Table 3 
Volumetric ratio of ferro and non-ferromagnetic regions 

Sample Film at% Cr NMR Calculated 
thickness (XRF) local at% Cr volume ratio 

[nm] Cf C l V t V l 

RT co-evaporated 356 24.7 3.0 36.9 0.36 0.64 
648 21.5 2.5 33.6 0.39 0.61 

HT co-evaporated 399 27.6 5.9 42.1 0.40 0.60 
753 27.3 5.3 43.2 0.42 0.58 

RT one source 186 13.2 9.1 30.7 0.81 0.19 
227 18.6 11.6 39.6 0.75 0.25 

HT one source 207 26.6 7.4 42.3 0.45 0.55 

Cf: concentration of Co-rich component without any Cr atoms among the next neighbours of Co. 
C~: concentration of less-ferromagnetic components. 
Vf: volume ratio of Co-rich component without any Cr atoms among the next neighbours of Co. 
Vl: volume ratio of less-ferromagnetic components. 
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samples. The data from the ferromagnetic region 
dearly proves the existence of process-induced 
compositional separation. Furthermore it is inter- 
esting to mention that the He± of the single 
source samples (see table 1) are lower than those 
for the co-evaporated ones. But we have to keep 
in mind that at% and film thicknesses are not the 
same in both type of samples. 

5.4. The 120 MHz peak 

All spectra discussed, including the ribbons 
and pure Co film, show a sharp peak at about 120 
MHz. It was recently found that this peak origi- 
nated from a material component of the sample 
holder. 

6. C o n c l u s i o n s  

1. Independent of the preparation technique de- 
posited Co-Cr films have shown a main-line 
and satellite line(s) which can be interpreted 
as inhomogeneous compositions. In single 
source evaporated samples a high temperature 
is needed for evaporated better magnetic 
properties, i.e. higher coercivity. It has been 
shown for co-evaporated films that even at 
room temperature this stage can be reached. 

2. Using VSM, XRF and NMR data we have 
shown that in our co-evaporated films de- 
posited at room temperature a compositional 
separation occurs which we call a process-in- 
duced compositional separation. 
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3. The volume part of the Co-rich component 
increases with deposition temperature for the 
co-evaporated samples. There is a decrease of 
this volume part for the single-source samples 
which is caused by the very high Cr content of 
the high temperature sample. 

4. The Co-Cr ribbons used in this study are 
better for calibration than the powdered sam- 
ples that have been used up to now. They 
appear to be more homogeneous than the 
powder samples. 

5. The evaporated pure Co sample shows a fre- 
quency of the main line which can be com- 
pared with the literature data of bulk Co sam- 
pies. Furthermore there is no significant dif- 
ference between evaporated and sputtered Co 
films. 
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