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The present paper discusses the effect of Pt on the
magnetic and magneto-optical properties in TbFeCo/Pt
multilayer films fabricated by sputter-deposition, in
conjunction with interfacial structures. Both the mag-
netic and magneto-optical properties as a function of Pt
thickness are reasonably well explained on the basis of
a model in which an interfacial region very similar to
an Fe-Pt alloy is assumed. Furthermore, low angle
X-ray diffraction analysis and polar Kerr magneto-
optical spectra simulation over a photon energy range
from 14 to 6.8eV (wavelength 1=182 to 886 nm)
reveal that the Fe-Pt alloy-like interfacial regions are
formed only on top of TbFeCo layers, but not on Pt
layers. A possible contribution of polarized Pt atoms to
the magneto-optical spectra is also discussed.
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1. Introduction

Platinum atoms are known to be effective for the
enhancement of the magneto-optical effect at short
wavelengths at around 400nm in Co/Pt multi-
layers.!™ It was also elucidated that Pt can be used to
improve read-out characteristics at short wavelengths
in combination with the conventional rare-earth transi-
tion-metal (RE-TM) material.® Previous work® ? dis-
cussed the effect of Pt additives as spacers in TbFeCo/
Pt multilayer structure on both magnetic and magneto-
optical properties. It was then suggested that Fe-Pt
alloy-like interfacial regions, which are formed through
interdiffusion between TbFeCo and Pt layers, enhance
both the net magnetization and polar Kerr activity at
ultraviolet photon energies® !V In order to elucidate
this mechanism, the present paper discusses detailed
interfacial structures based on low angle X-ray diffrac-
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2. Experimental

Multilayer films of ThbgsFesgCos/Pt were fabricated
by sputter-deposition in Ar atmosphere. The base pres-
sure prior to deposition was better than 5% 1078 Torr.
The Ar gas pressure was 5 mTorr during deposition.
Films were deposited onto glass substrates. The layer-
thicknesses of TbFeCo (f1oreco) and Pt (¢py) were varied
over a range of 10-100 A and 0.5-30 A, respectively.
The composition of the amorphous TbFeCo layer was
determined by electron probe microanalyzer and was
kept constant for all the multilayers under considera-
tion. Multilayer films of two different types were pre-
pared: (i) 500-550 A thick multilayers with a 30 A thick
Pt-overcoat, purposed for measurements of magnetic
properties, and (ii) 250-300 A thick multilayers fabri-
cated onto a 750 A thick Pt reflective layer without
overcoating for optical measurements. Measurements
of magnetic properties were carried out using a vibrat-
ing sample magnetometer and a torque magnetometer
in fields up to 15 kOe. The magneto-optical polar Kerr
spectra and the optical constants were measured from
the sample surface side, immediately after deposition
using a Kerr spectrometer for photon energies rang-
ing between 1.4 and 6.8eV (wavelength A=182-886
nm).!?"'¥ Low angle X-ray diffraction measurements
were carried out with Cu-K,; radiation at 50 kV /300
mA.

3. Results

3.1 Structural analyses

Figure 1 shows a high resolution cross-sectional TEM
photograph of a 5 X {TbFeCo 30 A/Pt 24 A} multilayer
observed at 200 keV accelerating voltage. The dark
and light contrasts correspond to those of Pt and
ThFeCo lavers, respectivelv. Though one can not as-
certain about the interfacial structure in -this TEM
picture, the overall layered structure is well estab-
lished.

Low angle X-ray diffraction patterns for different Pt
thicknesses in {TbFeCo 30 A/Pt¢ A} multilayers, with
t=3, 12, and 30 A are given in Fig. 2. A well-defined
periodic structure is observed in these patterns. The
main peaks marked with n=1, 2, --- correspond to the
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Fig. 1 Cross-sectional TEM photograph of a 5X
{TbFeCo 30 A/Pt 24 A} multilayer+30 A SiN,
overcoat.

first, second, ‘-- order diffraction-from the (TbFeCo/Pt)
bilayers. The actual bilayer thicknesses Ames deter-
mined from the positions of these bilayer peaks are
presented in Table 1. These A values are found to
be in reasonable agreement with the designed values
{(Ages) but are all smaller by about 10%. This reduction
may possibly be attributed to the open/close processes
of shutters during deposition, while the sputter-
deposition rate was calibrated based on the continuous-
ly integral total deposition. The small oscillation seen
in these profiles reflects the interference effect due to
the total film thickness (~500 A).

3.2 Magnetic properties

A -sequence of polar Kerr hysteresis loops for Pt
thicknesses (tp;=0, 1, 3, 6, and 12 A) in {TbFeCo 30 A/
Pt} multilayer films is presented in Fig. 3. These loops
were measured at A =830 nm at room temperature. The
polarity reversal of the loop can be observed between
(a) tpr=0 (TbFeCo single layer film) and (b) tp:=1 A,
indicating an occurrence of the magnetic-structural
change from the RE-rich to TM-rich characteristics.
The coercivity decreases as tp, increases and the hyster-
esis loop becomes distorted for tp larger than 3 A.
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Fig. 2 Low angle X-ray diffraction patterns of
TbFeCo/Pt multilayers. (a) 15X {TbFeCo 30 A/Pt
3 A}, (b) 12X {TbFeCo 30 A/Pt 12 A}, and (c) 8%
{TbFeCo 30 A/Pt 30 A}.

Figure 4(a) shows the coercivity H; at room temper-
ature as a function of Pt thickness for two different
thicknesses of TbFeCo, i.e., troreco=30 and 50 A. For
small tp; values, the H. increases rapidly with tp; upto 1
A, implying the so called compensation point is close to
1 A. This is also supported by the polarity reversal of
the polar Kerr loop occurring at around tp=1 A. There-
fore, the subnetwork magnetization of TM(Fe, Co) ap-
parently becomes predominant over that of RE(Tb) as
tpe increases. For larger tp. values, the H. decreases
rapidly with tp; up to 10 A.

The intrinsic perpendicular magnetic anisotropy con-

Table 1 Bilayer thickness and fitting result for low angle X-ray diffraction data

Designed Measured Thickness fitting result (A) Fitting
Multilayer bilayer thickness  bilayer thickness Model NP reliability
—— -
A ( A) A A) Stacking direction R’ (%)
Pt FePt TbFeCo FePt
TbFeCo30A/Pt3 A 33 31
TbFeCo 30 A/Pt12 A 42 37 Symmetric 8 5.6 19 5.6 9.6
Asymmetric (1) 4 0 23 11.2 6.9
(2) Reversed 1 11.2 25 0 8.6
(3) Roughness 1 (o;=11 A) 26 11.2 24
TbFeCo30 A/Pt30A 60 55 Symmetric 22 5.1 22 5.1 79
Asymmetric (1) 25 0 20 10.2 3.7
(2) Reversed 18 10.2 26 0 49
(3) Roughness 25 (o,=1 A) 19 10.2 3.5
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Fig. 3 Polar Kerr hysteresis loops of TbFeCo/Pt
multilayers. (a) TbFeCo single layer, (b) 17X
{TbFeCo 30 A/Pt 1 A}, (c) 16 X {TbFeCo 30 A/Pt
3 A}, (d) 14X {TbFeCo 30 A/Pt 6 A}, and (e) 12X
{TbFeCo 30 A/Pt 12 A}.

stant K, was deduced from torque curves measured
with external fields up to 15 kOe. Figure 4(b) shows K,
at room temperature as a function of fp. It is noted that
this K, is the value per unit volume of the total multi-
layer. A monotonic decrease of K, with tp, is shown for
te>5A. For thin Pt regions, the data seems to indicate
that the K, increases with tp. However, the field ap-
plied in the experiment was insufficient to deduce K,
accurately, and therefore the detailed trend is open to
further study.

Figure 4(c) shows the saturation magnetization M; at
room temperature as a function of tp.. The value of M,
is normalized to the total volume. For both cases, the M,
rises rapidly from the negative value (—44 emu/cm?,
where the negative sign means the RE-rich dominant
moment) to the positive value (TM-rich dominant
moment) with ¢p; up to 12 A. The dashed line refers to
the nominal multilayer calculated assuming that
TbFeCo lavers solelv contribute to the total magnetiza-
tion, where the slope is determined from the simple
dilution by nonmagnetic Pt. 1t is clearly seen that the
actual magnetization behavior is far from this line.

3.3 Magneto-optical spectra

Figure 5 displays the spectra of (a) polar Kerr rota-
tion 6k and (b) polar Kerr ellipticity sk for various #p;
in TbFeCo/Pt multilayers with froreco=30 A. The
magneto-optical spectra obtained for a TbzsFesCos
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Fig. 4 (a) Coercivity, (b) perpendicular magnetic
anisotropy, and (c) saturation magnetization of
TbFeCo/Pt multilayers as a function of Pt thick-
ness.

film, which is the same in composition as that of multi-
layers, are also given in this figure for comparison. As
seen in the figure, the peak of 8k at around 5 eV (A~250
nm) is enhanced with increasing tp;. The 7k spectra for
the multilayers also exhibit a negative peak at about
5.8 eV. The enhancement in both & and 7k is found to
be saturated at tp=12 A, which corresponds to the
thickness at which the saturation magnetization be-
comes maximum.

4. Discussion

As shown in Fig. 4(c). the saturation magnetization of
TbFeCo/Pt multilayers is strongly enhanced and even
changes the sign compared with the calculated values
obtained on the basis of the simple dilution. Possible
mechanisms for this enhancement may be as follows:
1) Decrease in antiferromagnetically coupled Tb
moment due to loss of Tb moment near the interfaces,
2) spin-polarization of Pt close to the interfaces, and 3)
formation of interfacial alloy such as Fe-Pt and Co—Pt.
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Fig. 5 (a) Polar Kerr rotation and (b) ellipticity

for various Pt thicknesses in TbFeCo/Pt multi-
layers as a function of photon energy.

Induced moment of Pt in Fe matrix has been known to
be no more than 0.3 ug!'?'® which is too small to
account for the enhancement. Therefore, the enhance-
ment is attributed to a formation of interfacial regions.
Since the major element in the TbFeCo layer is Fe (69
at%), one would expect the contribution in magnetism
and magneto-optical effect from the interfacial regions
of Fe-rich composition, while Tb moment has a minor
contribution to the total. Therefore, it is reasonable to
conjecture that an interfacial region of Fe-Pt alloy-like
is formed. The analyses are made in the present study
through the model, where the thickness of the inter-
facial alloy-like is estimated. In this model, one alloy-
like layer is assumed for one period since magnetic data
can only determine the relative volume of the alloy-like
layer. The total magnetization of the multilayer is then
expressed by
Mot =Mroreco[(EToFeco—06/2)/A]
+MA6/A) + M, (1)

where Mroreco, Ma, and M; are the magnetization of
TbFeCo, the alloy-like layer, and the induced magnetiza-
tion in Pt layers, respectively, and 6 is the thickness of
the alloy-like layer and A the bilayer period (=ttbrecot+
tpr). Figure 6 shows the § values estimated using Eq. (1)
for different TbFeCo thicknesses (frvreco=30 and 50 A)
as a function of tp. In order to explain the observed
values of M, the M, value is found to be 1,100 emu/
cm® This value is comparable to that for the equi-
atomic composition in Fe—Pt alloy system.!” Here, the
third term is neglected because the induced moment in
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Fig. 6 Plots of interfacial alloy thickness of
TbFeCo/Pt multilayers as a function of Pt thick-
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1,100 emu/cm?.
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Fig. 7 Low angle X-ray diffraction and fitting
results for the Symmetric and Asymmetric (1) cases
in the (a) {TbFeCo 30 A/Pt 12 A} and (b) {TbFeCo
30 A/Pt 30 A} multilayers.

Pt layers is quite small compared with the M, value.
This figure shows the steady increase in d with ¢p, up to
about 12 A, and then it seems to level off for the 50 A
TbFeCo case.

Although the total thickness of the interfacial alloy-
like layer is obtained, one cannot determine the thick-
ness of alloy-like layers at individual interfaces. In
order to estimate it, low angle X-ray diffraction pat-
terns were analyzed using the grazing incidence X-ray
reflectivity technique (PHILIPS, WinGixa).!® 19 Layer-
thicknesses, including the overcoat layer, were used as
parameters and determined so that the simulated pat-
tern gives the best fit to the experimental data. The

J. Magn. Soc. Japan, Vol. 24, No. 11, 2000



Magnetization

TbFeCo l
4A Pt 1A
11.2A

e ]
=i

23 A TbFeCoﬁ 26 A
Pt &y

Pt

(a) unpolarized Pt

Fig. 8 Schematic Asymmetric models for the
{TbFeCo 30 A/Pt 12 A} multilayer.

(b) parallel

{c) antiparaliel

density and absorption coefficients were fixed as con-
stants and the interface roughness was not taken into
account in this fitting process. The simulation and
fitting processes are described in Appendix. For simula-
tion, a layered structure model was assumed where
Fe-Pt alloy-like layers with a thickness d in one period
are present at interfaces (Pt/FePt/TbFeCo/FePt). The
experimental data was analyzed for two cases. In the
first case, there are two symmetric FePt layers in one
period, i.e., each FePt layer has the same thickness /2
(Symmetric case). In the second, the FePt layers are
present in an asymmetric fashion. Each FePt layer-
thickness can be varied, while the total thickness ¢ is
kept constant (Asymmetric case). This way, one can
differentiate each FePt layer. Figure 7 shows low angle
X-ray diffraction patterns for the (a) {TbFeCo 30 A/Pt
12 A} and (b) {TbFeCo 30 A/Pt 30 A} multilayers. The
experimental data (——) are compared with the fitting
results of the Symmetric (------ ) and Asymmetric (1) (——-)
cases. In order to discuss quantitatively the fitting
quality, a parameter called “fitting reliability” R’ is used
here. (The definition of R’ is given in Appendix A.) The
lower the value R’, the better the fitting is.2Y For both
the samples, it is of interest to find that the Asymmetric
case is better for fitting, as shown in Fig. 7 and Table 1.
Especially, this feature is manifested by the second
order bilayer peak (n=2) of the (b) {TbFeCo 30 A/pt
30 A} multilayer, where the Asymmetric (1) case can
account for this peak while the Symmetric case cannot.
This means that the Fe-Pt alloy-like layers are asym-
metrically formed, as shown in Fig. 8(a). The simula-
tion and fitting were also examined for the reversed
structure, where the Fe—Pt alloy-like layer is formed on
top of Pt, instead of TbFeCo. However, the fitting is
worse than the previous one (see (2) Reversed case in
Table 1). Therefore, it is concluded that the Fe-Pt
allov-like interface ic formed on ton of a ThFeCa laver,
but not on a Pt layer. It seems that Tb, Fe, and Co
atoms hardly diffuse into a Pt layer, keeping the inter-
face sharp. On the other hand, Pt atoms may diffuse
into an amorphous TbFeCo layer, consequently form-
ing an Fe—Pt alloy-like interface.

In order for the whole experimental data to be consis-
tent, it is important to explain the magneto-optical
spectra based on the Asymmetric (1) model obtained
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Fig. 9 Simulation of Kerr spectra for the Asym-
metric models in the {TbFeCo 30 A/Pt 12 A} multi-
layer.

above. As a representative, Kerr spectra for the
{TbFeCo 30 A/Pt 12 A} multilayer were simulated and
compared with the experiment. A disordered fcc
FesoPtso alloy?! was assumed as the Fe-Pt alloy-like
layer in the model. The calculation procedure of Kerr
spectra is as follows: 1) The Kerr rotation 6x and
ellipticity 7k and the optical constants n, & were exper-
imentally measured as a function of photon energy for
films of TbFeCo and disordered fcc FesoPtso with thick-
ness optically thick enough for accurate measurements.
However, the optical constants of bulk Pt?? were used
for the case of unpolarized Pt. 2) The diagonal and off-
diagonal dielectric elements, &.x and &, are calculated
using measured 6, 7k, n, and k. 3) Kerr spectra are
calculated using the MULTILAYER computer program
by Mansuripur.?¥ Each layer of a multilayer-structure
is identified by its thickness and dielectric tensor. In
Fig. 9, Kerr spectra are compared between the experi-
mental data (empty circles) and the simulation of the
Asymmetric (1) model with unpolarized Pt (—). The
overall spectral feature of the experimental data can
reacsonahly he explained hy the Asvmmetric (1) model
with unpolarized Pt. As previously reported in refs. 8-
10, the interfacial Fe-Pt alloy-like is the essential for
the enhancement in magneto-optical effect at high
photon energies.

Further analyses of magneto-optical spectra were
carried out. First, a roughness of the interface between
Pt and TbFeCo was considered, while the interface of
Fe-Pt alloy-like has no roughness. Simulation and
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fitting for low angle X-ray diffraction patterns were
carried out. The result is shown in Table 1 ((3) Rough-
ness model). It is found that the better fitting (R'=2.4)
is obtained by taking into account the roughness (g;,=
11 A), as compared with the case where no roughness is
considered (R'=6.9). Next, when the roughness is pres-
ent, magnetic polarization of Pt atoms may occur. It
was suggested that the transition between the parallel
and antiparallel magnetic coupling may occur between
FePt layer and Pt first monolayer in FePt/Pt multi-
layers.2® In the present study, in order to shed light on
this issue, hypothetical Pt layers with polarization par-
allel (ferromagnetic) or antiparallel (antiferromagnetic)
to the FePt alloy layer were taken into account in the
Roughness model (see Figs. 8(b) and (c)). The ¢,, data by
Sato et al.? were used for the parallel polarization of Pt
and the reversed ¢,, was applied to the antiparallel case
in the calculation. The simulated Kerr spectra are
compared in Fig. 9. In the antiparallel case (------ ), the
peak shifts toward higher energies compared to the
parallel case (——-), though it is not clear which is better
to account for the observed results. A further detailed
analysis may lead to better understanding of the role of
Pt polarization.

5. Conclusions

The magnetic and magneto-optical properties of
TbFeCo/Pt multilayer films are systematically studied.
The results may be summarized as follows:

i) The saturation magnetization drastically in-
creases with Pt thickness.

i) The magneto-optical polar Kerr effect is signifi-
cantly enhanced in ultraviolet photon energies.

iii) The low angle X-ray diffraction analysis reveals
that the interfacial Fe-Pt alloy-like layers are
asymmetrically formed only on the TbFeCo
layer.

iv) This possibility is supported by simulation of
magneto-optical spectra. Better fit is obtained by
taking into account the spin-polarization of the
Pt layer.

As a conclusion, the magnetic and magneto-optical
properties can be reasonably well explained by taking
into account asymmetric Fe-Pt alloy-like layers formed
at the interfaces.

Appendix

The theoretical expression for the shape of a low
angle X-ray diffraction pattern for multilayers having
smooth boundary interfaces is considered as fol-
lows!® 1% The thickness of each layer j (<N) is de-
noted by d;. The reflectivity coefficient R; ;+, is given
as a recursion formula:

Rjvi,j+2tFjje1 .a. @)
Rjirj+2Fj01+1

Rj 1=

Here
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Fjjn= &1 .
&Tgj+1
aj=exp (—ingd;/1),
where
gjz/m.

A is the wavelength, »; is the refractive index of layer j,
and @ is the angle of incidence. One solves Eq. (2) by
starting at the substrate, layer N, and noting that
Ry nv+1=0, since the thickness of the substrate is in-
finitely large. One also notes that a; is unity. Then,
the ratio of the reflected to incident intensity I/1; is
obtained by:

Ry 212=I/1,. 3

For rough interfaces, the above formulas are no
longer exact. To apply the Névot—Croce formulas® is a
method to incorporate roughness. They assume that
interface heights have a gaussian distribution. In the
above recursion formulas, the Fresnel coefficient for
reflection Fj ;.1 is multiplied by a factor Sj; expressed
as:

Sj=exp[—2(270;/2)*gigi+1], (4)
which is a function of the root-mean-square deviation
o; of the interface atoms from the perfectly smooth
situation.

The following factor is employed to- evaluate the
fitting reliability.2?

LA
R (%) = ‘/xz/gl {log {(Zexp(G:))} 2 X100 (6)
where x? is defined as:
Ny
xZ =El {log (Zexp (6:)}2

Here I, and I.. are measured and calculated in-
tensities, respectively, and N, is number of data points.
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