University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln

David Sellmyer Publications Research Papers in Physics and Astronomy

December 1990

Magnetism of rare-earth—transition-metal nanoscale multilayers.
|. Experiments on Dy/Co, Dy/Fe, and Tb/Fe

Z.S. Shan
University of Nebraska - Lincoln

David J. Sellmyer
University of Nebraska-Lincoln, dsellmyer@unl.edu

Follow this and additional works at: https://digitalcommons.unl.edu/physicssellmyer

0 Part of the Physics Commons

Shan, Z.S. and Sellmyer, David J., "Magnetism of rare-earth—transition-metal nanoscale multilayers. I.
Experiments on Dy/Co, Dy/Fe, and Th/Fe" (1990). David Sellmyer Publications. 122.
https://digitalcommons.unl.edu/physicssellmyer/122

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in David Sellmyer Publications
by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicssellmyer
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicssellmyer?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F122&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F122&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicssellmyer/122?utm_source=digitalcommons.unl.edu%2Fphysicssellmyer%2F122&utm_medium=PDF&utm_campaign=PDFCoverPages

PHYSICAL REVIEW B

VOLUME 42, NUMBER 16

1 DECEMBER 1990

Magnetism of rare-earth—transition-metal nanoscale multilayers.
I. Experiments on Dy/Co, Dy/Fe, and Tb/Fe

Z.S. Shan* and D. J. Sellmyer
Behlen Laboratory of Physics and Center for Materials Research and Analysis,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111
(Received 16 January 1990; revised manuscript received 30 April 1990)

Experimental investigations of magnetic and structural properties for rare-earth—transition-metal

(RE-TM) compositionally modulated films (CMF) are presented in this paper.

In particular,

ARE/B™ including ARE=Dy and Tb and B™ =Fe, Co, and Ni, are studied. The layer thickness
and temperature dependence of magnetic properties, which can be interpreted in terms of the anti-
ferromagnetic coupling of RE and TM moments and their atomic distributions, are reported. These
ARE/B™ CMF with nanoscale layer thicknesses exhibit perpendicular magnetic anisotropy (PMA)
and the range of the layer thickness required for PMA is determined. The origin of PMA is also

discussed.

I. INTRODUCTION

Rare-earth—transition-metal thin films have been of
great interest and their properties have been studied in-
tensively. The reasons for this interest include both inter-
face and quasi-two-dimensional magnetism and also their
promising applications as magnetic information storage
media used, for example, perpendicular and magneto-
optical recording. Among the RE-TM homogeneous
films, Gd-Co and Gd-Fe were the first found to possess
perpendicular anisotropy.! Subsequently, a number of
ARE.B™ (4RE=Nd, Tb, Gd, etc.; B™=Co, Fe) films
were reported to have perpendicular magnetic anisotro-
py.2 ' The origins of the perpendicular magnetic an-
isotropy were attributed to atomic ordering, '° anisotrop-
ic local coordination,?° shaped voids, %! strain,zz‘23 ex-
change, > dipolar interaction, >>2° and single-ion anisotro-
py.?’ 73 Among these possible origins, mostly it has
been argued that the dipolar interactions and single-ion
anisotropy are the main sources of perpendicular magnet-
ic anisotropy (PMA). It is noticed that the anisotropic
short-range pair correlations of atoms play an important
role for both dipolar interaction and single-ion models.

In recent years, compositionally modulated films
(CMF) or multilayers have enjoyed more and more atten-
tion for their attractive properties, and a number of CMF
have been studied. Some examples are 4 RE/B™ multi-
layers (ARE=Tb, Dy, and Nd, and B™=Co, Fe), %
Pd/Co,*~3* Au/Co,> and Fe/Ag,> and the results sug-
gest that the CMF constitutes a fertile area of pure and
applied science. In particular, if one imagines making an
A /B multilayer with layer thicknesses d , and dg, then
as d 4 and dy decrease to three or two atomic diameters,
clearly there will be anisotropic pair correlations with an
excess of 44 and BB atom pairs in the film plane and
AB atom pairs perpendicular to the film plane. This then
suggested an important method which offers an extra de-
gree of freedom to control the anisotropic pair distribu-
tions of 4 and B atoms and consequently to influence the
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PMA and other magnetic properties.

The ARE/B™ CMF (A4 RE=the heavy RE, Dy and Tb
and B™=Co, Fe, Ni) are studied in this paper because
of the following facts. (1) The heavy RE atoms have
large atomic magnetic moments, and the magnetic mo-
ments of RE and TM are antiferromagnetically coupled.
(2) Dy and Tb atoms have large random single-ion aniso-
tropy. Properties (1) and (2) may lead to large anisotropy
and coercivity for 4RE/B™ CMF. (3) Systematic stud-
ies on the layer thickness and temperature dependence
are essential for the understanding micromagnetic struc-
ture and further controlling the magnetic properties.

In the second paper of this series we develop a theoreti-
cal model for understanding both the magnetization dis-
tribution and perpendicular magnetic anisotropy. This
paper will be denoted hereafter as paper II. A third pa-
per (III) will be devoted to other 4ARE/B™ CMF in
which the RE is a light rare earth such as Nd, or where
the RE possesses small or no single-ion anisotropy (e.g.,
Er and/or Gd).

The magnetic structure of the artificially deposited
CMF may be represented schematically as shown in Fig.
1. The CMF structure with the thick layers of RE and
TM is shown in Fig. 1(a), which is composed of three re-
gions: the inner RE region which is magnetically disor-
dered at room temperature for Dy and Tb; the interface
region where the RE and TM are antiferromagnetically
coupled and their magnetic moments may be compensat-
ed somewhere; and the inner TM region which is fer-
romagnetically ordered. In the inner TM region the mag-
netic moment is usually parallel to the film plane; howev-
er in the interface region where the atomic distribution
lacks symmetry, the magnetic moments may be perpen-
dicular to the film plane, as was pointed out by Néel, " if
the anisotropy forces are large enough [this situation is
not shown in Fig. 1(a)]. Therefore we come to two con-
clusions. (1) The CMF with very thick layer thicknesses
may show characteristics of a two-phase RE and TM ma-
terial because the interface contribution is negligibly
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FIG. 2. Cu K, small-angle diffraction intensity as a function
FIG. 1. The schematic representation of magnetic structure of 26 for three Dy/Co, Dy/Fe, and Dy/Ni samples.

for ARE/B™ as the nominal layer thickness of the heavy RE
and TM are much thicker than the interface (a), or thinner than
the nominal interface (b), and the concentration distributions of
RE and TM constituents of case (b) along the film normal (c).
Int. denotes interface in this figure.

small. (2) As the nominal layer thicknesses of RE and
TM decrease until the interface dominates, then the CMF
may exhibit interesting magnetic features, e.g., the net
magnetic moment being perpendicular to the film plane
as shown in Fig. 1(b).

In the rest of this paper the attention will be focused
on the thin layer CMF where the contribution coming
from the interface is dominant. The layer thickness and
temperature dependence are investigated systematically
for Dy/Co, Dy/Fe, and Tb/Fe CMF, and the magnetic
property of Dy/Ni is discussed briefly as well.

The samples were grown in a multiple-gun sputtering
system with the Mylar substrates for magnetic measure-
ments and glass substrates for x-ray diffraction. The
preparation conditions and the procedure of determining
the magnetic properties, such as the anisotropy, are the
same as those mentioned in our previous papers. ***} The
magnetic properties were measured with a vibrating-
sample magnetometer at room and low temperatures.
Some samples were also measured with a torquemeter for
the sake of comparison. Large- and small-angle x-ray
diffraction measurements have been performed on select-
ed samples to determine the crystalline and composition-
ally modulated structure. Briefly, the structure is poly-
crystalline for Dy/Co, Dy/Fe, and Tb/Fe CMF as the in-
dividual layer thickness is greater than about 15 A, and
for thinner layers the structure is amorphous. Several ex-
amples will be given later for Dy/Co and Dy/Fe CMF.
The small- angle x-ray diffraction patterns, as shown in
Fig. 2, only show the first-order peaks for (14 A Dy)/(40

A Fe) and (14 A Dy)/(50 A Co) but also the second-
order peak for (7 A Dy)/(30 A Ni). This suggests that
the compositionally modulated structure has a sinusoidal
form, 58,42 which is shown schematically in Fig. 1(c), for
(14 A Dy)/(40, A) and ( 14 A)/(50 A Co), and a sharper in-
terface for (7 A Dy)/(30 A Ni).

In order to study systematically the layer thickness
dependence of magnetic properties, the interval of TM
layer thickness X and RE layer thickness Y are about one
atomic diameter, namely, 2.5 A for TM and 3.5 A for
RE: in some regions the intervals are only about half
atomic diameter which enable us to investigate precisely
the layer thickness dependence of magnetic properties.

II. Dy-BASED CMF

Dy/Co and Dy/Fe CMF, about 70 samples for each
species, were prepared and their magnetic properties
were analyzed. A few Dy/Ni CMF were also fabricated
in order to compare their magnetic characteristics with
those of Dy/Co and Dy/Fe CMF.

A. Dy/Co CMF

Several examples of large-angle x-ray diffraction mea-
surements for Dy/Co CMF are shown in Fig. 3. It is
seen that the structure is amorphous for individual layers
thinner than 14 A while the crystalline feature, e.g., the
sharper peak, becomes stronger as the layer gets thicker.

1. Layer-thickness dependence of magnetic properties
at room temperature

The hysteresis loops of about 70 Dy/Co samples were
measured at room temperature. Examples for (5 A
Dy)/(X A Co)and 3.5 A Dy)/(X A Co) are shown in Fig.
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FIG. 3. Cu K, large-angle diffraction intensity as a function
of 26 for Dy/Co samples.

4. This figure shows that the magnetic anisotropy, mag-
netization, coercivity, and remanence change regularly as
the Co and Dy layer thicknesses are changed, e.g., the
coercivity H, is relatively small for both small and large
layer thicknesses, but it is large for intermediate values.
Also the films possess perpendicular anisotropy for inter-
mediate values.

The “measured anisotropy,” K, is determined by the
area between the parallel and perpendicular o(H,)
curves. Figure 5 shows a plot of AK, vs Co layer thick-
ness X for (8 A Dy)/(X A Co) which is a straight line for
X >15 A. This behavior, which has been observed in
numerous magnetic multilayers, *1:4347:5:55 can be under-
stood in terms of the following expression:

AK,=2K,+(K,—27M})X , (1)

where K;, K, and 217'MS2 are the interface, volume, and
demagnetization anisotropy energies, respectively. The
K, value for this series is about 0.7 erg/cm’. The main

T T 36

3.5ADy
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= 57ADy/82\Co

H(kOe)

i FIG. 4. oLayer-thicknesas dependence of hysteresis loops for (5
A Dy)/(X A Co) and (3.5 A Dy)/(X A Co) at 300 K.

point here is that Eq. (1) is no longer a straight line for
X <15 A, just where the structure changes from compo-
sitionally modulated crystalline to compositionally modu-
lated amorphous. We focus mainly on the small-X and
-Y regions, where perpendicular anisotropy occurs.

A summary of the layer thickness dependence of the
magnetization o is illustrated in Fig. 6. Based on this
systematic investigation, a three dimensional diagram is
shown in Fig. 7 which displays the main behavior of the
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FIG. 5. The measured anisotropy K, multiplieg by the bi-
layer thickness A vs the Co layer thickness for (8 A Dy)/(X A
Co) CMF.
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layer thickness of Dy (A)

FIG. 6. Layer-thickness dependence of magnetization for (Y
A Dy)/(X A Co) CMF at H,=8 kOe and T =300 K. o, means
the magnetization was measured with the applied field perpen-
dicular to the film plane.

magnetization. Several features should be pointed out.
(1) The valley between the two peaks of magnetization,
where |o,|=0, originates from the antiferromagnetic
coupling of Co and Dy moments. Thus this valley traces
the compensation points of the films of different composi-
tions. The relationship between Dy and Co layer
thicknesses for the compensation composition can be ap-
proximately expressed as Y =~(13)X. (2) The bigger peak
of |o,| on the right-hand side of the valley indicates a re-
gion where the Co magnetization dominates. The smaller
hill of |&,| on the left-hand side of the valley is the region
where the Dy magnetization dominates. (3) As the Co
and Dy layers get very thin, the magnetization |o | ap-
proaches the behavior of homogeneous Dy/Co alloys be-

Layer thickness of Co, X(A)

FIG. 7. The three-dimensional diagram ofolayer-thickness
dependence of magnetization for (Y A Dy)/(X A Co) at H,=38
kOe, and T =300 K.
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FIG. 8. The three-dimensional diagram of layer thickness
dependence of intrinsic anisotropy K, for (Y A Dy)/(X A Co) at
300K (K, =K, +2mM?2).

cause the ‘“layers” are so thin that an almost-
homogeneous alloy is formed.

A summary of the layer thickness dependence of the
intrinsic anisotropy, K,=K,+27M?2, is illustrated in
Fig. 8 in three-dimensional form. There are several
characteristics to be noticed. (1) The maximum value of
K,, where the sample exhibits the strongest perpendicu-
lar anisotropy, occurs at X ~6 A, Y ~6 A. (2) As the Co
layer becomes thicker, K, becomes negative (not shown
in this figure for clarity); therefore the easy direction of
magnetization becomes parallel to the film plane. (3) The
K, peak becomes wider and lower as the Dy layer thick-
ness increases, and K, decreases rapidly and becomes
negative (not shown in this figure for clarity) as the Dy
layer becomes very thin, since the amorphous Co-rich al-
loy has in-plane anisotropy.

For technical applications, such as the magnetic
recording, the reduction of the anisotropy originating
from demagnetization anisotropy should be considered.
Thus it is useful to determine the ranges of Co and Dy
layer thicknesses exhibiting perpendicular ‘“measured an-
isotropy,” i.e., to determine the regions of X and Y where
K, has positive value. This result is shown in Fig. 5 of
Ref. 42. The rather broad region where K, >0 suggests
that Dy/Co films could be promising for magneto-optical
and perpendicular recording.

A brief discussion, which may help understanding the
magnetic structure of the Dy/Co CMF, is given below.

(a) Figure 8 shows that the CMF samples with inter-
mediate layer thicknesses of X and Y exhibit strong per-
pendicular magnetic anisotropy. For example, (6 A
Dy)/(6 A Co) has (K, )max for their layer thicknesses of
Dy and Co of about 2 atomic layers, where the CMF has
the maximum ratio of the “interface to volume.” This
means the ‘‘interfaces” of the CMF are responsible for
the perpendicular magnetic anisotropy. The main feature
of the interface is the anisotropic distribution of atoms
there. In paper II we will discuss the origin and calcula-
tion of the perpendicular magnetic anisotropy to put this
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argument on a more clear and solid foundation.

b) A set of (Y A Dy)/(X A Co) (Y/X=3.5/2.5,
5.25/3.75, 7/5, and 21/15) were prepared.*’ The shape
of their hysteresis loops changes regularly as the nominal
layer thicknesses of Dy and Co increase. We notice that
all five samples have the same chemical ratio of Dy and
Co. This means that the behavior is clearly controlled by
the layer thickness, consequently the distributions of Dy
and Co atoms, rather than the chemical composition.

(c) As pointed out above, we focus mainly on the
small-X and -Y regions where perpendicular magnetic an-
isotropy occurs. But the curves of AK, vs Co layer thick-
ness in the large-X and -Y regions, as shown in Fig. 9,
may offer more information. (1) The curve becomes a
straight line for thick Co layers. But in the case of
Dy/Co CMF, the intercept, and therefore the interface
anisotropy K, increases as the Dy layer becomes thicker.
This may be attributed to the interdiffusion between Co
and Dy atoms. As the Dy layers become thicker, the in-
creasing interface region due to the interdiffusion gives
rise to the increase of the interface anisotropy, and the
curve of K, vs Dy layer thickness is shown in the inset of
Fig. 9. A detailed discussion of the origin of the anisotro-
py is given in paper II and Refs. 46 and 45. (2) The
volume anisotropy can be estimated from the slopes, i.e.,
(K, —21TM ), of the lines, and it is found to be 2.5X 10°
erg/cm® for (3.5 A Dy)/X A Co) and 4.9%10° erg/cm’
for (14 A Dy)/(X A Co) if the Co bulk magnetization is
taken for M,. The volume anisotropy for pure Co is
4.5X10% erg/cm>. They are of the same order of magni-
tude.

T T [T T T T3
Dy/Co 10 i

MULTILAYERS S
<

THICKNESS OF Dy (A)

o o o

a XACo/14A0Dy

£ [

N [ —
o N

S XACo/11ADy
NE)

K

xecwsZDyj

° o
XACo/8ADy

1 1 1 1 J

0 10 20 30 40 50
LAYER THICKNESS OF Co(A)

FIG. 9. The measured anisotropy K, multiplied by the bi-
layer thickness A vs the Co layer thickness for the samples with
Dy layer thickness Y =3.5, 8, 11, and 14 A.
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(d) To confirm the perpendicular anisotropy, torque
measurements have been performed for (5 A Dy)/(x A
Co) (X =3.5, 6, 8, 10).“® The results show that the sam-
ples possess perpendicular anisotropy for X =3.5, 6, and
8, and the easy axis changes from film normal to in-plane
as X increases from 8 A to 10 A. This feature is con-
sistent with the characteristics in Fig. 4.

2. Temperature dependence of magnetic properties

The temperature dependence of magnetic properties,
such as magnetization, anisotropy, and coercivity, are
summarized in this section. Phenomenologically, the
Dy/Co CMF can be regarded as a stack of a large num-
ber of very thin Dy-Co slices with modulated composi-
tion. Therefore the character of the temperature depen-
dence of magnetic properties for CMF structure is ex-
pected to be more complex than that of homogeneous al-
loys: the latter is determined only by the unique compo-
sition, and the former has the modulated distribution of
composition.

Figure 10 shows the hysteresis loops (Y A Dy)/(6 A
Co) (Y=3.5,5, 8, 11, and 14) at 4.2 K and 300 K. That
the magnetic properties depend on temperature is seen
clearly. (1) The magnetization of each sample at 4.2 K is
larger than that at room temperature. This is due to the
fact that at 4.2 K, the Dy moment is ordered and at 300
K it is disordered. Especially for (14 A Dy)/(6 A Co) this
feature is shown distinctly. (2) The coercivity of each
sample increases remarkably as the temperature de-

0 (emu/g)

[ 14ADy/6ACO on 58
oL
1 1 (b)
0 8 4 0 4 8
H(kOe) H(kOe)

FIG. 10. Hysteresis loops for (Y A Dy)/(6 A Co) at 300 K
and 4.2 K.
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creases from 300 K to 4.2 K if we notice the abscissa
scale of Fig. 10(a) is from —80 kQOe to + 80 kOe, which is
ten times larger than that of Fig. 10(b). (3) Both at 42 K
and 300 K, sample (5 A Dy)/(6 A Co), whose layer
thicknesses of Dy and Co are about 2-atomic diameter of
each species, respectively, has the maximum values of an-
isotropy K,. This also implies that the interface is the
main source responsible for the anisotropy. (4) At 4.2 K,
the Dy moments are ordered and the coercivity H, (the
coercivity for the applied field parallel to the film plane)
increases as the Dy layer becomes thicker. This implies
that the Dy atomic density has an important influence on
the H. Figure 11 is the summary of the Dy layer thick-
ness dependence of magnetization and anisotropy. The
features of (1)—(3) mentioned above are found easily here
and even more information can be obtained. (1) Antifer-
romagnetic coupling between the Dy and Co magnetiza-
tion is exhibited both at 300 K and 4.2 K, since the mag-
netizations change their sign as Dy layer becomes thlck-
er, and the compensation point moves from Y ~6 A at
300 K to Y~4 A at 4.2 K. (2) As the Dy layer thickness
increases, the los| value gets larger at 4.2 K because the
Dy moment becomes more dominant, but the |o | value
decreases slightly at 300 K since the increase of Dy layer
thickness will lead to the magnetic disorder in the central
part of the Dy region. (3) The maximum value of K, is
about 1.4X 107 erg/cm’ at 4.2 K and 2X 10°® erg/cm?® at
300 K, correspondingly. The K, values at 4.2 K are
much larger than those at 300 K. This feature hints that
the main origin of the anisotropy may be related to a pa-
rameter which depends on the temperature strongly, for
example, the single-ion anisotropy energy of Dy, which is
proportional to the Dy subnetwork magnetization

14x10° |- YADy/6ACo
— I2x10* |-
E
§ 'OX,O‘ - 42 K
5 8x10° |-
.6x10' |
x (]
4x10* |-
2x10% |-
o 5 10 G
Layer thickness of Dy ( A )
a0k vADy/6ACo
_ eof \\\
o
> ° 5 10 5
5 20t
o 4o 300K
60 -
80 - 42K
100 -
Layer thickness of Dy ( 4 )
FIG. 11. Layer-thickness dependence of magnetization and

anisotropy for (Y A Dy)/(6 A Co)at 300K and 4.2 K.
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squared. A more detailed discussion of the origin of an-
isotropy will be given in paper II.

An example of the temperature dependence of hys-
teresis loops from 4.2 K to 300 K for (5 A Dy)/(6 A Co)
is shown in Fig. 12, and the temperature dependence of
lo,l, K,, and H, are shown in Fig. 13. Several charac-
teristics should be noted. (1) The magnetization IUS|,
which is dominated by Dy moment at low temperature,
first decreases as temperature increases, reaches a
minimum value which corresponds the compensation
point at T~190 K, and then |o,| increases again because
the Co moment dominates. (2) The enhancement of the
compensation point from about 88 K (Dy ordering tem-
perature) to the present 190 K is due to the exchange in-
teraction between Co and Dy atoms. This exchange in-
teraction makes Dy subnetwork partially magnetically
ordered above 88 K. (3) The K, character is quite com-
plex. For T=133 K and T =300 K, the samples exhibit
perpendicular anisotropy, and for 178 K < T <200 K the
configuration of hysteresis loops make it difficult to deter-
mine the anisotropy from the area between the parallel
and perpendicular magnetization curves, approximated
by the horizontal bisectors of the hysteresis loops. A
rough estimation gives in-plane anisotropy without tak-
ing the contribution 27M? into account (or very weak
perpendicular anisotropy after taking the contribution of
27M? into account) at 178 K. The reason of this feature
is not clear completely. Mostly it is owing to that the
magnetic state of this sample is close to the compensation
point at T =178-200 K and we will point out below that
the method of determining the anisotropy from the area
between the parallel and perpendicular magnetization
curves is unsuited in the vicinity of the compensation
point. (4) The temperature dependence of H_ displays a
small peak at T=160 K. This character is different from
the conventional behavior of homogeneous heavy rare-
earth—transition-metal alloys, in which the coercivity
diverges near the compensation point.*? A possible in-
terpretation of this discrepancy comes from the different
configuration of the atomic distribution: in the CMF
structure the atomic concentration of Dy and Co is com-
positionally modulated. Although an average of the
CMF is in the compensation region, the individual re-
gions are away from compensation. As a result the diver-
gence of H. does not appear for (5 A Dy)/(6 A Co). To
confirm thls mterpretatlon the measurements of H . vsT
for (3.5 A Dy/5 A Co), (8 A Dy/10 A Co), B A Dy)/(15
A Co), etc., have been performed carefully and the simi-
lar results were obtained.

B. Dy/Fe CMF

There are many similarities in the magnetic charac-
teristics between Dy/Co and Dy/Fe CMF, but some
differences also will be observed in the following discus-
sion. As in the case of Dy/Co CMF a large number
(~ 70) of Dy/Fe films were made to carefully study the
layer-thickness dependence of the properties. Large- and
small-angle x-ray diffraction measurements have been
performed on selected samples. Two examples of large-
angle x-ray diffraction patterns are illustrated in Fig. 14,
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FIG. 12. Temperature dependence of hysteresis loops for (5 A Dy)/(6 A Co) (T =300, 200, 178, 133, 77, 22, and 4.2 K).

and these show a polycrystalline structure for (56 A
Dy)/(40 A Fe) and a noncrystalline or “nearly amor-
phous” pattern for (14 A Dy)/(15 A Fe). An example of
small-angle pattern for (14 A Dy)/(40 A Fe) is shown in
Fig. 2.

1. The layer-thickness dependence of hysteresis
loops for (5 A Dy)/(X A Fe)

Figure 15 shows a detailed layer-thickness dependence
of hysteresis loops for (5 A Dy)/(X A Fe) as the Fe layer

35 70
E L . 0 ) |
S 301 shpy/6ACo o1 % 80 __
o *:He <
o O 25+ A’Ku 4150 5
© = . £
22 )
15 130
10 f ! 20
5L 10
0 e 0
0 100 200 300

Temperature (K)

FIG. 13. Temperature dependence of saturated magnetlza-
tion o, anisotropy K,, and coercivity H, for (5 A Dy)/(6 A
Co).

thickness varies from 2.5 A to 40 A; note especially that
the interval is only 1.25 A as X ranges from 2.5 to 10 A.
The layer-thickness dependence of magnetization and an-
isotropy are determined from Fig. 15 and are summa-
rized in Fig. 16.

Several results about the magnetization can be found
from Figs. 15 and 16. To understand the layer-thickness
dependence of magnetization, both the antiferromagnetic
coupling of Dy and Fe moments and the modulated dis-
tribution of composition have to be taken into account.
(1) Sample (5 A Dy)/(6.25 A Fe) is in a state very close to
the composition point. Then the Dy moment dominates
as X <6.5 A and the Fe moment dommates as X >6.5A.
(2) As X increases from 2.5 to 6.5 A, the magnetization
magnitude of Dy/Fe, |o|, first increases, then decreases.
This feature is due to the existence of two competitive
processes: the enhancement of the Dy moments by the
exchange interactions between Fe and Dy subnetwork
moments as the Fe atomic fraction increases in this
range, and the antiferromagnetic coupling between the
Dy and Fe subnetwork moments. The former dominates
as X is close to 2.5 A and the latter prevails as X ap-
proaches 6.5 A. (3) As X increases from 12 to 20 A the
magnetization of o and o, changes very little. This may
be attributed to the fact that the pure amorphous Fe is
disordered magnetxcally, as the Fe layer thickness
ranges between 10 A and 20 A, the Fe atomic fraction in
the central region of the Fe layer is close to unity and its
structure is amorphous which gives no contribution to
the moments [see the similar situation for (4.5 A
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Tb)/(8.75 A Fe). A model calculation has been made for
this sample in paper II]. Therefore the magnetization ex-
hibits a “kink” there. (4) As X >20 A, the Fe has crys-
talline structure and its moment increases rapidly as
shown in the Figs. 15 and 16. (5) It is noticed that the
four samples of (5 A Dy)/(X A Fe) (X =2.5, 6.25, 15, 20)
exhibit the character of smaller magnitude of magnetiza-
tion and this can be interpreted as follows. Sample (5 A
Dy)/(2.5 A Fe) is just ordered weakly by the exchange in-
teractions between Dy and Fe moments and has almost
homogeneous distribution of Fe and Dy constituents be-
cause both the Fe and Dy layers are very thin. Sample (5
A Dy)/(6.25 A Fe) displays almost zero magnetization
since the Dy moment dominates in the Dy region and the
Fe moment dominates in the Fe region and they compen-
sate each other to produce a nearly zero net magnetiza-
tion. However sample (5 A Dy)/(15 A Fe) [or (5 A
Dy)/(20 A Fe) )] has much thicker Fe layer and the central
Fe region gives no magnetization contribution as men-
tioned above. (6) As the Dy layer becomes thicker (not
shown in Fig. 16) the compensation point will move to-
ward larger Fe layer thickness and this is understandable
from the antiferromagnetic coupling of Dy and Fe mo-
ments.

The layer-thickness dependence of the magnetic aniso-
tropy, as shown in Figs. 15 and 16, exhibits the following
features. (1) Figure 15 shows that the hysteresis loops of
o, change their shapes very llttle as the Fe layer thick-
ness varies from 3.75 to 20 A, whereas the hysteresis
loops of o, change their characteristics noticeably in the
same range. When the Fe layer is thicker than 30 A, the
hysteresis loops of o also change noticeably. This im-
plies that the magnetic properties in the direction perpen-
dicular to the film plane strongly depend on the “inter-
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face” which is characterized by the anisotropic distribu-
tion of constituent atoms, but the magnetic properties in
the parallel direction are mainly determined by the

“inner part” of the Fe layer. (2) The samples with the
layer thickness thinner than about 12 A usually have per-
pendicular anisotropy for both of the 2.5 A<X <6.25A
region where the Dy moment dominates and the 6.25
A<x<12 A region where the Fe moment dominates.
This suggests that the source of the perpendicular aniso-
tropy is related to the anisotropic distribution and con-
stituent magnetization rather than their net magnetiza-
tion. (3) The behavior of K, at the compensation point is
uncertain. Sato’*3* reported that K, =0 at the compen-
sation point for Dy/Fe, Tb/Fe, and Gd/Fe CMF. But in
the case of nominally homogeneous RE-TM films Van
Dover!® and Egami® claimed that K, changes smoothly
through the compensation point. This problem will be
discussed in more detail in the following.

It is obvious that the torque magnetometer is unsuited
to measure the torque curve in the vicinity of compensa-
tion point. However one might conclude that there is no
anisotropy in terms of M (H,) and M (H,) loops at the
compensation point since

K,=K,+¥2aM} (+:M,>M;—:M <M) . )

At the compensation point M,(H,)=M (H,)=0 which
leads to K, =0, and subsequently K, =0. But as point
out in paper II, the origin of the anisotropy for Dy/Fe
CMF is the single-ion anisotropy of Dy ions which is pro-
portional to the Dy magnetization squared, M2(Dy). The
Dy magnetization changes smoothly through the com-
pensation point, and thus it seems reasonable to conclude
that the anisotropy changes smoothly through the com-
pensation point. But this conclusion conflicts with the
above one based on the formula of K, =K,+27M?2. A
possible interpretation is that the method based on Eq. (2)
is unsuitable at the compensation point for Dy/Fe CMF
which is characterized by the antiferromagnetically cou-
pling between Dy and Fe subnetworks. A more detailed
discussion is given in Appendix A of Ref. 46, and the
conclusion is that the K, should change smoothly
through the compensation point as shown in Fig. 16 by
the solid line.

2. Temperature dependence of magnetic properties

Figure 17 is an example of the temperature dependence
of the magnetic properties for (Y A Dy)/(6 A Fe) (Y =3,
5, 8, and 14). The discussion analogous to what we have
done for Dy/Co CMF in Fig. 10 is simplified as follows.
(1) The magnetization at 4.2 K is much larger than those
at 300 K since Dy is magnetically ordered at 4.2 K. (2)
At 4.2 K the samples possess a giant coercivity usually,

» H. ;=59 kOe for (5 A Dy)/(6 A Fe) and H, =37
kOe for (14 A Dy)/(6 A Fe) which is very weakly magnet-
ically ordered at 300 K. The coercivity H, of pure Dy
film is about 10 kOe at 4.2 K. Therefore all the samples
in Fig. 17 have a coercivity larger than that of pure Dy
film at 4.2 K. (3) For all four samples, although
H. >H, at 4.2 K the anisotropy value is difficult to mea-
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FIG. 17. Hysteresis loops for (Y A Dy)/(6 A Fe) (Y =3, 5, 8,
14) at 300 K and 4.2 K.

sure by the torque magnetometer because of the giant H,
value and by the hysteresis loops because of the impossi-
bility to define an area between o ,(H,) and o (H,)
curves.

The temperature dependence of the hysteresis loops for
(5 A Dy)/(8 A Fe) is illustrated in Fig. 18(a) and their
corresponding o and H, in Fig. 18(b). The following
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FIG. 18. Temperature dependence of hysterems loops (a) and
magnetization and coercivity for (5 A Dy)/(8 A Fe) (b).
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features should be noticed. (1) This sample shows large
coercivity and constricted loops, and at 4.2 K exhibits a
minor loop, which is an evidence of a system with both
soft and hard magnetic phases. (2) Compared with
Dy/Co CMF, Dy/Fe shows larger coercivity (see Fig. 12)
and anisotropy (see Fig. 5 of paper II).

The teerrature dependence of the torque curve for (5
A Dy)/(6 A Fe) has been performed. All three torque
curves indicate that this sample has perpendicular aniso-
tropy at 300, 200, and 77 K. We notice that the torque
curve is a nice sinusoidal at 77 K and has serious distor-
tion at 300 K and 200 K, particularly at 200 K. The
reason for this phenomenon is not yet fully clarified. It
may be associated with the fact that the 200-K sample (5
A Dy)/(6 A Fe) is close to the magnetic compensation
point and the torque measurement is poorly suited to
determine the magnetic property as was pointed out in a
previous section.

3. Discussion

(a) Zwingman?®? suggested that the perpendicular an-

isotropy appears to be induced by the stress from the sub-
strate. We investigated the influence of substrate induced
stress by producing a set of (5 A Dy)/(5 A Fe) samples on
different substrates (Mylar, Ta, mica, and Cu). It should
be emphasized that the samples were made in one
sputtering run to ensure the identical compositionally
modulated structure and preparation condition for all
four samples. This experiment proves that the stress in-
duced anisotropy arising from the sample-substrate
mismatch is not important based on the fact that all four
hysteresis loops possess almost the same shape.

(b) The curves of AK, vs Fe layer thickness X are
shown in Fig. 19. Several features are noticed. (1) All
these curves have roughly the same intercept which cor-
responds to K;=2.5 erg/cm’. (2) The apparent volume
anisotropy K, determined from the relation of
slope=(K, —27M?) has the order of magnitude of 10°
erg/cm’. This value may have a considerable error due
to the uncertainty in the M, value. But the tendency of
K, to increase as the Dy layer gets thicker is seen clearly.
(3) The K, value determined from the slope is positive,
which favors perpendicular anisotropy. But the slopes of
all three curves are negative, i.e., (K, —2mM?) <0, which
means that the apparent volume anisotropy cannot com-
pete with demagnetization anisotropy so that the inter-
face anisotropy is the main source of perpendicular an-
isotropy.

C. Dy/Ni CMF

The magnetic properties of Dy/Ni CMF are sig-
nificantly different from those of Dy/Co and Dy/Fe. The
Dy moment is disordered at room temperature. It is the
exchange interactions between the TM and Dy atoms
that give rise to the magnetic ordering of the Dy subnet-
work. When the transition metal has necessary concen-
tration and strong ferromagnetism, the exchange interac-
tions may be powerful enough to raise the magnetic or-
dering temperature of Dy subnetwork above room tem-
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the Dy layer thickness Y =5, 8, 14 A.

perature. We can expect that Dy/Ni CMF exhibits
weaker magnetic properties because Ni has much weaker
ferromagnetic characteristics than those of Co and Fe.

We take the (3.5 A Dy)/(X A Ni) (X =5, 10, 15, 20, 30)
as an example to discuss its magonetlc propertles briefly.
First at room temperature, (3.5 A Dy)/(5 A Ni) is mag-
netically disordered, and the next two samples (X =10,
15) are only weakly ordered with the magnetization of
2~3 emu/g while the magnetization for (3.5 A Dy)/(10
A Co) reaches 103 emu/g (see Fig. 4). Second, that the
perpendicular measured anisotropy (i.e., K, >0) has not
been observed yet in any of our Dy/Ni samples at room
temperature, Third, sample (3.5 A Dy)/(5 A Ni) and (3.5
A Dy)/(15 A Ni), which are magnetically disordered or
very weakly ordered at room temperature, exhibit K, >0
and strong ferromagnetism at 4.2 K, but still K <0. In
summary, Dy/Ni CMF shows much weaker magnetiza-
tion and anisotropy characteristics compared with
Dy/Co and Dy/Fe CMF.

III. Tb/Fe CMF

The magnetic properties of the Tb atom are similar to
that of Dy: both have large atomic moments and single-
ion anisotropy, etc. Thus many similarities between
Dy/Fe and Tb/Fe CMF are expected. However some
differences also will be pointed out in the following dis-
cussion.

A. Layer-thickness dependence of magnetic properties

An example of the Fe layer thickness dependence of
hysteresis loops for (4.5 A Tb)/(X A Fe) is illustrated in
Fig. 20 and the corresponding Fe layer-thickness depen-
dences of magnetic parameters, such as magnetization
and anisotropy, are given in Fig. 21. The similarities be-
tween Figs. 15 and 16 for (5 A Dy)/(X A Fe) and Figs. 20
and 21 for (4.5 A Tb)/(X A Fe) are obvious. For exam-
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ple, sample (4.5 A Tb)/(3.3 A Fe) is close to the compen-
sation point at room temperature, and there is a magneti-
zation “kink” around X =10 A. We skip the similar dis-
cussion for the present Tb/Fe CMF here. Compared
with Dy/Fe CMF, Tb/Fe CMF usually exhibits stronger
perpendicular anisotropy and one example is illustrated
in Fig. 5 of paper II.

B. Temperature dependence of magnetic properties

The temperature dependence of the hysteresis loops are
presented in Figs. 20, 22, and°23. It is found (1) at 4.2 K
the samples with X <6.25 A exhibits giant coercivity.
Sample (4.5 A Tb)/(2.5 A Fe) has H_=54 kOe, and sam-
ples (4.5 A Tb)/(X A Fe) (X =3.3, 5, 6.25) show minor
hysteresis loops. (2) As the temperature decreases from
300 K to 4.2 K, the change in shape of the hysteresis
loops of thin Fe layer samples, e.g., (4.5 A Tb)/(X A Fe)
(X =2.5, 3.3, etc.) is notable since the Tb moment be-
comes ordered at lower temperature. For the thick Fe
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FIG. 22. Hysteresis loops for (4.5 A Tb)/(X A Fe) (X =2.5,
3.3,5,6.25,7.5,8.75, and 15) at 4.2 K.

layer samples, where Fe moment dominates, e.g., (4.5 A
Tb)/(15 A Fe), this change is much weaker. (3) Sample
(4.5 A Tb)/(3.3 A Fe) exhibits a noteworthy temperature
dependence of hysteresis loop, as shown in Fig. 23. The

-80 0 80
H (kOe)

FIG. 23. Temperature dependence of hysteresis loops for (4.5
A Tb)/(3.3 A Fe) (X =300, 190, 160, 4.2 K).
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constricted hysteresis loops at T <190 K suggest a two-
phase system. Phase 1 is the Tb-rich phase with hard
magnetic properties which is spread over most of the
sample, and phase 2 is the Fe-rich phase with soft mag-
netic properties in the central part of Fe region, whose
moment can be flipped as the applied field is reversed.
The resultant hysteresis loop is the sum of the two
subhysteresis loops and has a constricted shape as expect-
ed. This feature is also observed for (4.5 A Tb)/(X A Fe)
(X =5, 6.25, 7.5, 8.75) at 4.2 K. For thicker Fe layer
samples, e.g., (4.5 A Tb)/(15 A Fe) this feature disappears
because the Fe moment strongly dominates. (4) Com-
pared with Dy/Fe CMF, Tb/Fe CMF demonstrates large
coercivity in a wider range of Fe layer thickness as seen
in Fig. 22. This may be due to the fact that Tb/Fe CMF
possesses larger anisotropy or that the magnetic moment
of Tb ion is coupled more strongly with the crystal field
through the spin-orbit interaction.

1V. SUMMARY AND CONCLUSIONS

The major conclusions from the experimental studies
on Dy- and Tb-based CMF’s are as follows. (1) Interest-
ing magnetic behavior, such as large PMA and coercivi-
ty, is associated with the interfaces, which are character-
ized by the anisotropic distributions of the constituent
atoms; only the CMF with nanoscale layer thicknesses
show these notable magnetic properties. (2) The single-
ion anisotropy of RE ions possessing orbital angular
momentum is the major source of PMA and this point
will be discussed in detail in paper II. (3) The antiferro-
magnetic coupling between RE and TM moments is
confirmed by the experimental measurements of the total
magnetization depending on the layer thickness and tem-
perature; this also will be proved by the modeling analy-
ses of the distributions of the constituent magnetization
along the film normal in paper II. (4) The intrinsic an-
isotropy K, and the constituent magnetizations change
their values smoothly through the compensation point,
and the coercivity divergence at the compensation point,
as was reported for heavy A4RE/B™ homogeneous al-
loys, does not occur for the CMF structure. It should be
emphasized that the magnetic properties of these CMF’s
are the results of the statistical average over the whole
sample, and in paper II we will derive some micromag-
netic information for the CMF structure on the basis of a
mean-field model along with a single-ion anisotropy mod-
el.
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