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CHAPTER I 

GENERAL INTRODUCTION 



1. Metallic Superlattices: Past and Present 

The his t ory of research on metallic superlattices 

i s rather long. The initial purpose of preparing metal­

! ic superlattices was to fabricate periodic structures 

with wavelen g ths not avai !able in the lattice spacings 

of natural c r ystals. The first known attempt to make a 

supcrlattice appears to have been made by Deubner. He 

made Au/Ag and Ag/Cu superlattices and was able to ob­

serve the di ffraction attributable to the composition 

modulation.! DuMond et al. produced a Au/Cu superlat­

tice and obs e rved that the decay o( the amp! i tude of 

the superlattice-ralated x-ray satellites can be used 

as a measure of interdif(usion . 2 After these investiga­

tions, many workers concentrated on the metallic super­

lattices for the study of the physics of diffusion.3-5 

However, the y measured the characteristics only as dif­

fraction gra t ing Cor soft x-ray and were not concerned 

with the phy s ical properties. This is because vacuum 

technology b e fore the 1970's was not advanced enough to 

allow reliable samples to be produced, for which the 

physical pr operties could be strictly discussed. In 

1970, semiconductor superlattice study was initiated by 

Esaki et al.6 This triggered an advancement in vacuum 

technology a nd deposition techniques. As a result, 

epi taxi a! stacking at supcrlattice interfaces was ac­

complished and the growth of single crystal supcrlat-
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tices becam e possible in the semiconductor field, as 

typified by t he GaAs-AIGaAs system.7 On the other hand, 

there were few reports on epitaxial metallic superlat­

tices in tho s e days. In 1981 high-energy ion-scattering 

measurement s indicated that the Ag/Au superlattice is 

g r own on Ag Clll) layer by layer.8 This is the first 

example tha t showed the possibility of fabricating by 

the molecula r beam deposition a single-crystal super­

lattice com p rising transition metals. The discovery 

that single- c rystal films of Y can be grown epitaxially 

on Nb layer led to the synthesis of the first single­

crystal rar e -earth superlattices, Gd/Y.9 Thus, fun­

damental res earch on the physical properties of metal­

lic superlattices has advanced considerably by now. 

Much of the early work on the physics of metallic 

superlattic e s was concerned with superconductivity. 

This is because the coherence length of typical super­

conductors i s very long, with dimensional effects al­

ready appea r ing in films with a thickness of several 

100 A. This means that layering on an atomic-scale is 

not required for research on dimensional crossover 

phenomena. From this point of view, metallic superlat­

tices are u s eful specimens for the investigation of 

basic parameters in superconductivity physics, such as 

coherence length, penetration depth, and proximity ef­

fect. Only the Nb-based systems received systematic 
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study as part of the current interest in synthetically 

layered materials. High-quality Nb/Ge superlattices 

prepared by s putter deposition were studied by Ruggiero 

et a1.IO Th e ir primary motivation was to study dimen­

sional crossover effects in quasi-two-dimensional su­

perconductors. The Nb/Ge superlattices proved highly 

successful in this regard because the degree of inter­

layer coupling could be adequately controlled by vary­

ing the Ge thickness. Nb/Cu,ll Nb/Ti,12 Nb/Zr,l3 and 

Nb/AI14 sup e rlattices also received considerable ex­

perimental a t tention to date. However, the discovery of 

high tempera t ure superconductivity in metallic oxides, 

such as YBazCu30x,15 BizSr 2 CaCuzOx,l6 and 

Tlzl3azCazCu30x,l7 has clearly changed the focus of the 

field of sup c rconducting supcrlattices. Although super­

conductivity i n these oxides is not yet well under­

stood, it appears likely that the layered nature of 

these materials plays an important role in their physi­

cal properties and possibly even in the existence of 

superconductivity itself. Therefore, it is expected 

that the understanding of superconductivity gained by 

the study of superlattice superconductors is applicable 

to these new materials. More importantly, the design 

and preparation principles for superconducting super­

lattices may find application at an atomic-level to the 

synthesis of these oxides. Very recently, Triscone et 



al. studied t he superconductivity in superlattices con­

taining Y8 a zCu307 layers separated by insulating 

PrBazCu307 l ayers.l8 A linear reduction of Tc was ob­

served with increasing thic:kness of the PrBazCu307 

layer, sugge s ting that a minimum interlayer coupling is 

necessary f o r superconductivity to occur in the in­

dividual Y8a zCu307 layers. 

Magnetism is another basic physical properly of 

metallic systems. Already we have fairly well recog­

nized the magnetic properties of bulk metals. On the 

other hand, our knowledge on the magnetic properties of 

su1· faces and interfaces is not yet sufficient. Lieber­

mann el a!. measured the magnetization of Fe, Co, and 

Ni thin films as a function of thickness and explained 

the results by assuming tha l the first sur face I ayer 

has no magnetic moment.l9 In contrast, Freeman's group 

systematically carried out the theoretical calculation 

of electronic and magnetic structures in Fe, Co, and Ni 

thin films with the thickness of several monolayers.20 

The theoretic:al results suggested some increase of sur­

face magnetic moments and refuted the existence of 

"dead" layer. The disagreement between experimental and 

theoretical s tudies is because that the experimental 

technique has not been advanced enough to evaluate the 

magnetic property of monolayer or interface. Here su­

perlallice s a mples have a definite merit for the study 

5 



of monolayer or interface magnetism. Namely, by using 

superlattice s including lwo orders more monolayers, we 

can apply any conventional techniques for lhe charac­

terization of monolayer or interface magnetism. Using 

ferromagneti c resonance measurement, Thaler et al. con­

cluded that the magnetic moment of Ni atoms at inter­

face sites i n Cu/Ni superlatlices is larger than the 

standard bulk value.21 Though their result was refuted 

by lhe detailed investigation of Gyorgy el at.,22 

Thaler's study increased the interest in the magnetic 

properties of metallic superlattices. Thus, most 

studies repo r ted lo dale on magnetic superlattices have 

focused on lhe interface characteristics. Many d-spin 

superlatlic e s containing ferromagnetic transition met­

als were pr e pared in these studies. Hyperfine field 

measurement using MH ssbauer spectroscopy is effective 

lo study lhe interfaces of metallic superlatlices. From 

57Fe MH ssbauer measurements, Fe atoms were found to be 

non-magnetic in the Fe (2 A )/V (16 A) superlallice.23 

In contrast, the magnetic interface effect was shown to 

be small in the Fe/Mg superlatlices.24 That is, Fe 

atoms contacting wi lh Mg at lhe interface layer had 

magnetic moments similar to the bulk value. Moreover, 

Fe monolayers sandwiched between Mg layers appeared to 

be ferromagnetic and the local magnetic moments were 

reduced only slightly. The interface magnetism of su-
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pcrlattices is also very interesting from technological 

viewpoints. Co/Pd and Co/Pt superlatticcs with perpen­

dicular magnetizations which are stabilized by the in­

terfacial anisotropy were actively investigated and 

were reported to be possible candidates for perpen­

dicular magn e tic recording mcdia25 and magneto-optical 

recording media.26 

2. Preparation Techniques for Metallic Superlatlices 

Sputte r ing is a well-established technique for 

preparing th i n films. The sputtering process entails 

cstabl ishin g a plasma discharge and imposing a poten­

tial of the correct polarity so that ionized gas atoms 

are accelera ted to a target surface. If the ionized gas 

atoms are o f sufficient energy, atoms and/or clusters 

arc ejected f rom the solid target into the vapor phase. 

The ejected atoms impinge on a substrate and condense 

to form a f i lm. In the system used for superlattice 

preparation, the sputter sources are widely separated 

and the sub s trates moved past the sources, a single 

layer being deposited on each pass by a source. Here 

there are several demerits for preparation of superlat­

tices in comparison with vacuum deposition. First, ion 

bombardment during synthesis provides knock on mixing 

between layers. This is due to the higher kinetic 
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energy of sputtered atoms. 

eliminate the inclusion of 

It is also impossible to 

inert sputter gas in the 

growing film. Furlher·more, is difficult to control 

the substrate temperature because the bombardment by 

either neutral or ionized inert gas ions results in 

healing of the substrate. Thus, superlattices with 

clean interfaces cannot be synthesized using a sputter­

ing method. 

Vacuum deposition is also used for lhe preparation 

of metallic superlattices. Since the deposition should 

be slow enough for atomic-scale control, to form flat 

surfaces, and to prevent interdiffusion, the surface 

will become contaminated by the adsorption of residual 

gas from the vacuum chamber. This indicates that ultra­

high vacuum is an important condition for superlattice 

preparation by vacuum deposition. Knudsen cells are 

used to prepare semiconductor superlattices. The atomic 

and/or mole c ular beams generated from Knudsen cells 

travel, with guidance from orifices and shutters, in 

linear paths in the vacuum space and condense on the 

substrate under kinetically favorable conditions. This 

approach produces superlatlices wi lh high-qual ily. On 

the other h a nd, the electron beam (EB) gun is mainly 

used as the deposi lion source for metal! ic systems. 

13eams made by evaporating substances with EB guns lend 

lo expand. It is also difficult to control the rate of 
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beams gener a ted by EB guns, because the part lhal is 

healed is very small, producing a large thermal dis-

lribution in the evaporation source. In addition, EB 

heating often results in significant radiant healing of 

th e s ubstrat e which makes substrate temperature control 

difficult. These demerits of vacuum deposition using EB 

gun s result in inferior superlaltice quality. 

3. Magnetism of Rare-Earth Metals 

For the rare-earth metals, the magnetic moment 

arises from the partially filled 4f shells of each 

atom. According lo the Russell-Saunders coupling 

scheme, an unfi lied atomic shell carries a lola! an-

gular momentum, .J, and a magnetic moment, gp BJ. J 

can be defined as 

.J =L +S or I L -S I 

depending on whether the she II is more or I ess than 

half filled, respectively, where L is a lola! orbital 

angular momentum and S is a total spin angular momen-

tum . For the magnetic moment, fL B is the Bohr magnelon 

and g, the L ande factor, can be defined as 

g= 
1 

+ J < J + 1 l - L < L + l l + S < S + 1 l 
2J (J +1) 
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Here the 4f charge drops off rapidly and becomes essen-

tially zero at the Wigner-Seitz sphere radius. There-

fore, the r a re-earth metals were believed to be lhe 

best exampl e s of truly local magnetic moment systems. 

In facl, however, complex magnetic characteristics 

which cannot be explained by the local model arc ob-

served in lhe rare-earth metals. The 4f magnetic 

electron wave functions do not in themselves have a 

significant direct overlap integral and thus lhe com-

plcxity of the magnetism in rare-earth metals lies in 

lhc magnetic coupling lhal occurs via a polarization 

wave formed i n lhe conduction electron bands. This cou-

piing was ba sed on a suggestion by Zener,27 and was 

initially calculated by Ruderman and Kille! for nuclear 

moments in a free electron gas.28 Later Kasuya29 and 

Yosida30 provided the formalism describing the now 

well-known Ruderman-Ki ltei-Kasuya-Yosida (RKKY> cou-

piing between localized 4f spins. The effective hamil-

lonian of RKKY interaction is 

where 

xcosx-sinx 
F(x)= 

10 



Ne and Narc lhe total number of electrons and atoms, 

respectively, E F the Fermi energy, JC F the Fermi wave 

vector, and Hnm the distance between the spins S n and 

S m which mutually interact through lhe polarization of 

the conduction bands. Here it is extremely important 

lhat the interaction has the spatial dependence 

cos(2JC FRnml1Hnm3 for large distances. The outstanding 

feature of lne coupling energy as a function of dis­

lance is lhc long-range oscillatory behavior. Thus, lhc 

spin coupling of 4f magnetic moments involving a 

polarization wave in the conduction bands is of a very 

long-range character. Al low temperatures, it has been 

found that lhe rare-earth metals possess complex mag­

netic order arising from this RKKY interaction.31 For 

example, Gd has the ferromagnetic structure below 293 

K, while Tb and Dy first order in a helical structure 

and make a phase transition to the ferromagnetic struc­

ture at low temperatures. Ho orders in a helical struc­

ture, then transforms into a conical structure. Er has, 

in order of decreasing temperature, helical, conical, 

and longitudinal sinusoidally modulated structures. Tm 

has longitudinal sinusoidally modulated and antiphase 

domain structures. 

11 



~- Aims of the Present Study 

As des c ribed in Section 1, the past study on the 

magnetism of metallic superlattices was aimed at under­

standing th e interface characteristics of superlattices 

containing f erromagnetic transition metals. lt is also 

extremely interesting to study the effects of reduced 

dimensionality on the magnetic ground slate and the de­

pendence of magnetic properties on the artificial com­

positional modulation in the superlallice materials. 

However, th e magnetism resulting from such phenomenon 

in superlattices was not clearly understood in past 

studies. This may be because the magnetic coupling be­

tween the d - spins in the transition metals is only ef­

fcc:live ove r a short-range. Namely, lhe thickness of 

magnetic: layers in superlattices containing transition 

metals must be a few atomic-layers to reduce the dimen­

sionality. Similarly, when the inlerlayer interaction 

between the magnetic layers is induced in d-spin super­

lattices, the thickness of intervening layer must be 

only a few atomic-layers. Unfortunately such atomic­

level contra .! is still not possible in the preparation 

of metallic superlattices, as described in Section 2. 

In the present study, therefore, the following research 

aims were s e t: 

Cll Atomic-scale control of metallic superlaltice 

structure. 

12 



(21 Confirmation of unique magnetism arising from 

artificial compositional modulation and reduced 

dimensionality. 

To achieve the first aim, the molecular beam epitaxy 

<MBEI method which has produced good rcsu Its in the 

field of semiconductors was used to prepare mclall ic 

superlattic c s. The MUE method has developed rapidly 

over the last ten years. The growth of layers involves 

control! ing, via shutters and source temperature, 

atomic and/o r molecular beams directed al a substrate 

to achieve epitaxial growth. The vacuum needed lo mini­

mize contamination is determined by the relatively slow 

film growth rate of approximately len~ per minute and 

is commonly in around Io-11 Torr. The mean free path of 

gases at th i s pressure and in the beams themselves is 

several ord e rs of magnitude greater than the normal 

source-to-substrate distance of a few lens of em. 

l·lence, the beams impinge unreacted on the substrate 

(indirect paths to the substrate are minimized by sur­

rounding lh e substrate with a cryo-shroud cooled by 

I iquid ni trogenl. The beams are ideally generated from 

Knudsen cel l s in which quasi-thermal equilibrium is 

maintained. The beams travel, with guidance from 

orifices and shutters, in linear paths in the vacuum 

space and c o ndense on lhe substrate under kinetically 

favorable condi lions. Timely actuation of lhe source 
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shutters allows film growth to be controlled to the 

monolayer level Next, the rare-earth metals were 

selected as the components of metallic superlattices to 

achieve the second aim described above. This is because 

the magnetic coupling between the 4£ spins, which is 

mediated indirectly through the polarization wave in 

the conduction bands, is effective over a relatively 

long-range compared to that of d-spin systems, as 

described in Section :J. This long-range character was 

expected to allow the second aim to be realized. 

Namely, isolated arrays of moments which vary both in 

thickness and in separation can be synthesized as a 

model system for investigation of intermagnetic layer 

coupling and two-dimensional magnetism. 

The appearance of new physical properties can be 

expected to result from the structure of metal! ic su­

perlattices. A well-known example is Fe layers 

epilaxially grown on a Cu substrate. When the Fe la,· ~r 

thickness was less than about 20 A, the structure was 

the fcc (high temperature) phase instead of the bee 

(ambient temperature) phase and the ferromagnetism dis­

appeared.32 Brodsky also reported that a thin Cr layer 

sandwiched between Au layers has an fcc structure.33 

Normally Cr metal has a bee structure and exhibits an­

tiferromagnetic properties. In contrast, the epitaxial 

fcc-Cr showed superconducting behavior below 4 K. These 
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studies indicate that the high temperature and/or high 

pressure metal phases can be stabi l izcd using the 

epitaxial relationship at superlattice interfaces. 

Namely, when the lattice constant of the high tempera­

ture phase, bee for example, of metal X is very close 

to that of the ambient temperature bee phase of metal 

Y, epitaxial growth of metal X on metal Y is expected 

to produce the bee structure of metal X. The high tem­

perature phase of metal X thus prepared may be stabi-

1 ized by being sandwiched between two layers of metal 

Y. The unknown magnetic and/or electronic properties of 

such artificial crystals are very interesting, as 

described for Fe and Cr metals. In the present study, 

therefore, the following is also set as one of the re­

search aims: 

(3) Stabilization of non-thermodynamic metal phases 

using the epitaxial relationship at 

sup e rlattice interfaces. 

5. Contents o£ the Present Thesis 

This Doctor's thesis is organized into seven chap­

ters, including this chapter and two appendixes. Chap­

ter II is an overview of experimental procedures used 

in the pre s ent study. In this chapter, the MBE ap­

paratus specially designed for this study is described 
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in detail. ln addition, the characterization techniques 

for the metal I ic superlattices are presented. In Chap­

ters Ill, IV, V, and VI, the structural and magnetic 

characteristics of Eu/Mn, Eu/Yb, Dy/Yb, and Sm/Yb su­

pcrlattices, respectively, are described. The unique 

magnetic behavior associated with superperiodicity is 

mainly discussed in Chapters Ill, V, and part of JV. 

Chapter VI and part of Chapter· IV deal with the crystal 

growth of non-thermodynamic rare-earth metal phases. 

The conclusion on the structural and magnetic 

properties of rare-earth metal superlattices are given 

in the last chapter, Chapter VI I. In Appendix I, pub­

lished papers which are directly related to the present 

study are 1 is ted. Appendix 11 deals with other papers 

published. 
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1. Preparation 

The MB E apparatus (ULVAC original design) used for 

th e prepar a tion of metallic superlallices in the 

present study is shown schematically in Figure 1. The 

chambers we r e fabricated f r om stainless steel and all 

chamber po r ts were sealed with copper gaskets. The 

p r eparation chamber was evacuated to 5x1o-10 Torr by a 

rotary pump and a turbo molecular pump. This chamber 

can hold four substrates. The substrate was transferred 

from the pr e paration chamber to the growth chamber by a 

manipulator. The growth chamber was isolated from the 

preparation chamber by a gale valve and was evacuated 

to 7x1o-11 Torr by an ion pump and a titanium sublima­

ti o n pump. The load-lock facilitates the introduction 

and removal of samples without significantly influenc­

ing the growth chamber vacuum. Liquid nitrogen shrouds 

equipped in the growth chamber were helpful in main­

taining an ultra-high vacuum. Here nude gauges were 

used to mea s ure the chamber base pressure. In addition, 

specific background gas species were monitored by a 

quadrupole mass analy zer. The growth temperature of su­

pc r lattices could be changed from 20 to 1,000 K by the 

cooling and healing systems. The substrate temperature 

was monitor e d by the AuFe-chromel or chromel-alumel 

thermocoupl e s in direct contact with the gold-coaled 

substrate holder. The component metals of the superlal-
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lices were deposited using individual Knudsen eel Is. 

They consisted of a healing element, surrounding heal 

shield, and crucible thermocouple assembly mounted on a 

port flange . Source evaporanls were contained inside 

PBN crucibl e s which fit into the furnace assembly. The 

pneumatical l y controlled shutters of the Knudsen cells 

were con tro 1 I ed on-1 i ne by a computer sys tern CNEC PC-

9801 VM) in ter faced with an oscillating quartz thick­

ness sensor (ULVAC CRTM-J) calibrated by a TALYSTEP 

(Rank Taylor Hobson). A typical preparation program was 

as follows; metal A was deposited for a A. followed by 

an intermis s ion of 5 sec, then metal B was deposited 

for b A, and the process was repeated. 

2. Structural Analysis 

2.1 Reflection high-energy electron diffraction (RHEED) 

A schematic diagram of a RHEED experiment <EIKO 

MB-1000) equipped in the MBE apparatus is shown in 

rigure 2. The electron gun, G, is similar to that used 

in conventional electron microscopes except that the 

vacuum seal part is specially made of glass. Both the 

diameter of slit SL2 and the diameter of the direct 

spot on the fluorescent screen SCare 0.1 mm, resulting 

in a beam divergence of about lxlo-4 rad. The electron 

beam from G passes through SL2 
, converges by means of a 
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magnetic lens L, impinges upon sample S, and produces 

very brigh t and s harp di [fraction patterns on SC. The 

RHEED pat terns observed from V were photographed by an 

instant camera. The acceleration voltage used was 30 

kV. The incident electron beam angle was about 1 degree 

relati ve to the sample surface. 

2.2 X-ray diffraction (XRD) 

Small-angle XRD is a very powerful and nondestruc­

tive method for determining how regular lhe 

alternately-deposited layers are slacked and how 

sharp ly the interfaces are formed. If the lattice spac­

ing is d, diffraction peaks will be observed at angles 

0 satisfying lhe wei !-known Bragg equation: 

2dsin0=nlx. 

where ;t x is the x-ray wavelength. Since the period of 

artificial compositional modulation is usually much 

longer than the lattice spacings in natural crystals, 

the peaks are observed in the small-angle region. In 

the present study, the superperiodici lies of syn­

thesized s a mples were determined from the observed 

lowest-order diffraction using lhe Bragg equation. 

To obtain information on the crystal structure of 

individual layers in the superlattices, peaks in the 



middle-angle region have to be studied. For epi laxial 

superlallices, sharp peaks wi lh sate!! i les arc ob-

served. In the present study, x-ray diffraction simula-

lion using a statistical model proposed by Mikolajczak 

el al.l was employed in order to provide further in-

sight into the structural characteristics of epitaxial 

supcrlaltices. The concept behind this model is that a 

large number of textured grains with different thick-

nesses are present in lhe growth direction of superlal-

lice as shown in Figure 3. When this occurs, XRD inlen-

sily can be described by the following equation: 

where L<O J consists of the polarization, Lorentz, and 

geometric factors: 

l+cos (2 0 ) 
l.(O )=sinO sin(20) 

and N is the number of columns used in the calcula-

lions. T1 is the thickness of the lth grain expressed 

as lhe number of "uni l cells". Here the "uni l cell" 

means one period of superlallice. The variables m and n 

are the thicknesses of component metals as described by 

the number of mono 1 ayers. f 1, j < 0 J are the averaged 

atomic scattering factors: 
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cA 1,j and cBl,j are the concentrations of A and B ele­

ments in the jlh plane of the Ilh grain, and fA<O land 

fl3(0 l are t he atomic scattering factors for A and B, 

respectivel y . Dt,j and WJ,j are the averaged density of 

atoms in the j th plane and the averaged Debye-Waller 

coefficient s , respectively, calculated in the same way 

as the factor ft,j<O ). In this study, the Debye-Waller 

coefficient s of rare-earth clements were estimated from 

their Debye temperalures.2 The coordinates of the jlh 

plane are 

where dA an d da are the interplanar distances for bulk 

A and B metals. In lhe comparison between the ex­

per- imental a nd calculated XRD data, there are three im­

portant factors. They are lhe peak posi lion, halfwidths 

of the peak, and peak intensity. In the first step of 

simulation, the thicknesses of component metals in the 

unit cell o f superlallice, m and n, were determined by 

assuming an ideal superlallice structure without inter­

diffusion and texlurised grains. Here only the peak 

position in the XRD pattern is strongly influenced by 

lhc values of m and n. Next, the structural coherence 



length can be estimated from the value of T 1 • This 

parameter strongly contributes to only the halfwidths 

of the XRD p eak. The concentration modulation at the 

superlattic e interface can be found from the values of 

cA 1 ,j and c B, ,j· Here smal I change in these parameters 

induces a large change in the intensity ratio between 

the main and satellite peaks. The values of m, n, T 1 , 

cAI,j• and cBl,j were determined by a Monte Carlo 

method. 

In the present study, the small- and middle-angle 

XRD patterns of the samples were measured with a Rigaku 

CN2013 diff r actometer using CuKa radiation. 

2.3 Transmission electron diffraction (TED) 

In the present study, TED patterns were measured 

using a transmission electron microscope (Akashi EM-

002AJ with a 120 keY electron beam. The samples for the 

TED observation were prepared by dissolving away the 

NaCI substr a te in pure water. 

3. Elemental Analysis 

3.1 Electron probe micro analysis (EPMA) 

In the present study, a Tracor Northern TN5500 

electron probe micro analyzer attached to a scanning 

electron mi c roscope (JEOL JSM-T330J was used to check 
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impurity levels. 

3.2 Auger electron spectroscopy <AES) 

In the present study, PERKIN ELMER SAM 660, PHI 

4300, or JEOL JAMP-lOS spectrometers were used for 

elemental analysis. The depth profile using ion mi I I 

AES was measured by a PHI 4300 spectrometer. Sputter 

etching was done with a 1 keY Ar+ ion beam at an inci­

dent ion-beam angle of 20 degrees relative to the 

sample surface, the ion current and etching area being 

500 nA and 2x2 mm2, respectively. 

4. Magnetic Analysis 

The DC magnetization was measured using a super­

conducting quantum interference device (SQUID: Hoxan 

HSM-2000). The measurement temperature range was be­

tween 4.2 and 200 K. The temperature change was con­

trolled at a rate of K/min. Samples were placed 

parallel t o the external applied magnetic-field to 

measure the parallel magnetization <M;;l. An applied 

static magn e tic-field of up to 5,000 G was used. 
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Figure 1. Schematic . d•agram of MB E apparatus 
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CHAPTER III 

Eu/Mn SUPERLATTICE 
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1. Introduction 

Binary phase diagrams can be classified into four 

categories: 

(AJ two elements form solid solution in wide 

composition a! ranges; 

<BJ mut ual solubility is limited but some 

int e rmetallic compounds exist; 

(CJ hom ogeneous mixing is only possible in the 

I iquid state; 

(OJ hom oge neous mixing is i mpossible even in the 

liquid slate. 

The formati on of met allic superlattices is possible not 

only for c a tegory A, but also for other categories.l 

For the phys ical properties, there is great interest in 

supcrla ttic e s consisting of eutectic (category CJ or 

insoluble (c ategory Dl combinations because they make 

po s sible en t irely new materials possessing superlattice 

structures. This is because bulk alloys cannot be 

formed in ci t,her system. From this point of view, Eu 

and Mn metals which are mutually insoluble2 were 

selected a s the components for the metallic superlat­

ticc discus s ed in this chapter. The mutual insolubility 

of Eu and Mn metals is expected to be effective for the 

elimination of interdiffusion between successive layers 

in the supe r laltices. 

For Eu metal, neutron diffraction measurements 
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have clearly demonstrated the first-order character of 

the magneti c transition. In the antifcrromagnelic stale 

below TN=9 0. 5 K, the moments form a spiral structure 

described by a wave vector along the [100] direction, 

such that the interplanar turn angle is close to 50 de­

grees.3 On the other hand, Mn metal is known to have 

four solid phases, a, {3, r. and 8 below i ls melt -

ing point. The a -Mn phase which is stable under am­

bient temp erature and pressure is found to be anlifcr­

romagnetic below 95 K.4 Thus, because Eu and Mn metals 

possess magnetic spins, superlallice materials compris­

ing both metals should be promising systems for inves­

tigating magnetic characteristics derived from interfa­

cial exchange coupling between the Eu and Mn layers. 

In the present work, supcrlatlices composed of al­

ternating layers of Eu and Mn metals were fabricated by 

means of the MBE technique. Reported here are the 

results from analysis of the structures and magnetic 

properties of the prepared Eu/Mn superlallices by 

ll.IIEED, Xll.D, AES, and SQUID. 

2. Experimental 

Si <100) wafer whose typical size was 30xl5x0.3 

mm3, except when otherwise indicated, was used as the 

substrate. Since the Eu metal readily makes a silicide, 
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the Si sur f ace was terminated with hydrogen using the 

Takahagi et a 'l. 's method5 after chemical etching. Eu 

(99.99 :Y.) a nd Mn (99.999 :Y.) metals were used as the 

source mate r ials. Both metals were deposited at a rate 

of 0 . 2 A/ se c under ultra-high vacuum at 9x1o-10 Torr 

using two Knudsen cells in an MBE apparatus. The growth 

temperature was kept between 260 and 295 K, except when 

otherwise indicated, in order to suppress interlayer 

diffusion. As the first step, an Eu layer was grown on 

a Si substrate. Following this, the Mn and Eu metals 

were alternately deposited. A 300 A-thick Au layer was 

deposited on the surface of al 1 finished samples in or­

der to prot ect them from oxidation. 

3. Structural Characteristics 

3.1 Artific ial superperiodicity 

Figure 1 shows the XRD patterns in the small-angle 

region between 1 and 6 degrees obtained for Eu/Mn su­

pcrlattices having different periodicities <A =19.0, 

45.7, 77.3, 116, and 227 A>, in which the thickness of 

each layer are the same for Eu and Mn components, 

together wi t h the data at higher angle region from 26 

to 30 degre es. Sharp and intense <OOL) reflection, ac­

companied by higher-order reflections, can be seen in 

the small-angle diffraction patterns . Note that even 
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the specimen with an extremely small superlatlice spac­

ing, 19 A. exhibits a sharp and intense basal reflec­

tion. The layer lattice spacing <A) described of each 

synthesized sample was determined from the lowest-order 

diffraction. Since the number of layers in each sample 

is known from the condition of preparation, it can be 

reconfirmed the spacing of the layer lattice by divid­

ing the total thickness (0) of the film, measured by 

the quartz t hickness monitor, with the periodicity num­

ber (NJ. The values of (0/N) thus obtained plotted 

against the layer lattice spacing determined from x-ray 

diffraction (Figure 2) are in good agreement. This im­

plies that t he superlallice has been grown successfully 

with the fo r mation of smooth and clear interfaces. 

Figure 3 shows the result of AES depth profile of 

an Eu/Mn superlattice of A =77.3 A with 50 periods. 

AI ternating Eu and Mn peaks can be observed up to 12 

periods from the lop surface in spite of the ion mixing 

produced by the analysis process. This result also sup­

ports the regularity of the Eu/Mn superlaltice struc­

ture. The p r ofile shows that the thickness of the Eu 

layer is equal to that of the Mn layer as designed. The 

presence of oxygen in the top three layers is due to 

sample oxidation on exposure to air during sample 

transfer to the AES spectrometer. No other impurities 

were detected both by EPMA and by AES analyses as shown 
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in Figures 4 (a) and ( b) . 

3.2 Structur es of individual layers 

In the case of the samples with A;£ 45.7 A, lhe 

observed XRD pattern showed only a very broad peak in 

the middle - angle region of Figure 1, indicating thal 

bo lh lhe Eu and Mn layers are in the amorphous state. 

However, lhe diffraction peak becomes narrower as lhe 

layer spacing increases, and a sharp crystal I ine di £­

fraction pe a k correspo ndin g lo Eu (110) was observed in 

lhe diffra c tion pattern of lhe sample with a layer 

spacing of 2 27 A. Here nole lhat Eu layer took [110]­

oriented cr y stalline structure even when the deposition 

temperature was as low as about 290 K, whereas Mn layer 

was amorphous irrespe c tive of i ls thickness al the same 

deposition t emperature. This finding raised a question 

why and how a lhin Eu layer look a single-crystal-like 

structure. The XRD patterns of Eu thin films deposited 

on various s ubstrates arc shown in Figure 5. A sharp 

and intense diffraction peak due to Eu (110) plane was 

observed on all sampl es, together wi lh a s mall di ffrac­

lion peak a t t~ibutable lo Eu (220). From lhe comparison 

with the peak width of lhe diffraction from sapphire 

single-cry s tal substrate, lhe crystallinity of the 

deposited Eu film was co ncluded lobe extremely good. 

The Eu 010 l interplanar distance was determined to be 
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3.246± 0.002 A using the XRD data obtained on a number 

of different Eu films. This lattice constant agrees, 

within experimental error, with the corresponding value 

3.24 A reported fot· bulk Eu metal. The orientation of 

(110) plane observed here cannot be due to the specific 

interaction with the substrate, because the Eu thin 

films deposited on different substrates including amor­

phous Mn (a-Mnl exhibited the same preferred orienta­

lion. Therefore, this is likely to be due to that the 

(110) plane is the most densely close-packed pla n e in 

the bcc-Eu crystal. 

In addition, in-situ RHEED was observed during the 

deposition in order to provide further i nsight into the 

structural aspect of individual Eu or Mn layer. Figure 

6 shows the change of RHEED patterns during Eu deposi­

tion on Si (100) at 251 K. The 1x1 pattern of the 

hydrogen-t e rminated Si surface disappeared as soon as 

the Eu meta I was depos i led. Then dim spots appeared 

overlapping the halo pattern when the thickness of the 

Eu layer approached 25 A. These dim spots became in­

tense a nd the halo pattern disappeared as the thickness 

of Eu layer i n creased. No further variation of the 

RimED patter n was observed on increasi ng the thickness 

above 100 A The change of RHEED pattern during 

depositio n was almost the same whe n Eu was deposited on 

other substrates. The spotty RHEED patter n observed 
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here indicates the presence of randomly-oriented 

domains in the Eu <IlOl plane as assigned in Figure 7. 

llere any expansion and contraction of Eu lattice were 

not observed in the quantitative analysis of RHEED pat­

tern. On th e other· hand, the RHEED study s howed that Mn 

layer remained amorphous irrespective of the thickness. 

These RHEED observations are good agreement with 

results of XRD analysis. To summarize the observations 

mentioned above, it is suggested that the structure of 

the Eu/Mn superlattice is as follows. A-Mn and amor­

phous Eu (a-Eul are alternately stacked in the samples 

with A~45 . 7 A. On the other hand, a crystalline Eu 

layer (c-Eul with a textured structure is present be ­

tween an a-Eu layer and an a-Mn layer in the samples 

with A"?;,77.3 A. In this case, the thickness of the a­

Eu layer is likely to be 25 A and that of the c-Eu 

and a-Mn layers are A /2-25 and A /2 A, respectively. 

Such an unique structure in which the crystalline com­

ponent gradually grows on the amorphous component with 

increasing i ts thickness has been often seen in the su­

perlattices composed of rare-earth and transition met­

als, for example Dy-Fe6 and Nd-Fe7 systems. 
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4. Magnetic Characteristics 

4.1 Thermal hysteresis phenomena 

Figure 8 shows the temperature dependence of the 

parallel magnetization for Eu/Mn superlatlices with 

various periodicities which was measured in the healing 

process under a magnetic field of 1,000 G. The mag­

neti z ation for field-cooled and zero-field-cooled 

samples are described by the solid and broken I ines, 

respective l y. In these samples, the thickness of each 

layer are the same for both components and the total 

lh i ckness t o be about 4, 000 A (thus, the period ranged 

from 25 to 200 times). A strong thermal hysteresis 

resulting f rom different cooling conditions was ob­

served in the samples with A;;;;; 45.7 A Namely, a 

remarkable increase of magnetization was observed in 

lhe samples which were cooled from ambient temperature 

to 4.2 K under 1,000 G. The zero-field-cooled samples 

were in th e magnetic-frozen state, characterized by a 

clear cusp, at low temperature. On the other hand, such 

a thermal hysteresis was not observed in samples with 

A larger than 77.3 A . Figure 9 shows the temperature 

dependence of the parallel magnetizations measured for 

the Eu/Mn s uperlattices, in which the Eu layer thick­

ness is he I d constant at 20 A and the thickness of the 

intervening Mn layers are varied form 20 to 50 A. The 

cusps observed are found to become broad with increas-
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ing of the Eu interlayer distance (equivalent to the Mn 

layer thickness). In addition, the thermal hysteresis, 

whi c h is e s timated by the difference between the mag­

neti z ation s of field-cooled <MFf/) and zero-field­

cooled <Mz;;> samples at 4.2 K, becomes smalle1· as the 

Eu interlayer distance increases, as shown in Figure 

10. As a r esult, the thermal hysteresis and cusp were 

not clearly detected in the Eu/Mn superlattices with Eu 

intcrlayer distances greater than 70 A. Here the Mn 

layers themselves are not likely to play a role in the 

observed magnetism because the magnetization decreased 

with increa s ing Mn layer thickness. Since the superlat­

t i ccs prepared possess the same Eu I ayer thickness and 

same periodicity number (= 25), all samples are equiv­

alent as f a r as the contribution from each Eu layer. 

This finding leads to the speculation that the in­

dividual Eu layers in superlattices can be magnetically 

coupled to e ach other and the unique magnetism observed 

here is mainly associated with the Eu interlayer inter­

action not the interfacial interaction between Eu and 

Mn layers. This can be supported by the experimental 

result tha t such unique magnetic behavior was not ob­

served in the Eu/Mn superlattices with long periods 

(sec Figure 8), in spite of the presence of a Eu-Mn in­

terface. Th a t is, a long-range magnetic interaction be­

tween the Eu Jayers becomes weaker as the thickness of 



the "spacer", such as the Mn layers, is increased. The 

origin of the Eu interlaycr interaction could be due to 

the long-range RKKY interaction since the RKKY interac­

tion between the 4f spins, which is mediated indirectly 

through the polarization wave in the conduction bands, 

is known to contribute significantly to the magnetism 

of the Eu metal. 

4.2 Magnetic anisotropy 

Typical mar,netization curves obtained at 4.2 K for 

Eu/Mn superlattices are shown in Fir,ure 11. The field­

cooled sample was initially cooled from ambient tem­

perature t o 4.2 K under 5,000 G. The observation of 

saturated and residual magnetization suggests the 

presence of ferromagnetic components. No clements that 

can act as ferromar,ne tic impurities were de tee ted by 

EPMA and AES measurements, as shown in Figures 4 (a) 

and (b). Therefore, the appearance of ferromagnetism 

here is du e to the superlattice structure, since Eu3 

and Mn4 are antiferromagnetic in their bulk states. The 

hysteresis loops obtained !or the zero-field-cooled 

Eu/Mn superlattices were symmetrical. In contrast, 

anti-symmetrical hysteresis loops were observed for the 

field-cooled superlattices. This indicates that 

unidirectional anisotropy exists in this system. The 

unidirectional anisotropy generally arises under the 
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coexistence of ferromagnetism and antiferromagnetism.B 

The sign o f the HKKY interaction alternates with the 

change in the distance between the magnetic spins and 

the HKKY interaction can lead to ferromagnetic or an­

tiferromagnetic ordering depending on electron lattice 

and moment parameters.9 Therefore, the unidirectional 

anisotropy in the Eu/Mn superlattices is likely to be 

due to the long-range interlayer interaction which con­

tributes to the thermal hysteresis phenomena. 

4.3 Magnetic-frozen states 

Figure 12 shows a typical temperature dependence 

of lhe parallel magneti zat ion for Eu/Mn superlatlices 

wilh atomic-scale periodicities measured under 10 G. It 

is worth noting lhal three cusps were clearly observed 

for lhe zero-field-cooled superlattices. Since a ther­

mal hystere s is is observed for cusp C1 with the highest 

frozen temperature, lhe magnetic-frozen lransi lion oc­

curs exactly al Ct. Up unti I now, two cusps have been 

known in re-entrant spin-glass materials. However, 

thermal hysteresis is observed at the lower temperature 

cusp in re-entrant spin-glass materials because the 

cusp with higher temperature corresponds to an anti fer­

romagnetic ordering.lO Therefore, the presence of mul­

tiple cusps in the Eu/Mn superlattices can't be ex­

plained by the re-entrant spin-glass behavior and is 
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likely to be a new magnetic phenomenon. One possible 

model for multiple cusps is that some metastable stales 

associated with domain structure exist in the magnetic­

frozen pha s e. The different barrier energy which is 

necessary for the spin-inversion in each domain intro­

duces a few relaxation process to frozen behavior. 

Moreover, the distribution of barrier energy is sensi­

tive against the lemperalure.11 Figures 13 (AJ and (8) 

show the temperature dependence of the parallel mag­

netizations obtained under various magnetic-fields for 

a zero-field-cooled Eu (30 A>/Mn (20 A> superlaltice 

wi lh 25 pe r iods. ll is interesting that the number of 

cusps and frozen temperature which is defined by the 

position of the cusps gradually change with increasing 

magnetic-fi e ld. The c1 cusp gradually broadened and its 

frozen temp erature fell as the magnetic-field increased 

from 10 to 200 G. Correspondingly, the second cusp <C2J 

became the dominant cusp over the same magnetic-field 

range. Under magnetic-fields between 200 and 1,000 G, 

lhc C2 cusp possessed the same magnetic-field depen­

dence as the C1 cusp. The c 3 cusp wi lh the lowest 

frozen temperature changed I i ttle with increasing 

magnetic-f i eld from 10 lo 1,000 G. In the magnetic­

frozen states reported lo dale as spin-glass, the 

magnetic- f ield dependence has been evident as a 

broadening of the cusp,12 where the frozen temperature 



changes I [ ttle during measurement under static 

magnctic-fi e lds.l3 Therefore, the magnetic-field depen­

dence obse r ved for Eu/Mn superlattices is the first 

case. 
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Figure 6. Ch a nge of in-situ RHEED patterns for Eu thin 

fi l m deposited on Si <lOOl at 251 K. Cal 1x1 

hyd rogen-terminated Si surface, Cbl 15 A­

th i ck Eu film, (c) 25 A-thick Eu film, and 

(d ) 100 A-thick Eu film. 
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CHAPTER IV 

Eu/Yb SUPERLATTICE 
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1. Introduction 

Under ambient pressure, Yb metal possesses the fcc 

structure (a=5.481 A) up to 1,071 K, above which it 

changes to the bee structure (a=4.44 A l .1 On the other 

hand, the bee structure (a=4.578 A) of Eu metal is 

stable up to the melting point, 1,095 K, under ambient 

pressure . 1 Here l he I a t t i c e cons tan t o I l he h i gh­

temperature bee phase of Yb metal is very close to that 

of the bcc - Eu phase, the lattice mismatch between the 

bee phases of these two metals being only 3.01 ~­

Therefore, it is highly promising that the bcc-Yb phase 

can be obtained when a thin Yb layer is epi taxi ally 

grown on a bcc-Eu metal layer. It may also be possible 

to prepare a superlallice system consisting of bcc-Eu 

and bcc-Yb layers. 

Neutron diffraction studies on a single crystal 

sample of Eu metal have indicated that it possesses a 

first-order transition to an antiferromagnelic slate 

correspond i ng to a spiral structure along a cube axis 

at 90.5 K.2 The turn angle per layer was observed to 

vary only s lightly from 51.4 degrees at TN to 50 . 0 de­

grees at 4 . 2 K. It is well known that the RKKY interac­

tion betwee n the 4f spins, which is mediated indirectly 

through the polarization wave in the conduction bands, 

contributes significantly to this complex magnetic 

structure of the Eu metal. On the other hand, Yb metal 
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is essentially non-magnetic because the 4f orbital is 

occupied. Therefore, superlatticc materials comprising 

both metals would seem to be promising systems for in­

vestigatin g the modulation effects derived from long­

range interlayer exchange coupling. Because the modula­

tion effects can be readily explored by simply varying 

the interv e ning non-magnetic Yb layer thickness while 

maintaining a constant magnetic Eu layer thickness. In 

addition, the superlattices, in which the Yb layer is 

thick enough that the interaction between Eu layers is 

negligibl e , can be considered as a pseudo two­

dimensional magnetic systems. 

From these structural and magnetic points of view, 

the Eu/Yb superlatticcs with various periods were in­

vestigated. Reported here are the formation of Eu/Yb 

superlattices using the MBE method and the structural 

and magnetic properties of the superlattices which were 

elucidated by RHEED, XRO, and SQUID. 

2. Experimental 

An NaC! single crystal, typical size 30xl5x3 mm3, 

was used as the substrate. The NaCI crystals were in­

troduced to the preparation chamber as soon as their 

(100) planes were cleaved under ambient atmosphere. Eu 

(99.99 ::o and Yb (99.99 ::o metals were used as the 
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source materials. Both metals were deposited at a rate 

of 0.2 A /sec under ultra-high vacuum at 6xlo-10 Torr 

using two Knudsen eel Is in an MBE apparatus. The growth 

temperatur e was kept at 260 K in order to suppress in ­

terlayer diffusion. As the first step, a 250 A-thick 

Eu buffer layer was grown on a NaCI substrate having a 

cleaved (1 00) surface. Following this, the alternately 

deposition of the Yb and Eu metals was repealed 25 

times for each sample. A 200 A-thick Au layer was 

deposited on the surface of all finished samples in or­

der to prolecl them from oxidation. 

3. Structural Characteristics 

3.1 Epitaxial growth of Eu buffer layers 

Figur e 1 (a) shows a typical RHEED pattern of a 

cleaved (100) surface of the NaCI crystal observed with 

the [100] i ncident azimuth. The observed RHEED pattern 

indicated that a clean (100) surface with a macroscopic 

step structure was formed by cleavage of the NaCI 

single crystal. Since NaCI is an insulator, the ob­

served diffraction spots are rather dim due to the 

charged-up phenomenon. Eu was first deposited onto this 

NaCI (100 ) surface to form a buffer layer for the 

preparation of the Eu/Yb superlaltice. The RHEED pat­

tern of a 250 A-thick Eu layer, observed for the same 
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azimuthal angle as lhal of l' igur e 1 (a), is sho"'n in 

F igure 1 ( b) . T"'o kinds of spots and/or streaks a r ising 

from the Eu (1101 [100] and [110] coexist in this pal­

tern. On lhe other hand, "'hen lhe same sample "'as 

rotated ar o und lhe axis normal lo lhe sample surface, 

lhc fll-IEED p attern sho"'n in Figure 1 (c) was observed, 

which can b e attributed lo Eu <1101 [Ill]. This type of 

RHEED patt e rn appeared twice as lhe sample was rotated 

by 90 degr e es from lhe orientation, which gave lhe 

RHEED pattern sho"'n in Figure 1 (b). These experimental 

results indicate that lhe epi laxially grown Eu layer 

has a doub l e-domain structure illustrated in Figure 2, 

orienting the Eu (1101 plane parallel lo the substrate . 

Namely, th e re is lhe cpi laxial r e lationship that either 

Eu (110) [ 100] or [110] i s p a rallel lo NaCl 1100) 

[100]. The existence of such an epitaxial relationship 

between the Eu layer and NaCl substrate "'as rather 

unexpected because the two-dimensional lattice unit in 

the Eu 111 0 ) plane is qui le different from that in lhe 

NaCl <100) plane, as sho"'n in Figure 3. Ho..,.ever, i l is 

worthy to note that the area of the two-dimensional 

unit cell in the Eu (1101 plane is almost the same as 

that in th e NaCl (100) plane, and furthermore, if the 

domain comp osed of 5x7 unit cells is considered in the 

Eu <1101 plane, it matches "'ell with the domain com­

posed of 4x 8 unit cells in the NaCl <100) plane. Seem-
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ingly, it is the geometrical relationship between the 

Eu <110) plane and the NaCI (100) plane that results in 

the epitaxial growth of the Eu layer with the double­

domain structure illustrated in Figure 2. 

3.2 Epitaxial growth of bcc-Eu/Yb superlattices 

Eu/Yb superlattices with various periods were 

prepared over the 250 A-thick Eu buffer layer. Ail the 

superlattice samples, in which the thickness of each 

I ayer are the' same for Eu and Yb components, showed 

very sharp and intense diffraction peaks corresponding 

to their superlattice periodicities in their small­

angle XRD patterns. The observed diffraction peaks are 

accompani e d by the peaks due to the higher-order 

reflections as shown in Figure 4. The average superlat­

tice periodicity should be DIN where D is the total 

thickness of the prepared superlattice and N the total 

number of the Eu (or Ybl layers. Using the D value 

measured w i th a quartz oscillating thickness monitor 

and theN value known from the condition of preparing a 

superlattice sample, the value of DIN was calculated 

and was plotted against the superlattice spacing 1\. 

determined from XRD. There was a good agreement between 

DIN and 1\. as shown in Figure 5. 

Figur e 6 (a) shows the middle-angle XRD pattern 

obtained for the EuiYb superlattice in which each layer 
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of Eu and Yb is 32 A -thick. Very sharp main peak ob­

served at 2 11 =27.9 degrees, which should correspond to 

the average (110) spacing in the superlatlice, is lo­

cated between those of the bcc-Eu <110) (2/J =27. 5 

degrees) and bcc-Yb (110) (20 =28.4 degrees). Since the 

sate! lite peaks are clearly observed around this main 

peak, it i s found that the structural coherence length 

in the Eu/Yb superlatticc is greater than the supcrlat­

tice periodicity. Here the x-ray diffraction simulation 

using a "s t atistical model (see Section 2.2 of Chapter 

Ill" was carried out to obtain information on the 

structural parameters, such as interface diffusion and 

coherence length, of the superlattices. The values of 

the parameters in which the calculated spectrum was in 

agreement with the experimental spectrum suggested that 

the thickness of the inter-diffused layer and the 

structural coherence length were 4 atomic-layers and 9 

"unit cells", respectively. The "unit cell" means one 

period of t he superlattice. Here the HHEED pattern ob­

served during • Yb layer deposition showed the same sym­

metry as that of the Eu buffer I ayer grown on the 

cleaved NaCI substrate (see Figure 1), indicating a 

good epitaxial relationship between Yb and Eu lattices. 

All the experimental results mentioned above show 

that epitaxial bcc-Eu/bcc-Yb superlattices, in which 

significant interdiffusion probably did not occur, were 
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successfully grown on the Eu buffer layer formed on 

NaCI 000). It should be noted that the bee structure 

of Yb is stable only above 1,071 K under ambient pres­

sure in the case of the bulk Yb metaJ.l Nevertheless, 

Yb layers with the bee structure corresponding to the 

high-temperature phase were formed in the Eu/Yb super­

lattice although the growth temperature was as low as 

260 K. This means that the bee structure of the Yb 

layer is formed and stabilized because of the epitaxial 

relationship with the bcc-Eu layer. 

3.3 Epitaxial growth of bcc-Yb thick films 

In order to examine the critical thickness of the 

epi taxi a! growth of the bcc-Yb layer, above which the 

structure of deposited Yb changes to the fcc ambient 

temperature phase, Yb was deposited up to the thickness 

of more than 1, 500 A on a 250 A-thick bcc-Eu buffer 

layer epitaxially grown on NaCl 000). Figure 7 shows 

the XRD pattern of a 1,000 A-thick Yb film thus 

prepared. In analyzing this diffraction pattern, it 

must be ca re ful because the lattice spacings of bcc-Yb 

(110) (3.1 4 A> and fcc-Yb (111) (3.165 A> are nearly 

equivalent. However, the XRD measurement system used 

for this analysis possesses sufficient resolution to 

resolve th e bcc-Yb (220) <20 =58.8 degrees) and fcc-Yb 

(222) (2 fJ =58.27 degrees) I ines as shown in the insert 
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of figure 7 . A sharp and intense diffraction p e ak due 

to the bcc-Yb (110) reflection was observed together 

with the d i ffraction peak attributable to the bcc-Yb 

(220) refl e ction. Peaks due to the [110]-orienled Eu 

buffer laye r and that due to the NaCl substrate were 

also observed in the same diffraction pattern. 

Moreover, lhe RHEED patterns observed for the Yb films 

showed th e same symmetry as those of the Eu buffer 

1 ayer (bee J. Therefore, it is cone l uded that the Yb 

films prepared here possess a bee structure. The dif­

fraction p e aks of the Yb layer were qui le narrow, in­

dicating extremely high crystallinity. The (110) spac­

ing in the bcc-Yb layer was determined to be 

3.135± 0.0 0 2 A, taking the average over the values 

measured on a number of different samples prepared by 

the same p r ocedures. This value is in agreement within 

experiment a l error wi lh the reported spacing, 3 . 14 A, 

of the bcc-Yb crystal which was prepared under high 

pressure.! The analysis of the RHEED pattern also 

showed that there is no expansion or contraction in the 

lattice of the Yb layer prepared in the present experi­

ment. The Yb layer was found to remain entirely in the 

bee phase up to a thickness of 1,500 A. When the 

thickness o f the Yb layer exceeded this value, the dif­

fraction peaks due to the fcc phase appeared besides 

those due to the bee phase, and the in lens it i es of the 
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former peaks increased wi lh lhe lh i ck.ness of lhc Yb 

layer, indicating the formation of the fcc-Yb phase 

ove r the b c c-Yb I ayer. !'rom these resu Its, i l can be 

concluded t hat the Yb layer lakes lhe bee s tructure at 

least up to 1,500 A when il is epitaxially grown on 

lhc bcc-Eu layer. Nole thal lhis critical thickn ess is 

large enough to be considered almost as a bulk. state . 

The EPMA and AES measuremen ls indica led that such a 

unique structural aspect of Yb metal was not due lo the 

impuJ· ities as shown in Figures 8 (a), (b), and (c). 

It has been generally considered impossible to 

f abricate a thick. metal film having the structure which 

is stable i n the bulk. stal e only at a high temperature 

by utilizing the epitaxial relationship with lhe sub­

strate. Th i s is due to the fact that the stabili zation 

effect by l he epitaxial relationship should decrease on 

increasing lhe distance from the interface . In fact, 

lhc high-t emperature fcc-!'e phase grown on the fcc-Cu 

substrate was reported to be stable only up to 15 

atomic layers,3 above which the structure of the !'e 

I ayer chang ed to the bee phase, which is stable at the 

room tempe r ature. In this respect, the Eu/Yb superlat­

tice seems to be rather exceptional. Seemingly, there 

exists, by some reason, an especially strong epitaxial 

relationship between bcc-Eu and bec-Yb layers. The fact 

lhat all s amples prepared in the present study ex-
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hibited an extremely high crystallinity in th e bcc - Yb 

layer, although the growth temperature was as low as 

260 K, might also be related to the strong epi taxi a! 

interaction between Yb and Eu layers. 

4. Magneti c Characteristics 

4.1 Therma l hysteresis phenomena 

The t e mperature dependence o£ the parallel mag­

netizations for epitaxial Eu/Yb superlatlices with 

various Eu interlayer distances is shown in Figure 9. 

The Eu thi ckness of these samples was held constant at 

20 A The magnetic data wer e obtained in a magnetic 

field of 50 G for field-cooled (under 50 G) and zero­

field-cool ed samples. Thermal hystereses resulting from 

different cooling eondi lions were observed for these 

samples. Na mely, the field-cooled superlallices showed 

monotonic i ncrease in the magnetization with decreasing 

temperatur e . In addition, the magnetic-Jrozen slates, 

characteri zed by the cusp in the temperature dependent 

magnetizat i on curves, were observed for the zero-field­

cooled superlaltices. ll is worth noting that this 

unique magnet;c behavior systematically changed with 

increasing thickness of the non-magnetic Yb layers. 

That is, the absolute values of magnetization gradually 

became smaller as the Yb thickness increased, even 
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though th e total volume of 4f magnetic spins are the 

same in all of the supcrlattices. The thermal hys­

teresis, which is estimated by the difference between 

the magnetizations of field-cooled <Mr;;l and zero­

field-cool ed <Mz;;l samples at 4.2 K, also became smal­

ler as th e Eu inter I ayer dis lance increased, as shown 

in Figure 10. Moreover, the frozen temperature, as 

defined by the cusp position, decreased with increasing 

Eu interl a yer distance as shown in Figure 10 . As a 

result, the therma I hysteresis and cusp were not 

clearly d e tected in epitaxial Eu/Yb superlattices with 

Eu intcrlay er distances greater than 70 A. 
Based on the experimental results, it implies that 

the indivi d ual Eu layers in superlattices can be mag­

netically coupled to each other and the thermal hys­

teresis ph enomena including the magnetic-frozen states 

observed a r e associated with the Eu interlayer interac­

tion. Such a long-range interaction must be a RKKY-type 

interacti o n which is mediated by the 6s conduction 

electrons o f Eu metal. Because the direct interaction 

between 4f spins which are localized in the inner core 

is negligibly small and is only effective over a short­

range. The RKKY model yields an interaction which is 

oscillatory in character and can lead to ferromagnetic 

or antiferromagnetic ordering depending on electron 

lattice and moment parameters.6 In the superlattices, 
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the RKKY-t y pe interaction is modulated by the super­

periodicity. Therefore, lhe magnetic-frozen stales are 

likely lobe produced by an appropriate combination of 

ferromagnetic and antiferromagnetic interlayer interac­

tions. 

Next the epitaxial Eu/Yb superlattices with 

various Eu thickness were studied. Here the Yb thick­

ness was f i xed at 20 A. As shown in Figure 11, thermal 

hystereses were also observed in the temperature depen­

dence of the parallel magnetizations for these samples. 

However, the magnetic properties of this series did not 

systematically change with increasing Eu thickness. 

Namely, the absolute values of magnetization, the 

MF;;-Mz;; values, and fro ze n temperature randomly 

changed against the increase of Eu thickness. This is 

probably due to a complex combination of factors which 

affect the interaction between the Eu layers in dif­

ferent way s . Such factors might include the pseudo two­

dimensiona l ity of the layers which become more bulk­

like with i ncreasing thickness. 

4.2 Magnet i c-field dependence 

Figure 12 shows the temperature dependence o I the 

parallel magnetizations measured under various 

magnetic-f i elds for the epitaxial Eu (40 A )/Yb (20 A) 

superlattice. The frozen temperature exponentially 
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decreased as lhe magnetic-field became stronger, as 

shown in F igure 13 . In addition, a critical magnetic­

field was observed for lhe change in lhe thermal hys­

teresis, as shown in Figure 13. Namely, lhe thermal 

hysteresis increased until lhc magnetic-field reached 

50 G, al which point il gradually decreased. Finally, 

lhe therma l hysteresis and cusp were nol observed above 

4.2 K under 300 G. This means lhal lhe Eu interlayer 

interaction which forms lhe thermal hysteresis pos­

sesses a s trong magnetic-field dependence and is 

slopped wh e n the magnetic-field reaches 300 G. In spin­

glass mate r ials, lhe magnetic-field dependence has been 

evident as a broadening of lhe cusp,5 where the frozen 

temperature changes 1 i tlle during measurement under 

static magnetic fields.6 In addition, though lhe Eu-Yb 

alloys have pqssessed the cusp corresponding to the an­

tiferromagnetic transition in their temperature depen­

dent magne t ization curves, no magnetic-field dependence 

has been observed for lhe cusp position. 7 Therefore, 

unique magnetic-frozen behavior observed here are not 

due to the spin-glass or anliferromagnelic nature and 

lhcy are inherent characteristics of lhe Eu/Yb super­

! a l t ices. 

4.3 Magnet i c hysteresis 

A typical magnetization curve obtained at 4.2 K 
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for an epi t axial Eu/Yb superlattice is shown in Figure 

14 . The a r row indicates the starting point for the 

magnetic-f i eld cycling on the sample which was cooled 

from ambient temperature to 4.2 K under 0 G. The obser­

vation of saturated and residual magnetization implies 

the presen c e of ferromagnetic components in the Eu/Yb 

superlatti c es. Here no elements that can act as fer­

romagnetic impurities were detected by EPMA and AES, as 

shown in F i gures 8 (a), (b), and (c). In addition, the 

E u-Yb alloys with high Eu concentration have been 

reported t o be antiferromagnetic . 7 Therefore, the ap­

pearance of ferromagnetic behavior here is due to the 

superlattice structure since Eu and Yb are 

antiferromagnetic2 and non-magnetic, respectively, in 

their bulk states. The extrapolated magnetization at 

10,000 G was about 475 emu/cm3 at 4.2 K. The magnetic 

moment of t he Eu can be estimated to be 2.46 IL B based 

on this value. Comparison with the theoretical 

saturated magnetic moment (7 IL sl indicates that about 

35 :Y. of the Eu atoms are in a ferromagnetic state. 

Since such a big magnetic moment does not occur in the 

spin-glass state of diluted spin systems, the magnetic­

frozen behavior observed is associated with the in­

herent nature of the superlattices as discussed above. 
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Fieure 1o 

(a) 

(b) (c) 

(a ) RHEED patt e rn of the cl e aved NaCl (100) 

su r face obs e rved wilh lhe incident azimuth 

of [100] and (b), (c) RHEED patterns of a 

25 0 A-thick Eu layer formed on NaCI (100lo 

Pa t tern (b) is for lhe same orientation of 

th e sample as (a) and can be assigned to Eu 

(1 1 0) [100] and [110] 0 Pattern (c) is for a 

di f ferent orientation and can be assigned to 

Eu (11 0 l [ 111 ] o 
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llluslralion of the double-domain structure 

in the Eu buffer layer grown on NaCI (100). 
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Figure 3. Two-dimensional lattice unit in the NaCl 

(100) plane and that in the Eu (110) plane. 

79 



2 3 4 5 
2<J(deg) 

1st 

1\/A.l 
\-cL-~==::L:::=::i 70.1 

Figure 4. Small-angle XRD patterns of Eu/Yb 

superlattices with different superlattice 

periodicities. 
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Figure 6. Measured (a) and calculated (b) middle-angle 

XRD patterns of a Eu (32 Al/Yb (32 Al 

superlattice. 

82 



~6 uo 
~~ 
~u 
0 co 
;::z 
:0 
>-

5 
~ 
w 

50 

u 
u 

.D 

5 
N 
N 
:0 

81 x5

11 
60 
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Figure 8. Typical EPMA spectrum of Eu/Yb superlattices 

(a), AES spectrum of Eu-rich layer (b), and 

AES spectrum of Yb-rich layer <cJ. 
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Figure 9. Temperature dependence of parallel 

magnetizations for epi laxial Eu (20 A l/Yb 

superlatlices with various Eu interlayer 

distances measured under 50 G for field-

cooled and zero-field-coo led samples. Eu 

interlayer distances <A> are 10 (a), 20 

(b), 40 (c), 50 (d), and 70 (e). 
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Figure 10. Thermal hysteresis <0) at 4.2 K and cusp 
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distance for epitaxial Eu (20 A )/Yb 

superlattices under 50 G. 
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Fieure 11. Temperature dependence of parallel 

magnetizations for epitaxial Eu/Yb (20 Al 

superlattices with various Eu layer 

thicknesses measured under 50 G for field-

cooled and zero-field-cooled samples. Eu 

layer thicknesses <A) are 20 (a), 40 (b), 

60 (c), and 80 (d). 
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Figure 12. Temperature dependence of parallel 

magneti zatio ns for epitaxial Eu (40 Al/Yb 

(20 A l superlattice measured under various 

magnetic-fields for field-cooled and zero-

field-cooled samples. Applied magnetic-

fields <Gl are 30 (a), 50 (bl, 100 (c), 150 

(d), and 300 (e). 
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Figure 14. Parallel magneti zation curve at 4.2 K !or 

epitaxial Eu (20 A )/Yb (40 A) 

superlattice. The arrow indicates the 

starting point for the magnetic-field 

cycling on the sample which was cooled from 

ambient temperature to 4.2 K under 0 G. 
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CHAPTER V 

Dy/Yb SUPERLATTICE 
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1. Introduction 

Bulk Dy metal with hcp structure develops incom­

mensurate helical magnetic order of the 4f spins below 

its Nee! temperature of 178 K, and has a ferromagnetic 

transitional 85 K.l In the helical slate, the 

wavelength increases smoothly from about 25 A al the 

Nee! temp e rature to about 40 A just above the first­

order collapse to the fen·omagnelic slate. Correspond­

ingly, the turn angle per layer is 43.2 degrees al TN 

and decreases to 26.5 degrees at 90 K. In the 

ferromagnetic phase, the easy axis is [llZOJ• the a-

axis. It is well known that the RKKY interaction be­

tween the 4f spins, which is mediated indirectly 

through the polarization wave in the conduction bands, 

contributes significantly to this complex magnetic 

structure of the Dy metal. In contrast, the fcc-Yb me­

tal which has the 4fl4 configuration is believed to be 

non-magnetic. Here the magnetic properties of bulk al­

loys comprising the Dy and non-magnetic rare-earths has 

been studied for the Dy-Y and Dy-La systems by neutron 

diffraction techniques. Some interesting magnetic be­

havior have been observed in these alloys. For example, 

it has reported that DY0.95Y0.05 alloy is effectively 

ferromagnetic in presence of an applied magnetic-field 

but that it has the helical structure in the absence of 

a magnelic-field.2 The Tc of Dy-La alloy was also found 

92 



to increa s e with increasing non-magnetic La concentra­

tion.3 In contrast, the Dy-Yb alloy has not yet been 

prepared. This is because hcp-Dy metal does not give 

continuous solid solutions with fcc-Yb metal. There­

fore, the fabrication of Dy/Yb superlattice and its 

structural and magnetic characteristics are very inter­

esting targets for research. In addition, the superlat­

tice materials comprising both metals would seem to be 

promising systems for investigating the modulation ef­

fects der i ved from a long-range interlayer exchange 

coupling. Because the modulation effects can be readily 

explored by simply varying the intervening non-magnetic 

Yb layer t hickness while maintaining a constant mag­

netic Dy layer thickness. Furthermore, the superlat­

tices, in which the Yb layer is thick enough that the 

interaction between Dy layers is negligible, can be 

considered as a pseudo two - dimensional magnetic sys­

tems. 

In the present work, superlattices composed of 

layers of Dy and Yb metals were fabricated by means of 

the MBE t echnique. Reported here are the results from 

analysis o f the structures and magnetic properties of 

the prepa r ed Dy/Yb super lattices by RHEED, XRD, and 

SQUID. 
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2. Experimental 

i\n NaCl single crystal, typical size 30x15x3 mm3, 

was used as the substrate. The NaCl crystals were in­

troduced to the preparation chamber as soon as their 

(100) planes were cleaved under ambient atmosphere. Dy 

(99.99 r. ) and Yb (99.99 Yo) metals were used as the 

source materials. Both metals were deposited at a rate 

of 0.2 A / sec under ultra-high vacuu m at 6x1o-l0 Torr 

using two Knudsen cells in an MBE apparatus. The growth 

temperature was kept at 290 K in order to suppress in­

lcrlayer diffusion. As the first step, a 200 A-thick 

Yb buffer layer was grown on a NaCl substrate having a 

cleaved (100) surface. Following this, the alternately 

deposition of the Dy and Yb metals was repealed 25 

limes fo r each sample . i\ 300 A-thick Au layer was 

dcposi ted on the surface of all finished samples to 

protect them from oxidation. 

The total weight of Dy metal in the samples was 

determined by emission spectrochemical analysis (Nippon 

Jarrell-Ash ICAP-575). i\ solution of purified HN03 and 

HCl (1:1 volume basis) was used to dissolve the 

samples. Dy203 (99.99 Yo) was used as a reference sample 

for calibration. 
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3. Structural Characteristics 

The streak patterns in the lop pair of photos in 

Figure 1 indicate that a clean (100) surface was formed 

by cleavage of the NaCl single crystal. It has been 

found that an fcc-Yb single crystal layer can be 

cpitaxially grown on the clean NaCl single crystal sur­

face (see Chapter VI), as shown by the middle pair of 

photos in Figure 1. Prior to formation of the Dy/Yb su­

perlattice, such an fcc-Yb buffer layer was deposited 

on the NaCl single crystal. An epitaxial relationship 

in which the Yb (100) [100] is oriented parallel to the 

NaCl (100) [100] is obtained because of the small lat­

tice mismatch (2.61 X) between the fcc-Yb and NaCl 

crystals. The RHEED patterns of the Dy layer grown on 

this Yb layer were extremely complex, as shown in the 

bottom row of photos in Figure 1. This implies the 

presence of different orientations in the crystalline 

Dy 1 ayer. The RHEED pat terns in the second Yb 1 ayer 

deposited on the Dy layer were the same as those shown 

in the second pair of photos in Figure 1. Therefore, 

some epitaxial relationship exists between the Yb and 

Dy layers. Figure 2 shows the middle-angle XRD pattern 

obtained for the Dy/Yb superlattice in which each layer 

of Dy and Yb is 40 A-thick. Though the structure of 

the Dy layer could not be assigned based on the RHEED 

patterns, the XRD pattern reveals that the Dy metal 
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grown on the Yb layer possessed an hcp structure with 

[102] and/or [110] orientation. In addition, very sharp 

and intense diffraction peaks could be seen in the 

small-ang le XRD region for all of the superlattice 

samples. This suggests thal lhe superlattice has grown 

wilh smooth and clear interfaces. No impurities, which 

can give r ise to magnetism, were detected by either 

EPMA or AES analyses, as shown in Figures 3 (a) and 

(b). 

4. Magnetic Characteristics 

4.1 Thermal hysteresis phenomena 

Thermal hystereses resulting from different cool­

ing condi lions were observed in the temperature depen­

dence of magnetization for lhe Dy/Yb superlattices as 

shown in Figure 4. The magnetic data were obtained un­

der 50 G for field-cooled and zero-field-cooled 

samples. The magnetic-frozen stales, characterized by 

the cusp in the temperature dependent magnetization 

curve, were observed for zero-field-cooled supcrlat­

lices. Th e magnetization of field-cooled superlattices 

fcrromagnetical ly increased with decreasing tempera­

ture. Such thermal hystereses have been not observed in 

lhe Dy alloys containing non-magnetic rare-earth met­

als. It is worth noting that this unique magnetic be-
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havior systematically changed with increasing thickness 

of the non-magnetic Yb layers, as shown in Figure 5. 

Here the thickness of the magnetic Dy layer, 40 A, is 

the same in these supcrlallices. The thermal hys­

teresis, which is estimated by the difference between 

the magnetizations of field-cooled (iliFf/) and z.ero­

ficld-cooled <Mz;;> samples at 4.2 K, decreased ex­

ponentially as the Dy inlerlayer distance increased. In 

addition, the frozen temperature, as defined by the 

cusp posi lion, monotonically decreased with increasing 

Dy inlerlayer distance. As a result, the thermal hys­

teresis and cusp were not clearly detected in Dy/Yb su­

perlatlices with Dy inlerlayer distances (Yb layer 

thicknesses) greater than 200 A. This implies that the 

individual magnetic Dy layers in these superlallices 

arc magnetically coupled to each other. Furthermore, 

the thermal 'hysteresis phenomena, including the 

magnetic-frozen stales, are associated with the Dy in­

lerlayer interaction. Here such a long-range interac­

tion must be a RKKY-lype interaction which is mediated 

through the polarization wave in the conduction bands. 

Because the direct interaction between 4f spins which 

are localized in the inner core is negligibly small and 

is only effective over a short-range. It has been shown 

that the sign of the RKKY interaction alternates wi lh 

the change in the distance between the magnetic spins.4 
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In superl a llices, the RKKY-type interaction is modu­

lated by the superperiodicity. Therefore, the magnetic­

fro z en st a les are likely to be produced by a combina­

tion of f e rromagnetic and anliferromagnclic intcrlayer 

interactions. 

Figures 6 {AJ and (8) show the magnetic-field de­

pendence of the thermal hysteresis for a Dy (40 A )/Yb 

(40 A> superlattice. With increasing magnetic-field, 

the MF;;-Mz ;; value was gradually saturated as shown in 

Figure 7. In addition, the frozen temperature exponen­

tially fell with increasing magnetic-field. This shift 

of frozen temperature is very large and has not been 

observed before for spin-glass materials. In spin-glass 

materials, the magnetic-field dependence has been evi­

dent as a broadening of the cusp,5 where the frozen 

tempera lu r e changes I i l tIe during measurement under 

static magnetic fie!ds.6 Therefore it appears that the 

Dy/Yb sup e rlattices are not spin-glass materials. This 

idea is supported by the lack of lime dependent change 

of the ma g netic slates (see section 4.2) which is a 

characteristic normally found for spin-glass 

rna t e r· i a Is. 7 

The magnetic-field dependence of magnetization ob­

tained at 4.2 K for a Dy (40 Al/Yb (40 A> superlal­

tice is s hown in Figure 8. The arrows indicate the 

starling points for lhe magnetic-field cycling on the 
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samples which were cooled from ambient temperature to 

4.2 K under the indicated fields. The superlallices 

which were cooled under magnetic-fields possessed 

strong magnetic anisotropy. Namely, the initial orien­

tation of the magnetization was maintained in these 

samples, even though strong fields were applied in lhe 

opposite direction. This is due lo the magneto­

crystalline anisotropy associated with the interaction 

between the orbital angular momentum of 4f electron and 

the crystalline field of the lattice, as known in the 

bulk Dy meta1.8 

4.2 Spin-reorientation phenomena 

When the Dy/Yb super I all ices in the magne l i c­

frozen slate indicated by "A" in Figures 9 (a), (b), 

and (c) were heated lo a set temperature (80 (a), 100 

(b), and 125 K (c)) under 50 G, the frozen slates 

gradually melted, as shown by arrow in these figures. 

Samples which were cooled back to 4.2 K exhibited non­

reversible temperature dependence of the magnetization 

and formed the "B, C, and D" slates (arrow 2). Here it 

is worth noting that the "B, C, and D" states were 

maintained as shown in Figure 10, even if the applied 

magnetic-field became zero. This indicates that spin­

reorientation from the magnetic-frozen stale lo the 

ferromagnetic slate occurred in lhe Dy/Yb superlal-
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lices. In addition, the lack of lime dependent change 

of the magnetic stales implies lhal the Dy/Yb superlal­

lices are not spin-glass materials, as discussed above. 

When these samples, in their ferromagnetic slates, were 

healed to set temperatures higher than the ini lial 

healing temperatures (80, 100, and 125 K) under zero­

field, their magnetizations reached the frozen level al 

80, 100, and 125 K, respectively, as shown by arrow 3 

in Figures 9 (a), (b) and (c). Finally, the superlal­

liccs which were cooled back lo 4.2 K returned lo the 

initial magnetic-frozen stale "A". The spin­

reorientation behavior of Dy/Yb superlallice observed 

here is close lo lhc magnetic bchavi or of Dy-Y a II oy 

wi lh high Dy concentration. Because the neutron dif­

fraction measurements indicated that the DYo.gsYo.os 

a! loy is effectively ferromagnetic in presence of an 

applied magnetic-field but lhal il has the anlifer­

romagnelic helical structure without magnetic-field.2 
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Figure 1. RH EED patterns of cleaved NaCI (100) 
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Figure 3. Typical EPMA (a) and AES (b) spectra of 

Dy/Yb superlallices. 
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CHAPTER VI 

Sm/Yb SUPERLATTICE 
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1. Introduction 

The r hombohedral crystal structure of Sm is qui le 

complicated, and consists of a nine-layer stacking 

sequence ABABCBCAC ... of hexagonal close-packed layers 

(wi lh domains of the inverse sequence ACACBCBAB ... 

coexisting in the structure), as shown in Figure 1.1 

The Band C sites have hexagonal near neighbor environ­

ments, while A sites have cubic environments. On the 

other hand, Yb metal possesses the fcc structure 

(ayb=5.48 1 A) under ambient temperature and pressure.! 

Assuming that the structure of Sm transforms from the 

rhombohedral phase to the fcc phase, in which the most 

densely close-packed stale of the Sm atoms does not 

change, the cubic constant, asm• of the fcc-Sm can be 

estimated from the relation asm=vZX ahcp using the 

lattice c onstant, ahcp• of the rhombohedral Sm phase 

(see Figu r e 1). The lattice constant thus calculated 

for fcc-Sm metal, asm=5.132 A. is close to that of the 

fcc-Yb ph ase. Therefore, it appeared promising to ob­

tain the f cc-Sm phase by epilaxially growing a thin Sm 

layer on a fcc-Yb metal layer. It also appeared pos­

sible to prepare a superlaltice system consisting of 

fcc-Sm and fcc-Yb layers. A Sm-Yb alloy has never yet 

prepared because Sm metal does not give continuous 

solid solutions with Yb metal. Thus, the fabrication of 

Sm/Yb superlattices and analysis of their structural 
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characteristics appeared to be very interesting targets 

for this research. 

From this point of view, Sm/Yb superlattices with 

various periods were investigated. Reported here are 

the formation of Sm/Yb superlattices prepared using the 

MBE method and their structure as elucidated by RHEED, 

TED, and XRD. 

2. Experimental 

An NaCl single crystal, typical size 30xl5x3 mm3, 

was used as the substrate. The NaCl crystals were in­

troduced to the preparation chamber as soon as their 

(100) planes were cleaved under ambient atmosphere. Sm 

(99.99 ::<: ) and Yb (99.99 ::<:) metals were used as the 

source materials. Both metals were deposited at a rate 

of 0.15 A /sec under ultra-high vacuum at 9xlo-10 Torr 

using two Knudsen cells in an MBE apparatus. The growth 

temperature was kept at 290 K in order to suppress in­

terlayer diffusion. As the first step, a 200 A-thick 

Yb buffer layer was grown on a NaCl substrate having a 

cleaved (100) surface. Following this, the Sm and Yb 

metals were alternately deposited. The period of the 

superlatlice was repealed 25 times for each sample. A 

300 A-thick Au layer was deposited on the surface of 

all finished samples in order to protect them from 
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oxidation . 

3. Structural ' Characteristics 

3.1 RHEED and TED analyses 

Typi c al RHEED patterns of a cleaved NaCI (100) 

surface in two incident a z imuths are shown in the lop 

pair of photos in Figure 2. The streak patterns indi­

cate that a clean (100) surface was formed by the 

cleavage. Yb was first deposited onto this NaCI (100) 

surface t o form a buffer layer for the preparation of 

the Sm/Yb superlallice. The RHEED patterns of a 200 A­

thick Yb l ayer, observed for the same azimuthal angles 

as those of NaCI, are shown in the second pair of 

photos fr om the top. Th e left and right patterns can be 

attributed to fcc-Yb (100) [100] and [110], respec­

tively. This experimental result indicates that the Yb 

layer was epitaxially grown as a single crystal on the 

NaCI substrate. Here the existence of an epitaxial 

relationship between the Yb (100) [100] and NaCI (100) 

[100] is due to the small lattice mismatch, 2.61 :v., be­

tween the fcc-Yb and NaCI crystals. The RHEED patterns 

from a 5 0 A -thick Sm layer grown on the Yb buffer 

layer are seen to have the same symmetry as fcc-Yb and 

similar s pacing in two of the principal crystal­

lographic directions on the (100) face. The fact that 
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spots and not streaks were produced in the RHEED pat­

terns ind i cates that the crystal growth of Sm metal is 

dominated by three-dimensional nucleation which is 

atomically rough, but nevertheless forms a single crys­

tal. This observation, however, does not prove that the 

stacking s equence of Sm is fcc. Therefore, TED analysis 

was carri ed out on this system. Figure 3 shows the TED 

patterns observed for a 200 )\-thick Sm layer grown on 

a Yb buffer layer. Pattern (a) was taken with the inci­

dent beam perpendicular to the substrate. On the other 

hand, pa t tern (b) was observed when the sample was 

slanted. From the symmetry and the ratio of distances 

between diffraction spots, the (a) and (b) patterns can 

be assigned as the [100] and [310] azimuth, respec­

tively, of the fcc crystal. Since there are no other 

phases present except for the fcc phase, the Sm metal 

grown on the Yb buffer layer is concluded to possess an 

fcc structure. 

3.2 XRD analysis 

All of the superlattice samples showed very sharp 

and intense diffraction peaks in their small-angle XRD 

pal terns, as shown in Figure 4. These corresponded to 

their su p erlattice periodicities. Moreover, the 

designed superlattice periodicity (D/Nl and the super­

lattice spacing <A l determined from XRD were in good 
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agreement as shown in Figure 5, where D is the to ta I 

thickness of the prepared superlattice and N the total 

number of the Sm (or Ybl layers. This indicates that 

the epitaxial Sm/Yb superlattices, in which int erdiffu­

sion was probably insignificant, were successfully 

grown on the Yb buffer layer formed on NaCI (100). 

Figure 6 (a) shows the middle-angle XRD pattern ob­

tained fo r the Sm/Yb superlattice in which each layer 

of Sm and Yb is 53 A-thick. Here the x-ray diffraction 

simulation using a "statistical model (see Section 2 . 2 

of Chapte r Ill" was carried out to obtain information 

on the structural parameters, such as interface diffu­

sion and c oherence length, of the superlattices. The 

values of the paramet ers in which the calculated 

spectrum was in agreement with the experi mental 

spectrum, as shown in Figure 6 (b), suggested that the 

thickness of the inter-diffused layer and th e struc­

tural coh e rence length were 5 atomic- layers and 7 "unit 

cells", r espectively. The "unit cell" means one period 

of the sup erlattice. In Figure 6, very sharp peaks ob­

served at 21J =32.9 and 34.7 degrees (indicated by 0' 

and OJ should correspond to the average (100) spacings 

of fcc-Yb and fcc-Sm layers in the superlattice. Other 

peaks are satellites in relation to the super­

periodici t y. These results imply that the fcc structure 

of the Sm I ayer, confirmed by the RHEED and TED obser-
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vat ion, was formed and stabi I ized because of the 

epitaxial relationship with the fcc-Yb layer. To date, 

the rhombohedral structure (see Figure 1) has been ob­

served as the ambient temperature and pressure phase of 

Sm metal. The bee and hcp phases have been formed under 

high temperature and/or pressure.1 Therefore, the fcc 

structure of Sm metal observed here can be concluded to 

be a new metastable phase. The EPMA and AES measure­

ments ind i cated that this unique structure was not due 

to impurities, as shown in Figures 7 (a) and (b). 

In or der to examine the critical thickness of the 

epitaxia l growth of the fcc-Sm layer, that is, the 

thickness above which the structure of the deposited Sm 

changes to the rhombohedral ambient temperature phase, 

Sm layers were deposited up to thicknesses of 3,000 )\ 

on a 500 ;\ -thick fcc-Yb buffer layer epitaxially grown 

on NaCI (100). XRD patterns of Sm films with various 

thicknes s es grown on Yb buffer layer are shown in 

Figure 8. A new diffraction peak which can not be as­

signed in the known Sm and Yb crystals, including high 

temperatu r e and pressure phases, was clearly seen at 

about 2 0 =35. 1 degrees on NaCI (200) and Yb (200>. 

Since the intensity of this new peak increases with in­

creasing t hickness of the Sm layer, this diffraction 

corresponds to the fcc-Sm lattice. The RHEED patterns 

observed f or the 3,000 )\-thick Sm film also showed the 
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same symm e try as that of the fcc-Yb buffer layer and 50 

A -thick Sm layer, as shown in the bottom step of 

Figure 2. Therefore, it is concluded that the Sm layer 

possesses the fcc s true lure at I east up to 3, 000 A 

when it is epitaxially grown on an fcc-Yb layer. Note 

that this thickness is large enough to be considered 

almost th e same as the bulk slate. The cubic lattice 

constant <aol was determined to be 5.11± 0.01 A using 

the XRD data obtained on a number of different Sm films 

with 3,00 0 A thickness. This lattice constant is close 

to the value of 5.132 A estimated from the relation 

asm=V 2 X a he~ using the I a l t ice constant of the rhom­

bohedral Sm. This means that the most densely close­

packed state of the Sm atoms changes little when the 

structure transforms from the rhombohedral phase to the 

fcc phase . 

It is generally considered to be impossible to 

fabricate a thick film composed of a non-thermodynamic 

metal pha s e by utilizing the epitaxial relationship. 

This is because the stabilization effect by the 

epitaxial relationship decreases on increasing the dis­

tance from the interface. In fact, bcc-Zr,2 fcc-Fe,3 

fcc-Mn,4 fcc-Co,5 and hcp-Fe6 high temperature and/or 

high pres sure phases were reported to be stable only up 

to a few tens of A, above which the structures of 

these metals changed to the phase which is stable at 
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room tempera lure. In lh is rcspec t, the Sm-Yb sys tern 

seems to be rather exceptional. Seemingly, there ex­

ists, by some reason, an especially strong epi taxi a! 

relationship between fcc-Sm and fcc-Yb layers. The fact 

lha l a II samp I es prepared in the present s ludy ex­

hibited an extremely high crystallinity in the fcc-Sm 

layer, although the growth temperature was as low as 

290 K, might also be related to the strong epitaxial 

interaction between Sm and Yb layers. 
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In the Eu/Yb superlallices, the Yb laye rs wer e 

found to be ,in the bee structure, high temperature 

phase, as described in Chapter IV . lt was also shown 

that the bcc-Yb can be epi taxi ally grown on the bcc - Eu 

layer up to a thickness of 1,500 A In Chapter VI, it 

was shown that fcc-Sm, a new metastable phase, can be 

stabili z ed by the epitax i al relationship with fcc - Yb. 

In addition, it was confirmed that the Sm layer pos­

se s ses th e fcc structure at least up to 3,000 A when 

it is epitaxially grown on an fcc-Yb layer. The non­

thermodyn amic structures of Yb and Sm were stable even 

up to thi ckness large enough that the material could be 

conside r ed to be in a bulk stale . Other non­

thermodyn amic metals have been reported to be stable 

only up t o a few tens of A. Normally, the stabi­

lization e ffect by the epitaxial relationship should 

decrease o n increasing the distance !rom the interface. 

Therefore, the Eu-Yb and Sm-Yb systems are the first 

two examp l es that show the possibility of fabricating 

by the MBE technique a thick metal layer having a non­

thermodyn amic structure. Here the question remains as 

to why th e non-thermodynamic bcc-Yb and fcc-Sm crystals 

were the only materials to be stabilized in their bulk 

slates. Bulk crystals of Yb and Ce metals are known to 

possess unique structural characteristics. In the case 

of Yb met a l, the hcp structure formed by cooling to 4.2 
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K is maintained even if il is heated back lo ambient 

lemperature.1 In addition, Ce can exist al atmospheric 

temperature and pressure in the fcc ( Y form and un-

dergoes an isostructural transi lion near 100 K to 

another fcc form referred lo as a -Ce, accompanied by 

about a 17 x volume decrease. Here il is worth noting 

that this y -a lransi lion does not reoccur al the same 

temperature.2 The valence of Yb and Ce fluctuate be­

tween 2 and 3, and 3 and -1 in their metal slates. It 

has been reported that the unique structural aspects of 

Yb and Ce metals are I ikely to be associated wi lh the 

valence fluctuation of each melaJ.3,4 Here il is found 

that the valence of Sm metal fluctuates between 2 and 

3. Therefore, the epi taxi a! growth of the thick non­

thermodynamic bcc-Yb or fcc-Sm me tal f i I m observed is 

also likely to be associated with the valence fluctua­

tion characteristics of both metals. This idea is sup­

ported by the experimental result that no epitaxial 

growth of the non-thermodynamic phase was observed for 

the Dy metal whose valence is stable at 3. 

Thermal hysteresis resulting from different cool­

ing conditions was observed in the magnetic properties 

of the Eu/Mn, Eu/Yb, and Dy/Yb superlattices with short 

periodicity, as described in Chapters Ill, IV, and V. 

Namely, the zero-field-cooled samples were in a 

magnetic-frozen slate, characterized by the clear cusp 
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in th e t e mperature dependent magnetization curve, at 

low tempe r ature. The magneti zation of the field-cooled 

samples increased as the temperature decreased. Such 

thermal h ystereses became more distinct with decreasing 

distance between the magnetic rare-earth layers in the 

superlattices containing non-magnetic Yb metal. This 

resul indicates that the individual magnetic rare-

earth met a l layers in these superlallices can be mag­

netically coupled to each other and the thermal hys­

teresis phenomena including the magnetic-frozen slates 

observed are associated with the rare-earth inlerlayer 

interaction, such as Eu-Eu or Dy-Dy. Here the long­

range int e raction must be a RKKY-lype interaction which 

is mediat e d by the 5d and/or 6s conduction electrons of 

the rare-earth metals because the direct interaction 

between 4£ spins which are localized in the inner core 

is neglig i bly small and is only effective over a short­

range. It has been shown that the sign of the RKKY-type 

interacti on alternates with the change in the distance 

between t he magnetic spins. In the superlaltices 

de s cribed here, the RKKY-type interaction is modulated 

by the superperiodicity. Therefore, the magnetic-frozen 

states ar e likely to be produced by a combination of 

ferromagn e tic and antiferromagnetic interlayer interac­

tions. In addition, since there was no time dependence 

observed f or the magnetic states of any of the super-
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lattices, the observed magnetism is associated with the 

inherent nature of rare-earth superlattices and not a 

spin-glass characteristic. 

Thoug h the Eu/Yb and Dy/Yb superlattiees possessed 

thermal hystereses in their magnetic properties similar 

to that observed for the Eu/Mn superlattice as 

described above, only one cusp was present in the tem­

perature dependent magnetization curves of the Yb con­

taining s uperlattices. In contrast, the three cusps 

were obs e rved for the Eu/Mn superlattices under low 

field. The difference in magnetic properties between 

Eu/Mn and the other superlattices is likely to occur 

because Mn is magnetic and Yb is non-magnetic. rt was 

concluded that the long-range interlayer interaction 

between magnetic rare-earth layers such as Eu or Dy 

contribut ed to the thermal hysteresis phenomena. This 

is the same, however, for all three superlattices 

(En/Mn, Eu/Yb, and Dy/Yb) and cannot account for the 

appearanc e of multiple cusps in Eu/Mn superlattices. In 

addi lion, the amorphous structure of Eu/Mn superlat­

tices is not related to the difference in magnetic 

properties between Eu/Mn and other superlattices be­

cause th e amorphous Eu/Yb superlattices which were 

prepared at a growth temperature of 90 K possessed only 

one cusp in the temperature dependent magnetization 

curve. Sharp reflections up to 5th-order corresponding 
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to the s u perperiodicity were seen in the small-angle 

XRD patte r ns of Eu/Mn superlattices, whereas reflec­

tions up to only second-order were identified for the 

Eu/Yb sup erlattices. This implies that the interfaces 

of Eu/Mn superlattices are smoother than those of Eu/Yb 

superlattices, . Therefore, the interlayer diffusion in 

the superlattice structures also cannot account for the 

appearanc e of multiple cusps. Thus, the presence of the 

magnetic Mn layer which produces an interfacial inter­

action between the Mn and Eu layers is likely to be the 

source of the multiple cusps observed for the Eu/Mn su­

perlattic es. Such an interfacial interaction is not ob­

served in the superlattices containing non-magnetic Yb 

meta I. 

In the Eu/Yb superlattices, the MF//-Mz// value 

corresponding to the magnitude of thermal hysteresis 

was saturated until the magnetic-field reached 50 G, 

above which point it exponentially decreased. As a 

result, the thermal hysteresis was not observed above 

4.2 K under 300 G in the Eu/Yb superlattices. In con­

trast, such a critical .field for the Dy/Yb superlat­

tices was found to be higher than that of the Eu/Yb su­

perlatti c es because the hysteresis in Dy/Yb superlat­

tices was clearly obtained under strong magnetic-fields 

as high as 5,000 G. This difference in magnetic 

properties between Dy/Yb and Eu/Yb superlattices is 
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I ikely to be due to the difference in strength of the 

interlayer interaction, such as Dy-Dy or Eu-Eu, which 

contributes to the thermal hystereses. This appears 

reasonable because the magnetic transition temperature 

of bulk Dy metal (179 K5J is higher than that of bulk 

Eu met a I ( 91 K6) • 

The hysteresis loops obtained for the zero-field­

cooled Eu/Mn superlattices were symmetrical. In con­

trast, anti-symmetrical hysteresis loops were observed 

for the field-cooled Eu/Mn superlattices. This indi­

cates th a t unidirectional anisotropy exists in this 

sys tern. On the other hand, the Eu/Yb super I at t ices did 

not possess the unidirectional anisotropy. Therefore, 

the unidi rectional anisotropy in the Eu/Mn superlat­

tices is expected to arise from the Eu-Mn interfacial 

interacti on. The hysteresis loop measurement indicated 

that the field-cooled Dy/Yb superlattices possessed 

strong magneto-crystalline anisotropy. That is, the 

initial orientation of the magnetization was maintained 

in these samples, even though strong fields as high as 

5,000 G we re applied in the opposite direction. This is 

due to the interaction between the orbital angular 

momentum of 4f electron and the crystalline field of 

the latti c e. This idea is supported by the experimental 

results that no magneto-crystalline anisotropy was ob­

served in the superlattices containing Eu metal whose 
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orbital angular momentum for the ground stale, 8s7/2• 

is zero. 

In the present study, the following three points 

were set as research aims: 

(1) Atomic-scale control of metallic superlattice 

structure. 

(2) Confirmation of unique magnetism arising from 

artificial compositional modulation and reduced 

dimensionality. 

(3) Stabilization of non-thermodynamic metal phases 

using the epitaxial relationship at 

superlatticc interfaces. 

The MBE method was extremely effective in meeting the 

first aim of allowing film growth lobe controlled to 

the mono l ayer level. This was demonstrated by the 

epitaxial growth of the Eu/Yb and Sm/Yb superlattices. 

The long-range character of lhe magnetic interaction in 

the rare -earth metals allowed the second aim to be 

realized. Namely, the unique thermal hysteresis 

phenomena including magnetic-frozen stales associated 

wi lh the interlayer interaction between magnetic rare­

ear lh I ayers were observed in lhe Eu/Mn, Eu/Yb, and 

Dy/Yb superlattices. In addition, the third aim of 

epi taxi ally growing non-thermodynamic metal phases was 

successfully achieved using the MBE technique to grow 

the Eu-Yb and Sm-Yb systems. 
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