
Physica B 159 (1989) 93-105 

North-Holland, Amsterdam 

DIFFRACTION STUDIES OF RARE EARTH METALS AND SUPERLATTICES 

J. BOHR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Risa National Laboratory, DK-4ooO Roskilde, Denmark 

Doon GIBBS and J.D. AXE 

Brookhaven National Laboratory, Upton, NY 11973, USA 

D.E. MONCTON and K.L. D’AMICO 

Exxon Research and Engineering Co., Annandale, NJ 08801, USA 

C.F. MAJKRZAK 

National Institute of Standards and Technology, Gaithersburg, MD 20899, USA 

J. KWO and M. HONG 

AT&T Bell Laboratories, Murray Hill, NJ 07974, USA 

C.L. CHIEN 

Johns Hopkins University, Baltimore, MD 21218, USA 

J. JENSEN 

H.C. 0rsted Institute, Physics Laboratory, DK-2la) Copenhagen 0. Denmark 

Revised manuscript received 6 February 1989 

We review the results of X-ray scattering studies of the rare earth metals and present related new results for superlattices 

and thin slabs. In rare earth crystals we have observed weak structural modulations which accompany the magnetic 

ordering. The wave length of this modulation can be derived from a spin-slip model in accordance with symmetry 

considerations. X-ray scattering of both the charge and magnetization density modulations allow for highly accurate 

determination of the magnetic wave vector. The physical basis of our discussion is given in the context of lattice 

modulations. The implications of these results for the understanding of magnetic structure of rare earth superlattices are 

also discussed in the light of recent neutron diffraction studies of holmium-yttrium superlattices. The effect of the finite 

size of the magnetic block in a superlattice is considered and it is shown that significantly different behavior than in bulk is 

expected. In particular it is found that for thin slabs the ferromagnetic phase has the lowest energy. 

1. Magnetic X-ray scattering 

The application of magnetic X-ray scattering 

techniques as a probe of magnetic structures was 

pioneered in the successful experiments of De 

Bergevin and Brunel [l, 21. Basically electromag- 

netic waves and hence X-rays will scatter from 

magnetic structures. For references to detailed 

calculations of the cross section for magnetic 

scattering from solids it should suffice to refer to 

the more recent work: Platzman and Tozar [3], 

Blume [4], Moncton et al. [5], Blume and Gibbs 

[6] and Lovesey [7]. For the practical application 

of magnetic X-ray scattering techniques the re- 

cent discovery of the large enhancement of the 

cross section found at the absorption edges [8,9] 

may be most important having penitential impli- 

cations for future work in an equally significant 
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way as the use of circularly polarized beams 

[lo, 111. In the present context these results are 

not important and we need only to emphasize 

that the two linear polarization states mix. 

2. Holmium 

the crystal lattice. Figure 1 shows a series of 

X-ray scans of the magnetic satellite above the 

(004) Bragg points. The peak widths of the 

satellites are approximately 0.003 A-‘. This de- 

monstrates the high momentum transfer resolu- 

tion which is available with synchrotron X-ray 

sources. The count rate was about 40 counts/s 

]141. 
The utilization of magnetic X-ray scattering in Figure 2 shows the detailed evolution in the 

the study of the magnetic structures of the rare magnetic satellite as the temperature is lowered 

earth metals was furthered in part by the large from 25 to 17 K [15]. As the temperature de- 

localized moment typical of rare earth metals creases a second, and initially broad, diffraction 

and in part by the high degree of incommen- peak appears on the right side of the magnetic 

surability between the magnetic structures and satellite. Because the X-ray magnetic cross sec- 

the chemical lattice. The magnetic moment in tion for a magnetic spiral mixes the two polariza- 

the rare earth metals originates in the unfilled 4f tion states, a polarization sensitive X-ray ana- 

electron shell. A holmium atom has a moment of lyzer can be used to investigate the magnetically 

10.3 /.L~. For bulk holmium, which has a hexa- scattered intensity in greater detail. For this 

gonal closed-packed crystal structure, the mo- purpose a graphite crystal was used as a polariza- 

ments order in an antiferromagnetic spiral made tion analyzer following a conventional ger- 

up of ferromagnetically ordered basal planes manium (111) analyzer [5]. By choosing the 

with moments in successive basal planes rotated photon energy, the (006) Bragg reflection in the 

relative to each other by the turn-angle of the graphite polarization analyzer could be set at 

spiral [12, 131. This leads to a diffraction pattern exactly 90 degrees. Then, the polarization anal- 

with satellites of magnetic origin along the [OOl] yzer was oriented to pass only photons whose 

direction above and below the Bragg points of polarization state had been rotated during the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ho (oob MAGNETIC SATELLITE 

loo0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 1. Magnetic satellites above the (004) Bragg peak at various temperatures as obtained by X-ray diffraction at SSRL using the 

54 pole wiggler. The typical peak width is 0.003 A-’ demonstrating the high resolution generally obtained by synchrotron X-ray 

diffraction. 
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Fig. 2. Detailed temperature development between 25 and 

17 K of the magnetic satellite above the (M34) Bragg peak. In 

addition to the sharp magnetic satellite an initially broad 

second peak appears at a higher wave vector. At lower 

temperature when the magnetic period approaches 5/27 the 

additional peak becomes sharper and well defined. 

scattering process: i.e., no conventionally 

Thomson-scattered photons could be detected 

[14]. Figure 3 shows the diffraction pattern of the 

satellite at 19 K with and without the polariza- 

tion analyzer in place. This measurement con- 

firms the magnetic origin of the sharp satellite 

since some of the scattered photons contributing 

to this reflection have a rotated polarization 

state. However, the second and broader diffrac- 

tion peak is non-magnetic in origin. 
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Fig. 3. Diffraction pattern of the magnetic satellite as ob- 

tained with and without the polarization analyzer or filter. 

The open circles are of the scan without the polarization 

anlayzer in place and therefore comprise scattered light with 

rotated as well as non-rotated polarization. The solid circles 

are of the scan with the polarization anlayzer in place which 

act as a filter and only passes on to the detector X-rays with a 

rotated polarization which therefore must have undergone 

magnetic scattering. 

3. Spin slips and magnetoelastically induced 

lattice modulation 

The crystal field in the hexagonal basal plane 

of holmium has six-fold symmetry and, con- 

sequently, six easy directions. The crystal field 

provides a perturbation potential which affects 

the orientations of the moments within the basal 

planes. Therefore, the simple antiferromagnetic 

spiral with the magnetic wave vector q, is mod- 

ulated with the wave vector q, [15]: 

q,=12q,-2. 

Briefly, the magnetic moments along the spiral 

in holmium are bunched or grouped together 

according to which easy direction the moments 

are nearest. This leads to spin doublets and 

occasionally singlets, a doublet being defined 
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Fig. 4. Schematic of three mechanisms which can lead to lattice modulations: (a) distance dependent exchange, (b) quadrupole in 

a crystal field, and (c) quadrupole-quadrupole interaction. 

when moments in adjacent basal planes are with- 

in *30 degrees away from the same easy direc- 

tion. We have adopted the names spin-slips for 

the singlets and spin-slip period for the wave 

length given by 4,. As we shall see, for specific 

temperatures this structural modulation becomes 

rather sharp and a description in terms of dis- 

commensurations becomes appropriate with the 

singlets being the discommensurations. 

The non-magnetic diffraction peak in figs. 2 

and 3 occurs at the spin-slip position q,. Its 

relatively large width reveals disorder in the 

spin-slip distribution of the spiral. When the 

magnetic period becomes commensurate with 

the lattice period and there is exactly one spin- 

slip for every nine atomic layers (q, = 3 and 

q, = & ), the spin-slip order becomes signifi- 

cantly longer ranged. This is illustrated by the 

diffraction pattern at 17 K. We interpret the 

spin-slip diffraction peak as being due to crystal 

lattice modulations. In view of the large mag- 

netotriction generally found in the rare earth 

metals we suggest three possible mechanisms 

shown in fig. 4. The first is a distance-dependent 

exchange interaction. At spin slip positions the 

turn angle differs from the turn angles in the rest 

of the structure. A distance-dependent exchange 

interaction will therefore lead to lattice modula- 

tions which arise form the spin slips. The second 

mechanism arises directly from the crystal field. 

The differerit orientations of the magnetic mo- 

ments relative to the crystal field gives rise to 

local differences in the magnetotriction. The 

third proposed mechanism is a quadrupole- 

quadrupole interaction. This mechanism would 

also give a second harmonic of the magnetic 

satellite. The modified structure of the magnetic 

spiral resulting from the crystal field will, in 

addition to the magnetoelastically induced lattice 

modulation, give rise to weak magnetic satellites 

at q, + q,. Recently, Cowley and Bates have 

performed a detailed study of these satellites as 

well as other harmonics using high resolution 

neutron diffraction techniques [ 161. 

4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHigher harmonics 

The deviation of the magnetic structure from a 

simple spiral with a constant turn angle leads to 

the existence of higher harmonics. In the early 

neutron scattering studies of holmium, Koehler 

and co-workers [12,13] observed 5th and 7th 

harmonics of equal intensity from the low tem- 

perature commensurate spiral with a turn angle 

of 30 degrees. It was shown that this is due to 

bunching of the moments along the six easy 

directions. In a later sample, where the low 

temperature wave vector was close to A, Felcher 

et al. [17] found that the ratio of intensities of 
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the 5th to the 7th harmonic was close to 2. 

Assuming a spin-slip model where the magnetic 

spiral was considered to consist of doublets and 

singlets and with the only free parameter being 

the bunching angle in the doublets, the ratio of 

the 5th to 7th harmonic has been satisfactorily 

accounted for [15]. 

A simple spin-slip model is of course an over- 

simplification. To obtain a more detailed picture 

of the spin configuration a molecular or mean 

field calculation with no adjustable parameters 

was performed. The molecular field calculation 

was developed to fit data from a study of spin 

waves in HoO.sTb,,, by Larsen et al. [18]. This 

molecular field calculation was also applied by 

Jensen to a study of the spin waves in holmium 

[19]. We used the parameters found in the study 

by Larsen et al. with no adjustments, see table I. 

Table I 

Inter-layer exchange parameters Jo to J6 in the molecular field 

calculations. The crystal-field parameters were Bl = 0.024, 

By = 0, Bi = -0.956 x low6 and Bz = -9.21 x 10m6 (x- 

axis/lb-axis, easy), all values given are in meV and the 

temperature is 4 K. 

JLl J, Jz J3 J4 JS J6 

0.3002 0.0895 0.0065 -0.0121 -0.0055 -0.0010 -0.0030 

Fig. 5. The spin configuration of the q, = 5127 structure as 

found in the mean field calculation. The first bunching angle 

is 13.35” while the second is 12.21”. This agrees with the 

simple spin-slip picture. The dashed lines are the easy direc- 

tions of the crystal field. 

The result for the spin-slip structure which re- 

peats itself for every 9th atomic layer and with 

4, = & is given in fig. 5. The 1st bunching angle 

is 13.35” while the 2nd is 12.21”. The 3rd and 4th 

bunching angles are, by symmetry equal to the 

2nd and lst, respectively. Thereafter comes a 

spin-slip followed by a repeat of the 4 doublets. 

The result of the molecular field calculation is 

that the bunching angle of the different doublets 

are very similar, which confirms the simple spin- 

slip picture with localized discommensurations. 

The neutron diffraction work by Cowley and 

Bates [16] with detailed calculations of large 

number of harmonics comes to a similar result. 

5. Erbium 

Figure 6 shows a summary of the positions of 

the satellites found in erbium [20]. The situation 

is considerably more complex for erbium than it 

is for holmium. There is a large number of 

harmonics as a result of the frequency mixing 

between the apparent period of the crystal field 

and the period of the magnetic structure. 

The crystal structure of erbium is also hexa- 

gonal closed-packed and the atomic moment is 

about 9c~g. The magnetic ordering on erbium 

exhibits a variety of phases. Between the NCel 

temperature of 84 K and 52 K, the magnetic 

structure is c-axis modulated [21-231. The mo- 

ments in the basal planes of the hexagonal struc- 

ture are ordered ferromagnetically in the direc- 

tion of the c-axis with a long wave length modu- 

lation along the c-axis. The magnetic period is 

approximately seven atomic planes long. In this 

temperature interval the only observed X-ray 

peak along the [OOl] direction is at 2q,. The 

lattice modulation in a c-axis-modulated 

squared-up magnetic structure with fully de- 

veloped mangetic moments, must be of the kind 

generated by distance-dependent exchange. 

However, for sinusoidal magnetic structure all of 

the three proposed mechanisms; distance depen- 

dent exchange, crystal field, and quadrupole- 

quadrupole interaction, will lead to lattice modu- 

lations at 2q,. In addition, scattering from the 
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Fig. 6. Positions of the observed diffraction satellites from 

erbium along the (001) direction. In X-ray scans (. ) satellites 

were observed at the magnetic period q,,,, twice the magnetic 

period 2q,, the spin-slip period q,, its complementary 29, - 

4, and when the intensity of the spin-slip lattice modulation 

was significantly pronounced additional harmonics present. 

The open circles (0) give the wave vectors observed by 

neutron diffraction. When q,,, = 6123 the spin-slip modula- 

tions were particularly strong and also seen with neutrons. 

charge distribution of the quadrupoles will be 

present at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2q,. 

Between 52 K and 18 K the moments develop 

an additional basal plane component of identical 

period to the coexisting c-axis modulation. The 

diffraction pattern shows the magnetic period 

9 twice the magnetic period 2q,, the spin-slip 

pzriod q, and its complementary period 2q, -  

qs. This is a question of semantics, namely, 

whether the spin-slips, blocks of 3 spins, or 

blocks of 4 spins are to be considered the dis- 

cornmensurations [15]. In erbium blocks of 3 

spins and blocks of 4 spins orientated parallel or 

anti-parallel to the z-axis, are the fundamental 

building blocks, in analogy to the singlets and 

doublets in holmium. At the lower temperatures, 

additional harmonics develop, signifying an in- 

creased distortion [20]. Below 18 K the magnetic 

structure becomes a conical spiral. Summarizing, 

in the entire temperature range the magnetic 

period exhibits a sequence of first-order transi- 

tions to the commensurate wave vectors 3, A, & , 
i and 5. This phenomenon is reminiscent of an 

incomplete devil’s staircase [24]. In the low tem- 

perature & conical phase of erbium we observe a 

5121 , Erbium 

0 10 20 30 LO 50 60 

TEMPERATURE (Kelvin) 

Fig. 7. Peak intensity of the fundamental qm as function of 

temperature. Note the large variations in the intensity over 

more than 2 orders of magnitude. The intensity is enhanced 

at temperatures where the magnetic wave vector corresponds 

to a structure with a ferromagnetic component. For those 

structures the inversion symmetry of the magnetic structure is 

broken and consequently charge scattering is allowed at the 

fundamental 4,. The 2/7 structure has 3 spins up for every 4 

spins down. The 4/15 structure has 3 spins up followed by 4 

spins down, 4 spins up and 4 spins down, this structure then 

repeats itself. The 6123 structure is the next ferromagnetic 

structure generated in this way. Finally, the 5121 structure is 

the conical structure which occurs below the Curie point. 
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dramatic increase by two orders of magnitude in 

the peak intensity at 4,. This signal seems to be 

too large to result from magnetic scattering alone 

and suggests the possibility of additional charge 

scattering appearing at the magnetic wave vec- 

tor. Figure 7 shows the peak intensity at 4, as 

function of temperature on a logarithmic scale. 

In addition to the large enhancement of the 

scattering at 4, in the low temperature conical 

phase, the weakly ferromagnetically phases 3, & 

and & also shows enhanced scattering at q,. If 

the magnetic structure has a ferromagnetic com- 

ponent then its inversion symmetry is broken 

and hence the quadrupole charge distribution 

will generally give rise to charge scattering at the 

fundamental q,. Furthermore, when the inver- 

sion symmetry is broken then the three mechan- 

isms for lattice modulations given in fig. 4 can all 

give rise to charge scattering at q,. 

6. MBE rare earth super lattice structures 

A magnificent recent development in materials 

science is the advanced level which has been 

achieved technologically to manufacture new 

materials not naturally available in nature. The 

technique of molecular beam epitaxy (MBE) has 

been used to grow single-crystal rare earth super- 

lattices of high perfection [25]. Magnetic struc- 

tures consisting of a discrete number of alternat- 

ing magnetic and nonmagnetic layers such as, for 

example, Ho,,-Y,, have been grown. The sig- 

nificant finding that, despite the relatively thick 

layers of magnetically dead material, the mag- 

netic structure in the superlattice can still exhibit 

long-range order [26], has given impetus to the 

study of superlattices of rare earth metals. 

7. Holmium-Yttrium data 

Yttrium, with its lack of 4f electrons, normally 

does not exhibit magnetism. Therefore, yttrium 

is often chosen as the component for the magnet- 

ically dead layers. Holmium, with its large mag- 

netic moment and its well characterized magnetic 

spiral, is an ideal element to use for the magnetic 

layers. It is unknown how the magnetic interac- 

tion propagates through the yttrium layer. This is 

an important question for the understanding of 

the magnetic phases in the rare earth superlat- 

tices. Several qualified suggestions for the mech- 

anism have been put forward [27]. Is the usual 

RKKY (Ruderman-Kittel-Kasuya-Yosida) in- 

direct exchange dominant? Is there an itinerant 

spin density wave in the yttrium layers? For 

example, alloying yttrium with a few percent 

dysprosium is enough to magnetize it in a helical 

way [28,29]. It seems that this is in general true 

in the dilute dysprosium limit. Although smaller, 

the average dysprosium-dysprosium neighbor 

distance in these alloys is of the same order of 

magnitude as the thickness of the yttrium layer 

in the superlattice. 

8. Finite-sized magnetic structures 

Although our knowledge of the magnetic in- 

teractions in the superlattice is limited, we can 

assume that the interaction through the nonmag- 

netic yttrium layers is much weaker than the 

interactions in the magnetic holmium layers. 

Therefore, the magnetic structure in a single 

block of holmium layers (to a good approxima- 

tion) may be described as if there were only 

these internal holmium interactions present. Of 

course the strain present in the MBE sandwich 

influences these interactions. 

A beginning to an understanding of the mag- 

netic structure of a finite block of atoms can be 

acquired in the following way. For the infinite 

spiral structure, the minimum model with 

enough ingredients to lead to a long period 

spiral, is one where the exchange interaction J, 

between nearest-neighbor planes is ferromag- 

netic and the exchange interaction J, between 

next-nearest-neighbor planes is antiferromag- 

netic. (The indirect exchange found in the rare 

earth metals is of course of much longer range.) 
In this simple model we get the well-known 

result that if /J1/J2/ < 4, then the structure is a 

spiral with a turn angle (Y given by cos (Y = 

1 J,/4J,j. If on the other hand 1 J,lJ,I 2 4 then the 

spin organization is ferromagnetic. Turn angle (Y 
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Fig. 8. Turn angles as calculated from a simple model involv- 

ing ferromagnetic nearest layer interactions and antifer- 

romagnetic next-nearest-layer interactions described by the 

two exchange constants J, and Jz. (a) The well known result 

cos (Y = lJ1/Jz[ for a model with an infinite number of atomic 

layers. (b) The three turn angles q, LYE and ug describing the 

spin configuration for a model with only 7 atomic layers. a, 

being the inner most turn angle, (rz the next inner one, and a3 

the outer most turn angle, see inset of model in the figure. 

calculated as a function of 1 J, /J2 1 is shown in fig. 

8a. 

Now, consider a finite slab of basal planes 

instead of an infinite sequence. Then the mag- 

netic structure found by minimatization of the 

simple Hamiltonian will be significantly distorted 

from the simple spiral. For instance, a block 

consisting of only 2 basal planes is always fer- 

romagnetic! A detailed calculation of the turn 

angles in a block of 7 spins is shown in fig. 8b. 

When 1 J,lJ*I 5 3.75 this structure is ferromag- 

netic. For a block with 3, 4, 5 or 6 spins the 

structure is ferromagnetic when I J,/J,[ 3 2, 3, 

3.45 and 3.65, respectively. Further, there is a 

general tendency to approach ferromagnetism 

A 1200 - 

z r Bulk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 2 3 1 5 

IJ,I/J2 

Fig. 9. Average turn angle in the model with 7 spins com- 

pared with the turn angle in the infinite model. 

for the spins at the edges of a block. Heuristical- 

ly, this can be understood simply by noting that 

when ) J1/J,I > 1 then the nearest neighbor inter- 

actions dominates. 

The sum of the turn angles over a full block is 

therefore smaller than the sum over the same 

number of planes in an infinite structure. Figure 

9 demonstrates this in a comparison of the aver- 

age turn angle in the 7-layer model with the turn 

angle of the bulk model. 

9. A realistic mean-field calculation 

As was done for the infinite q, = $ spin-slip 

structure of holmium (q, = & ), realistic mean 

field calculations for finite sized holmium blocks 

can be achieved using the parameters from the 

work of Larsen et al. [18] (table I). This molecu- 

lar field Hamiltonian includes interactions up to 

the 6th nearest neighbor plane. The result for a 

slab of 15 infinite holmium layers is given in 

table II and is illustrated in fig. 10. The parame- 

ters used are those for the 4 K bulk structure of 

holmium with a turn angle of 30 degrees. The 

sum of the 14 turn angles in this calculation is 

302 degrees compared with 420 degrees for 15 

atomic layers of bulk holmium. From fig. 10 we 

observe that the tendency to ferromagnetism for 

the outer most spins is further enhanced by the 

crystal field. Figure 11 shows a comparison be- 

tween the calculated energies for the ferromag- 
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Table II 

Mean field calculation of the spins in a slab of 15 layers of 

holmium atoms using the parameters in table I from ref. [18]. 

The first column gives the index of the atomic plane. The 

second and third give the inplane and the z-axis component 

of the moment, respectively. The fourth column gives the 

turn angle of the moment. Note that the spin configuration of 

this holmium slab with an odd number of layers terminates 

with a triplet and a quartet. 

Spin s,, (Pa) 5, (PB) Angle (deg) 

1 9.83 1.10 -1 

2 9.84 1.32 0 

3 9.76 1.85 5 

4 9.66 2.27 53 

5 9.69 2.16 66 

6 9.72 2.02 114 

7 9.74 1.92 126 

8 9.75 1.90 174 

9 9.74 1.94 185 

10 9.69 2.14 234 

11 9.67 2.21 247 

12 9.74 1.90 294 

13 9.84 1.33 300 

14 9.86 1.11 301 

15 9.84 1.01 301 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SLAB OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 HOLMIUM LAYERS 

Fig. 10. The spin configuration with the minimum energy for 

a slab of 15 atomic layers as found in the mean field 

calculation. Note the tendency to near ferromagnetism at the 

outer most atomic layers, i.e. the first 3 layers (1,2 and 3) 

and the 4 last layers (12,13,14 and 15). 
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Fig. 11. Free energy per ion for a ferromagnetic and a 

“helix” structure as calculated in the mean field approxima- 

tion. For layer thicknesses of less than 9 atoms thick the 

ferromagnetic configuration is the favored one. The specific 

configuration of the helix is given by the numbers at the 

different points of the curve. For example 3-3 means a triplet 

of spins followed by a triplet. 

netic structure and for a spiral structure extend- 

ing over 2 adjacent easy directions. Interestingly, 

we observe that for a block of size up to 9 atomic 

layers thick the favored magnetic configuration is 

the ferromagnetic state. Experimental observa- 

tions of turn angles in superlattices different 

from those in bulk may thus be seen, firstly, as a 

consequence of the finite size of the magnetic 

blocks, and, secondly, as a consequence of the 

perturbation of basic physical parameters such as 

the strain and interlayer diffusion often present 

in MBE grown superlattices. 

10. Experimental structures factors 

The experimental structures factors are easily 

understood. The superlattices can be thought of 

as a large unit cell in which the magnetic block 

takes the place of a huge magnetic molecule. 

The magnetic intensity then occurs at positions 

determined from the turn angle A (the phase 

advance over one large chemical unit cell) as 

satellites displayed by the corresponding wave 
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vector qd from the reflections corresponding to 

the large chemical unit cell. When the magnetic 

order is of long range, the chirality of the mag- 

netic structure is uniquely related to the chirality 

of the magnetic molecule (single block of mag- 

netic atomic planes). The structure factor is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 12. Schematic explanation of the magnetic reflections 

from a superlattice with long-range magnetic order. (a) The 

Bragg reflections from the hexagonal crystal lattice given the 

inter-layer distance between atomic planes. (b) The chemical 

satellites representing the length of the large unit cell of the 

superlattice. (c) The possible positions of the magnetic satel- 

lites It is the first harmonics displaced to both sides of the 

chemical satellites according to the turn angle A, where A is 

the phase shift of the magnetic structure from one magnetic 

block to the next. (d) The form factor of one magnetic block. 

The finite size of a magnetic block gives rise to its oscillator 

behavior, although the intensity of the side oscillations has 

been exaggerated in the figure. The true shape of the form 

factor requires an accurate knowledge of the magnetic struc- 

ture of the finite block. (e) The magnetic reflections from the 

superlattice. They arrive from the intersection of the form 

factor and the magnetic satellites. Note that because the 

chirality of the magnetic blocks and the chirality of the 

superlattices are uniquely related only half of the possible 

magnetic satellites are different from zero. 

therefore only non-zero at one of the two pos- 

sible positions, see fig. 12. As can be seen, the 

center of mass of the magnetic reflections in fig. 

12e) is generally different from the center of the 

formfactor fig. 12d). This has the consequence 

that the magnetic turn angles between atomic 

layers can not be determined solely from peak 

positions. In contrast the phase advance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA over a 

magnetic block and an adjacent nonmagnetic 

block is directly given by the peak positions of 

the magnetic reflections. 

Figure 13 shows the neutron diffraction pat- 

tern as obtained from HoZ7-Y, superlattice at 

10 K. The features of the pattern are as discusses 

in fig. 12e. Although not visible on the scale of 

fig. 13, we have also observed fifth and seventh 

harmonics of the principle magnetic scattering in 

these samples. The drawing on the right on fig. 

13 shows schematically the magnetic structure of 

a superlattice, in this case a Ho,,-Y,,. By 

analyzing the peak positions in the diffraction 

pattern, A, the magnetic phase advance over one 

large chemical unit cell, can be determined. 
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Fig. 13. Neutron diffraction pattern obtained from the Ho,,- 

Y, superlattice at 10K. The features of the diffraction pat- 

tern are as in figure 12e showing long range magnetic order. 

On the right side of the figure is shown a schematic drawing 

of a superlattice explaining the phase advance A. The data 

were taken at Brookhaven on the H9 instrument at the cold 

source at the HFBR. 
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Fig. 14. The phase shift A from one magnetic block to the 

next in holmium-yttrium superlattices. The circles (0) are 

the data for Ho,,-Y,, the squares (0) for Ho,,-Y, and the 

triangles (V) for Ho,,-Y,,. 

Figure 14 shows the obtained magnetic phase 

advance A for the 3 superlattices Ho,,-Y3, 

Ho,,-Y, and Ho,,-Y,,. Because of the relative- 

ly large length scale on play in these systems high 

resolution studies are essential. In fact the res- 

olution of the present study is only barely satis- 

factory. This manifests itself in the relatively 

large error bars in fig. 14. Table III gives the 

phase advance A as calculated at 10 K assuming 

triplets or quartlets at the interfaces, doublets in 

the bulk of the holmium blocks and an anti- 
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ferromagnetic interaction through the yttrium 

layers. For the superlattices with thin yttrium 

blocks this value of A is in agreement with the 

experimental value. Thus, it is plausible that the 

interaction through an Y, block is antiferromag- 

netic. In gadolinium-yttrium superlattices it has 

been found that the interaction through the yt- 

trium is always ferromagnetic or antiferromag- 

netic [30-321. The result of the molecular field 

calculation, namely, that the holmium blocks 

have a tendency to terminate with 3-4 ferromag- 

netic layers means that possibly the interaction 

through the yttrium layers is similar to the inter- 

action through yttrium layers in gadolinium- 

yttrium superlattices, where the 

layers are always ferromagnetic. 

gadolinium 

11. Two types of lack of long-range order 

For superlattices with a thicker block of non- 

magnetic yttrium, for example Dy,,-Y,,, the 

magnetic order need not be of very long range 

[33]. The lack of long-range order in such sam- 

ples can be due to two distinct types of disorder 

which we will label type A and B. In type A the 

disorder is due to the introduction of some ran- 

domness in the phase relation between success- 

ive magnetic blocks. In type B the disorder 

appears as a result of some randomness in the 

type of chirality a magnetic block has. We note 

that type B disorder leads to a lack of long-range 

order even if there is a completely deterministic 

phase relation between neighboring magnetic 

blocks. It therefore has the attractive physical 

Table III 

Estimate of the phase advance A if the interaction through the yttrium layers are assumed to 

be antiferromagnetic. Column 2 gives the assumed magnetic structure in terms of doublets, 

triplets and quartets. Column 3 gives the corresponding total turn angle over one holmium 

block. Column 4 gives the estimated phase advance A modulus 360 degrees. It should be 

compared with the A as extracted from the neutron diffraction data, column 5. All units are 

in degrees and the data are at 10 K. As can be seen higher resolution data are needed in 

order to conclude on the nature of the interaction through the yttrium layers. 

Superlattices Ho structure Turn angle Ho A (estimated) A (experimental) 

Ho,,-Y, 322222222224 660 120 116 

Ho,,-Y, 322224 300 120 120 

Ho,,-Y,, 322224 300 120 150 
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property that the resulting magnetic order is a 

genuinely intrinsic metastable configuration. In 

contrast, for type A disorder the lack of long- 

range order is most likely extrinsic, due to im- 

purities, lattice imperfections, etc. Metastable 

locking in the crystal field can also be the cause 

of type A disorder, but if so type B disorder is 

most certain to be present, in addition. More- 

over, one may argue that tendency to ferromag- 

netism at the termination of the magnetic blocks 

provide some extent of screening of the 

chirality-chirality interaction, lowering the effec- 

tive chirality-chirality exchange. 

12. Conclusion 

This paper reviews a rather broad spectrum of 

magnetic structures of bulk rare earth and rare 

earth superlattices. The emphasis has been to 

touch on some rather simple and interesting 

phenomena. We have learned that the lock-in 

transitions of the magnetic wave vector can be 

explained as being due to intrinsic structural 

properties of the magnetism of the rare earth 

metals involving discommensurations. There- 

fore, these lock-in transitions shall not be consid- 

ered to arise from metastable configurations 

stabilized by impurities and lattice imperfections. 

In contrast, the effect of impurities and lattice 

imperfections has no greater effect than to mod- 

ify the basic physical properties in a mean field 

manner. Thus the low temperature value of the 

wave vector may change with the concentration 

of impurities, but the physics leading to its value 

is genuine. 

For superlattices we can ask a similar ques- 

tion: what is the influence of imperfect growth, 

interlayer diffusion and lattice strain? The fact 

that only a finite number of magnetic layers is 

involved leads to large deviations from bulk 

behavior. This phenomenon has to be considered 

prior to the possible effects of the imperfectness 

of the lattice. Likewise, the finite size of the 

yttrium slab is important to consider when the 

interaction through the yttrium is to be under- 

stood. Although it has been found that dilute 

dysprosium-yttrium bulk alloys have helical 

order with a turn angle of approximately fifty 

degrees [28,29] the helical order need not be the 

favored state for a thin slab. 

We also point out the fact that the lack of 

long-range order in superlattices with very thick 

intervening layers of yttrium may be due to near 

frustration in chirality-chirality correlations. 

This leads to a diffraction peak whose width is 

distinctively different from the width correspond- 

ing to complete randomness. Work on these and 

other subjects touched in this paper is in 

progress. 
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