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AESTRACT 

This report presents a summary of the research yoals and accomplishments 

of a program concerned with the dynamic maqnetoelast.ic properties of materials 

containing rare-earth elements. Results are presented for two main classes of 

phenomena: first, the effects of magnetoelastic interactions on the propagation 

of elastice waves through rare-earth materials, and second, the utilization of 

the magnetoelastic interaction for the generation of high-frequency ultrasonic 

elastic waves. Results were obtained for both the pure rare-earth elements 

(Gadolinium, Terbium, Dysprosium,  Holmium, and Erbium) and for intermetallic 

compounds such as the terbium- iron cubic Laves-phase material, TbFe . Attempts 

were made, where possible, to interpret the experimental results in terms 

of theoretical models Lor  the fundamental magnetoelastic interactions. Most of 

the work described here was in a preliminary state at the time this contract was 

terminated, and so the full analysis of the work and the ways in which it 

meets the goals of the contract cannot be fully made at this time. 

- - - - - ■ ■ ,——. 
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I. INTRODUCTION 

This report doocribes the results of a research program on the magnetic, 

elastic, and magnetoelastic properties of iare-earth materials, including both 

the pure rare-earth elemcnti; and rare-earth-iron-group intormetallic compounds. 

This program has been sponsored by the Advanced Research Projects Agency of the 

U. S. Department of Defense, and it has hec-:.  carried out under Contract He. 

DAAH01-71-C-02b9 (1 November 1970 - 3] October 1971) and ConCMCt No. DAAHOl- 

72-C-0285 (4 November 1971 - 31 Doccr^er 1973), monitorti by the U. S. Army 

Missile Command. In this introductory section of the report, the original 

motivation for this program and its specific goals are reviewed, and a summary 

of the accomplishments attained during the course of the program is presented. 

A. Motivation for Research on the Magnetoelastlc Properties cf Rare-Earth 

Materials. 

As the fundamental properties of rare-earth naterials first began to be 

revealed through many different types of experimental research, it was quickly 

recognised that their magnetic and r.ignetooiastic properties are particularly 

interesting, with a numbei. of potentially important technological applications. 

Most of the known magnetic and magn^toelastic properties of the pure rare-earth 

elements and Certain rare-earth alloys are described in detail in a recent 

book edited by Elliott , and a compilation of many fundamental magnetic and 

magnotoelastic properties of a number of "are-earth materials is given bv 
2 

Tebble and Craik . Roth of these works provide extensive bibliographies of the 

original literature in the area of rare-earth magnetism. 

One of the most unusual magnetic properties of the heavy r<«re-earth elements 

(Gd, Tb, Dy, lio, Er, and Tm", is the existence of several types of periodic 

magnetic ordering, including both ferromagnetic and antiferromagnetic phases. 

Examples of this periodic ordering are shown schematically in Fig. 1. All of 

these elements possess a hexagonal close-packed crystal structure (hep) which 

can be considered to be  composed of basal-plane layers jf trivnlent ions perpen- 

dicular to the hoxagonal-symmetry axis (c-axis). In all the observed periodic 

ordering structures, all the ions in a given basal-plane layer are ferromagnetically 

aligned, but the direction of the magnetic.moment of a basal-plane layer changes 

^m 
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Fig. 1 Magnetic Ordering Arrangements of the Rare-Earth Elements 

in a periodic fashion from one layer to the next. For example, in the case of 

Dy Mi its antifcrromaynctic phase (85 K < T < 179 K), the ordering has been 

described as hclicoidal, with the moment of each basal-plane layer .lyina in the 

basal plane, but with a  finite angle of rotation of the magnetic moment from 

one layer to the next, as indicated in Fig. 1. 

The periodic magnetic ordering in the.e rare-earth elements arises from the 

nature of the exchanye interaction between rare-earth ions, an indirect interaction 

in which the conduction electrons play an essential part. This indirect exchange 

interaction may be envisioned as one in which a rare-earth ion interacts, through 

the normal electrostatic exchange interacion, with the conduction electrons 

at the Fermi surface, leading to a spin polarization of the sea of conduction 

electro,,s in the vicinity of the rare-earth ion. This spin polarir.atio. extends 

through the crystal as a spin-density wave, with a wavelength characteristic of 

the electronic wavelength for electrons at the Fermi energv. The conduction elec- 

trons then undergo direct exchange interaction! with neighboring rare-earth ions, 

and it has been shown that the net interaction between two rare-earth ions is 

such that it can be described by mean, of a Heisenberg exchange operator. Because, 

however, the electron polarization produced by the interaction with the first 

rare-earth ion oscillates spatially in a wavelike fashion, the interaction 



iiiiiLiiiniuiii     i     i. MI« i.^niiuMmiipwiwuiiiiiii"   ««» ■^■^■«pir.«»!!!!!*! HiniwiBiPWPii u "   i   > ■ •««■■nil" 

DAAH01-72-C-023L)  FINAL REPORT 3. 

between two neighboring rare-earth ions may bo either ferromagnetic or antiferro- 

magnetic, depending upon their spatial separation. It is the competition between 

antiferromagnotic and ferromagnotic exchange among all pairs of ions in the crystal 

which leads to periodic magnetic ordering. The actual type of ordering, however, 

is a result of both the ixchange interactions and the magnetic anisotropy of a 

particular material. 

Although the phenomenon of periodic ordering associated with the pure rare-earth 

elements and many of their alloys and comnounds is in itself quite interestino, 

it does not constitute the principal point of interest from the standpoint of the 

potential technological applications of rare-earth materials which are the subject 

of the research program descx-ibed here. The periodic ordering found in many of 

these materials docs, however, play an important part in the determination of 

many other observable properties of interest, and it must, of course, be carefull/ 

taken into account when it occurs. 

Most of the properties of interest for the present research program are 

connected with the very large magnetocrystalline anisotropy exhibited by most 

magneticallv ordered rare-earth materials and with the dependence of this aniso- 

tropy on the state of strain of the crystal lattice. The strain dependence of the 

anisotropy leads, of crurse, to the phenomenon of magrotostriction. Although 

an appreciable fraction of th4 overall magnetic anisotropy of rare-earth magnetic 

materials arises from the anisotropic nature of the exchange interaction itself, 

the most important contribution arises from the interaction of each rare-earth 

ions with the-crystalline electric field produced by the neighboring ions. 

Although the crystalline electric field is small in metals, because of the shielding 

effect of the conduction electron,, its effect on the orientation of the angular 

momentum of a rare-earth ion is quite large. Th ■ electrons responsible for the 

magnetic moment of a rare-earth ion lie in the r-sheli1 highly localized deep 

within the ion and shielded from the environnent by filled outer s- and p-shells. 

Because the f-electrons retain very closely the same character in a crystalline 

environment as that found in free ions, the electronic charge distribution of 

the f-she]l of a rarp-earth ion is highly anisotropic. Consequently, the free 

energy associated with each ion in a crystal depends strongly upon the orientation 

of the angular-momentum vector of the ion with respect to tha  crystallographic 

principal axes associated with the crystalline electric field. Thus, the magnetic 

properties of rare-earth materials ave nearly always highly anisotropic, with 

effective uniaxial anisotropy fields as largo as several hundreds of kilogauss. 
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The extremely largo anisotropy of the raie-carth materials has led to the develop- 

ment of a new class of rare-earth-cobalt permanent magnets with very large 
3 

coercive force and high remanent magnet-ization . For the research program described 

here, however, it is not so much the magnitude of the anisotropy energy that is of 

interest as it is the dependence of this anisotropy energy upon the state of 

lattice strain. 

Because the magnetic anisotropy depends largely upon the crystal field pro- 

duced by the ions in the neighborhood of a  given lattice site, and becau."e 

the magnitude and symmetry of this crystal field dopend strongly upon the state 

of strain of the lattice with respect to its normal unstrained state, the overall 

free energy, a combination of the anisotropy energy and the elastic energy, may 

reach a minimum for a finite value of the lattice strain tensor, leading to the 

phenomenon of magnetostriction. In the case of many rare-earth materials, the 

observed magnetostrictive strain can be as large as several orders of magnitude 

greater than that observed in most iron-group magnetic materials. This extremely 

large magnetostriction, manifested by magnetostrictive strain as large as nearly 

one per cent in some materials , is the property of rare-earth materials which 

has motivated most of the research program described here. The fact that the 

magnetostriction observed in many rare-earth materials is many times larger than 

that of most other magnetostrictive materials suggests the possibility that 

rare-earth materials may provide a new class of materials suitable for applications 

as magnetostrictive ultrasonic transducers of high efficiency. Such transducers, 

capable of the generation of high-intensity, high-frequency, sound waves might be 

expected to lead to significant improvement  in the development of sonar trans- 

ducers and in the area of materials testing and processing. Most of Lho work 

described here has been directed toward the obtaining of a better understanding 

of magnetoelastic effects in rare-earth materials, particularly in the case of 

dynamic maanetoelastic strain, a.id toward the development of high-frequency 

ultrasonic transducers utilizing rarc-sarth materials. 

In addition to the possible application of the large magnetostriction of 

rarr.-earth materials in the development of highly efficient ultrasonic transducers, 

work on the general magnetoelastic properties may prove useful in providing 

information of importance in the development of rare-earth permanent magnets3 

and in the development of rare-earth-iron-group magnetic bubble-domain memorv and 
4 

logic elements . Furthermore, rare-earth materials may find useful applications, 

as a result of some of the work described here, as acoustic circuit elements in 

■■- — — -- ■ ■■■      -—-       - - -- 
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high-frequency signal-processing systems employing both bulk and surface acoustic 

waves. 

B. Objectives of the Research Program 

In the initial proposal which led to the funding of this research program 

by the Advanced Research Projects Agency, the principal objective was the develop- 

ment of highly efficient high-frequency nagnntostrictive ultrasonic transducers 

utilizing rare-earth materials. Althouqh it was realized that the pure rare-earth 

elements, which arc strongly magnotostrictive only below their magnetic transi- 

tion temperatures, nearly all of which are in the cryogenic range, would probably 

not be useful in many applications where the cryogenic temperatures required for 

their operation as transducers would be unacceptable, it was initially proposed to 

concentrate a considerable effort on transducers fabricated from these elements 

in order to learns as much as possible concerning dynamic magnetoelastic effects 

at high frequencies in rare-earth materials. The ultimate goal, of cour e, was 

to find new materials with large magnetostriction at room temperature and above. 

Such materials were unavailable at the beginning of this program, but in 1971 

Clark and Belson reported the observation of very large magnetostriction in 

polycrystalline TbFe and other rare-earth-iron intermotallic compounds. Fron 

that point in time, the research carried out in this program on the development 

of magnetostrictive ultrasonic transducers was concentrated on these new 

materials. 

In addition to work on the development o: ultrasonic transducers, it was 

apparent from the inception of this research program that it would be necessary 

to obtain information concerning a number of fundamental properties of rare-eartn 

materials related to the dynamic magnetoelastic effects of primary interest. In 

particular, the effects of magnetoelastic interactions on the characteristics of 

elastic-wave propagation in rare-earth materials are important in that they are 

directly related to the problem of the magnetostrictive generation of ultrasonic 

elastic waves. Consequently, a program was initiated to obtain Information on the 

elastic constants of the rare-earth elements, with emphasis on the magnetoelastic 

contributions to these elastic constants, and on elastic-wave attenuation at high 

frequencies in the rare-earth elements. At the same time, a theoretical analysis 

of the•problem of magnetoelastic ef^-cts on elastic-wave propagation was developed 

in order to permit a satisfactory analysis of the experimental results in terms 

^       _..„...-^, .■,J— _ ^^—....^iu^^^^^—^—^^ uk^M^ ^ 1^^^.—   
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of established theoretical models of the static magnetic and magnetoelastic 

properties of rare-earth materials. This theoretical treatment of dynamic magnetoelä;- 

tic effects in rare-earth materials was also formulated in such a way as to permit 

the prediction of the characteristics of magnetostrictive ultrasonic generation 

in these materials, but it was limited to the case of single-crystal specimens. 

Other experimental programs were developed as the overall program progressed, 

for the purpose of correlating static magnetic and magnetoelastic properties of 

rare-oai-*-h materials with their dynamic magnetoelastic properties. One of these 

programs concerned the measurement of the magnetization of th.n-film specimens of 

the materials used for the fabrication of thin-film ultrasonic transducers. It 

was discovered very early in th- use of TbPe. for ultrasonic transducers \. .at the 

properties of this material in the form of thin films are quite different from the 

reported bulk properties. Consequently, a sensitive vibrating-sample magnetometer 

was constructed for the purpose of measuring the magnetization of films deposited 

on various substrates under a wide range of deposition conditions. Another 

program concerned the measurement of the magnetostriction of thin-film specimens 

and very small single-crystal specL-ncns of rare-earth-iron-group intermetallic 

compounds such as TbFo2, A system utilizing the method of holographic interfero- 

metry was developed for this purpose, because it was believed that only such 

a method would permit the measurement of the magnetostriction of fragile and brittle 

thin films cf rare-earth materials. 

c- PJ'incipjl Accomplishments of the Resear^.i Proqrc- oqram 

The major accomplishments of this research program on the magnetoelastic 

properties of rare-earth materials are summarized briefly here. A more detailed 

description of eacli area is given in the main body of this report which follows. 

1. Magnetostrictive Ultrasonic Generation: Magnetostrictive ultrasonic 

generation was demonstrated in thin-film transducers of several pure rare-earth 

elements, namely Gd, Tb, Ho, Dy, Er, and in thin-film transducers of TbFe and 

other rare-earth-iron intermetallic compounds. In the case of the pure elements, 

particularly Dy at liquid-helium temperatures, very strong ultrasonic generation 

at frequencies up to 1,550 MHz was observed, with efficiencies of generation 

some 30 dB better than that observed in the case of piezoelectric generation in 

single-crystal quartz under the same experimental conditions. As expected, however, 

magnetostrictive ultrasonic generation could not be observed at temperatures above 

■ 

- - ' - - - - ■■ 
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the magnetic ordering temperatures of these elements. One exception occurred, 

however, in the case of Tb, ir which ultrasonic generation was observed at 

temperatures in the paramagnetic range (T > 230 K). In this case, however, the 

ultrasonic intensity was fairly small. Some ultrasonic generation was observed 

at frequencies as high as 10 GHz, but only at very low temperatures, due to the 

large attenuation of elastic waves of this high frequency at temperatures above 

20-30 K in most materials. Because of the interest in developing transducers 

of high efficiency capable of operation at room temperature and above, work 

on transducers fabricated from the pure rare-earth elements was not continued 

after it became evident that the rare-carlh-iron intermetallic compounds were 

consideribly mor'- promising. Nevertheless, as described more fully in the fol- 

lowing section, a gret amount of useful information concerning ultrasonic generation 

in the rare-earth elements was obtained. Although It was originally planned to 

investigate magnetostrictive ultrasonic generation in single-crystal specimens of 

the pure rare-earth elements, it was not possible to obtain results in this area 

during the time span of this program. 

The most interesting results were obtained in the case of magnetostrictive 

ultrasonic generation In thin-film transducers fabricates from the intermetallic 

compound TbFc . As mentioned above, Clark and Belson founC  that this material 

in bulk form possesses a "ery large static magnetostrictior. at room temperature 

in polycrystallinc form. This result is in stropq contrast to the case of the 

pure rare-earth elements, for which, even in highly magnetically ordered states 

at low temperatures, large magnetostriction is found only in single-crystal, 

specimens. Thin-film transducers evaporated onto single-crystal quartz substrates 

were fabricated in this proaram, and it was quickly found that strong magnetostric- 

tive ultrasonic generation occurs at frequencies as high as 1,550 MHz. Only 

shear-wave generation was observed, a result accounted for by the theoretical 

model presented in a subsequent section, but the intensity of the ultrasonic waves 

generated magnetostrictivcly was some 20 dB greater than that of piezoelectrically 

generated longitudinal waves in single-crystal quartz and, perhaps, 30 dB greater 

than that of piezoelectricall" generated shear waves at the same temperature and 

frequency. 

An unexpected but highly interesting result of the investigation of magneto- 

strictive ultrasonic generation in thin films of TbFc2 was the occurrence of a 

very large hysteresis in the field dependence of the ultrasonic intensity. After 

initial magnetization to saturation in an applied field of approximately 20 kG, 
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the film still exhibited strong ultrasonic generation when the field was removed. 

An examination of the film magnetization using a vibrating-sample magnetometer 

revealed that the film „.cts as a permanent magnet, with a coercive force of 

approximately 4 kOe at room temperature and a remanent magnetization of 

approximately 80 per cent of the saturation value. This thin-film behavior is in 

strong contrast to that of bulk TbFe , which exhibits fairly small hysteresis, 

with a correspondingly small coercive forre and remanence. Although this interesting 

behavior is not understood at present, it is perhaps due to the occurrence of some 

degree of crystallographic ordering in the film during the deposition procedure. 

One interesting possible application of this large coercive force and remanence 

is the development of thin-film permanent magnets which may be useful in magnetic 

bubble-domain memory and Jogic systems requiring permanent bias fields over a very 

small volume. 

At the time of writing this report, work is still in progress on the 

properties of thin-film .'Itrasonic transducers fabricated from TbFe and other 

rare-earth-iron compounds. The effects of variation of the deposition parameters, 

film thickness, composition, and the effects of post-deposition annealing are 

being systematically studied. Because of the totally unexpected hysteresis encounter; 

in the work described above, an investigation, using the method of holographic 

interferometry described in a subsequent section of this report, of. the static' 

magnetostriction of thin films, both free and bonded to a substrate, is under way. 

Since the magnetization exhibits such unusual properties when TbFe. is produced in 

the form of a thin film, it is likely that other magnetic and magnetoelastic pro- 

perties of this material will also be quite different from their bulk behavior. 

2. Elastic-Wave Propagation in Rare-Earth Materials: As mentioned above, 

an extensive program of the investigation of the behavior of both the elastic-wave 

velocities and elastic-wave attenuation in rare-earth materials was carried out 

under the overall research program. Studies were carried out on single-crystal 

specimens of the pure rare-earth elements Tb, Dy, Ho, and Er, and, in addition to 

providing in the cases of Tb, Ho, and Er new information on the elastic constants 

of these elements over wide temperature ranges, this work yielded a number of 

interesting and useful results concerning magnetoelastic effects on the behavior 

of clastic waves at high frequencies in rare-earth materials. In particular, 

both linear and circular magnetoacoustic birefringence was observed in these 

materials, in accordance with the predictions of the theory described in the fol- 

--— ■ — -■   - •-"■" ■^^■MfeMkBU«   
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lowing section. Those birefringence results permit the determination of certain 

of the shear magnetoelastic coupling constants of rare-earth materials in a 

manner not possible without considerable difficulty by other mcms, and, more 

important, they permit this tetcmiMtion at frequencies and temperatures 

of interest for magnetostrictive ultrasonic generation. It is the shear magneto- 

clastic couplings which are of greatest importance for the magnetostrictive 

generation of ultrasonic waves at high frequencies. The observed birefringence 

effects also lead to the possibility it  the development of acoustic circuit 

elements with non-reciprocal properties, such as isolators and circulators. 

It was also observed in some cases that elastic-wave velocities could be 

varied by as much as 7-8 per cent by the application of a magnetic field under 

appropriate conditions. Such an effect may be useful in the development of 

simple acoustic variable delay lines. In other cases, strong field-dependent 

ultrasonic attenuation was observed, leading to the possibility that simple 

acoustic variable attenuators could be developed using rare-earth materials. 

Many of the results obtained in this part of the program could bo analyzed 

by means of straightforward theoretical models of dynamic magnetoelastic interac- 

tions, including one presented in the following section and a theory developed 

by Southern and Goodings 6. The results of this theoretical analysis indicate 

quite good agreement between theory and experiment in the area of dynamic magneto- 

elastic interactions in rare-earth materials, and, particularly, they show that 

measurements on the propagation of elastic waves in such materials may provide 

the best way to determine complc-cly U e quantities which characterize the 

magnetoelastic interactions which can occur. 

3. Holographic Measurement of Magnetortriction: A system for the 

measurement of static magnotoctriction in rare-earth materials employing the 

method of real-time holographic interferomctry was developed to permit 

measurements in specimens of rare-earth materials whose configuration would not 

permit the use of more conventional methods for the measurement of magnetostriction. 

Such configurations include thin-film specimens whose magnetostriction may deviate, 

as discussed above, strongly from that of the same material in bulk form, and they 

include the very small single-crystal specimens which can be produced from rare- 

earth-iron compounds. After the confirmation that the holographic method does 

indeed" give results in good e.greoment with those stained '-r conventional methods 

(for specimens which permit the use of, for exam, le, strain-gauge methods), an 

  - 
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attempt was made to apply this method to the case of thin films of TbFe and 

to the case of a small single crystal of ErFe2 which was grown for this purpose. 

Because of the fragility of the thin films, it has not yet been possible to 

obtain results in this area. However, an extensive set of results on the static 

magnetostriction of the s^m le-crystal specimen were successfully obtained. Nh«n 

these results showed considerable disagreement with those reported (and confirmed 

in this work) for polycrystallJne ErFe2, the crystal was examined by the method 

Of X-ray fluorescence, usinc an electron microprobe for excitation, .in order to 

determine its composition. Despite the fact that the crystal had been prepared 

from material for which the stated purity of the erbium component was 99 per cent, 

according to the commercial supplier, it was found that the crystal was, in fact, 

a mixture of BrP«^ and TbFe2, with roughly comparable amounts of Er and Tb. Thus, 

the crystal should not have been expected to give results agreeing with what was 

approximately expected for pure ErFe2. Numerous cross checks did, however, confirm 

that the magnetostriction was measured accurately, and the result of the investi- 

gation indicates that this Thx
Kri-yFc;2 crystal t-xhibits room temperature magneto- 

striction somewhat large than had been reported by Clark and Belson5 for poly- 

crystalline ToFu2. The analysis of the results is in progress, and an attempt 

to grow a second BrP«^ crystal using material of known high purity is under way. 

Work is also continuing on the effort to measure the static magnetostriction of 

thin-film TbFe2 in order to perhaps obtain a better understanding of the 

permanent magnet-like behavior of these films. 

4. Theoretical. Analysis of Dyramic Maqnetoelastic Effects; When this 

program began, very little attention had be^n given to the theory of dynamic 

magnotoelastic effects in raro-earth materials. A general theory of static 

magnetoelastic effects developed by Callen and Callen7 was at that time well 

established, and its predictions agreed quite well with many experimentally 

determined magnetoelastic properties of rare-earth materials, but the only 

attempts to explain dynamic magnetoelastic effects in these materials up to that 
8,9 

point in time '  had largely been nased upon earlier theoretical models developed 

for application to iron-group materials. It was, thus, recognized at the outset 

of this program that a new approach was needed in this area, extending the theory 

of Callen and Callen to include dynamic magnetoelastic effects and adding to the 

established theory where necessary. Other researchers began to attack the problem 

at the same time. Freyne  developed a thermodynamic approach to explain certain 

..«.. ^—m ^.. ..^^.-^ L. .■   ■- ■ ^  ^ ,  __  ..,., -.-__^._        ., .        .     ^ .^^  .  



——^■—^-^"WWW—ww-«—^—^w-^^BB^^j 

DAAHO1-72-C-0285 FINAL REPORT 
11. 

aspects of the anomalous tc.pcraturo dej ondonce of the elastic constants of Gd, 

and Southern and Goodinns11'12 developed a somewhot more general theory of the 

magnetoolastic contributions to the elastic constant, of rare-earth materials 

The work of Southern and Goodings is particularly important, since these authors 

took account of the intrinsic nonlinear nature of elastic strain and also deve- 

loped a rotationally invariant model of the magnetoelastic interaction, including 

terms which are important in ehe case of dynamic elastic strain but which had been 

neglected in earlier treatments of static maanetoel.stic effects. 

in the present work, as described in the following section, a theory of dynamic 

magnetc.lastic interactions in rare-earth materials has been developed in a way 

which combines parts of the work of Preyne10 and that of Southern and Goodings11'12 

Thxs theoretical treatment has been applied to explain satisfactorily certain of 

the experimental results reported here, and it is shown in the following section 

how It can be extended to apply to many more magnetoelastic phenomena 

D. aMgar^of^theJErogrMi and its Overall BffectJ vencss 

in some ways, the research prooram discussed her. accomplished its overall 

objectives satisfactorily, but there were also ways in which it fell shor*- of 

the original goals. A number of interesting new experimental results on the 

dynamic magnetoelastic properties wf rare-earth materials were obtained and 

reported in the literature and at technical conferences, and, in particular, it 

was shown that the intermetallic compound TbPe? is, as expected, a very promising 

material for the development of roon-temperature magnetostrictive ultrasonic 

transducers. The time available for this program did not, however, nennit the 

completion of all the individual research projects of interest. Much work remains 

to be oone on the complete characterisation of TbPe? and other rare-earth-iron 

antermetallic compounds as magnetostrictive ultrasonic transducers. Por example 

txme did not permit the investigation of the effects of varying the thickness of 

the transducer films, of deposition in an applied magnetic field, or of post-depo- 

sition annealing of the filr q Mnv T.-.O ;*     ■^•i 
tur,,.,. Nor v.as xt  possible to investigate the properties of 

a wide range of film compositions. 

Further work on the theory of dynamic magnetoelastic interactions, including 

an attempt to extend it to cover very high frequencies, is also necessary. There 

also remains a Urge body of experimental data for which there has not been time 

to apply the thr.ry to explain the quantitative results. It is believed that 

- ■ 
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further •Xtenaivr ..MKnil.it ions along Ih.>!■..• lines woulil permit flic stronqthnninq 

of tha theory ami an over,ill i.otior undoistandlng of dyiMMic negnetoelastlc effect« 

in raro-oarth RUlterielSa 

Tho A.K.T.A. «upport Of Uli« program also .MI.IOIV at a time when the holo- 

graphic ayataM for th<< neaauraiMnt of nagnetoatriction in thin films and very 

small aingle cry:.fab; was just beginning to yield very interest inq re;;ulf;;. 

It is felt that this method will very usetully BUPPlenenl Other method.s foJ- the 

measunment of atatic Magnetoelaatic effect« when it reachea its full ix->tenfiai, 

i" «ill i' can be said that this program produced a nuafcer of Lntereeting 

and  useful   new   resuKs,   lait   that    if   ended   at   a   time  when   the  most    inferrr.tinq 

staqe of the prograa had been reached, it la hoped, of oourae« thai many ol tha 

individual project« described above and, in more detail, in what follows, can 

be continued with a new souree ot funding. 

II.   THEORY OP DYNAMIC NAGNRTOEIASTIC   tNTERACTXONS   IN   KAKI'-KARTII MATKKIAbS 

N 

Most  recent  atteaipta to develop ■ aatiafactory theoretical model of 

dynamic Magnetoelaatic effecta  in rai r-eartb materials have been baaed uj-on 

tha extenaioi   ol   the original   theory ot  atatic nagnetoelaatic interactiona  in 

flu   rare-earth elements ol  Callen and callen    to Include UM   effecta of time-de- 

pendent   lattice strain. Preyne     employed ■ quaaiatatic then»dyiMMic anproaeh 

to   calculate   the   etlects  ol   the  maqiiet oe 1 ast i c   i nt ei act i 01 s.  en,   'lie   elastic 

cons.tants of gadolinium, achieving quite aatiafactory results, nis approach is 

quite similar to that employed here« although the present treatment, described m 

detail belOM tan be extended to cover .» wider i. nqe ol phenomena. Southern and 
r, , •     11,12 
eOOOinga     employed a quant um-f i el d-f heoi et i c f i iMfruMit to consider the same 

general dass of problema, obtaining in some cases reaulta essentially in agreement 

with   those  of   lieyne.   The most    interest inu   new  contribution  of   Southern  and Good- 

inqs, however, MM the Introduction into the Hamiltonian idiich aervea aa a model 

for the magnetoelaatic interactions two new featurea. Pirat, they took explicit 

account of the fact that finite s. . .ins are quadratic in the components of the 

tensoi gradient ol tha lattice diaplacement, and, aecond, they tov^k explicit 

account of terms in the Hamiltonian needed in order tli.it if be rotationally 

invariant. In earlier tieatments ol static magnetoelaatic i  ects, in which a 

homoqeneous, uniform, sfiain t.Misor was assumed, these additional terms do not 

appear. They become important, however, when lattice waves of finite wavelength 

- 



IM■■I■II,  "   i  "   i  i ..iiuini.wi-i]. «« •«•».■•»>P> i  itnu ,ts[wmfmtmmmmmmmmmmm^^mmfmmH>^!' 

DAAHvJl-72-C-0285  FINAL REPORT 13. 

are considered, and, according to Southern and Goodings  , these additional 

terms lead to interesting observable effects. 

The following tnatmont makes use of a number of ideas originated by both 

Freyne  and by So nern and Goodings  , but it is formulated in such a way that 

it can in many cases be applied to the calculation of specific effects with 

less difficulty, and it is also useful in the calculation of magnetostrictive 

ultrasonic generation, a topic not considered by cither Freyne or Southern and 

Goodings. The treatment presented here makes use of a number of simplifying 

approximations for the purpose of facilitating specific calculations, but nany 

of these simplifications can undoubtedly be eliminated in cases where the added 

difficulty of making calculations appears warranted. The model presented here is 

not, therefore, intended to be a definitive treatment of the problem of dynamic 

magnetoelastic effects in rare-earth materials; rather, it is a model which permits 

semiquantitative calculations which are in some cases in quite good agreement 

with experimental results, and it is a model which can be improved when necessary. 

A. Description of the Model for Dynamic Haonetoelastic Interactions 

There is very litJ '• difference between the basic model of a system of 

rare-earth ions in a crystal lattice necessary for the description of dynamic 

effects and that which has been used by many authors for the description of 

static magnetoelastic effects. Much of the earlier work on static magnetic and 

magnetoelastic properties of rare-earth materials is summarized in the recent 

book edited by Elliott , and a more detailed treatment of magnetoelastic interac- 
7 

tions is given by Gallen and Gallon . The principal difference encountered in 

setting up a model Hamiltonian for the purpose of describing dynamic magnetoelastic 

effects is the necessity of allowing for strain waves of finite wavelength and 

for spin waves of finite wavelength. Most of the effects, however, to which the 

present treatment has been applied involve strain waves of wavelength much greater 

than the dimensions of a unit crystallographic cell, and, for the purpose of 

simplifying calculations, it has been assumed in most of what follows that any dyna- 

mic motion of the magnetic moments of the rare-earth ions can be described by 

means of a uniform-precession mode of motion. In effect, this approximation 

ignores the spin-wave dispersion at long wavelengths, and it is probably very well 

justified, since most of the effects to which the present treatment has been applied 

involve elastic waves of wavelength of the order of an appreciable fraction of 

i --■        ■ -  -- -    - ■  - —"--'—■— ■-  — .-■  —-..■.-.     ... ^■■■*—^— 
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a millimetej  Thus, the principal additions to the usual static model Hami]tonian 

are simply the introduction of the lattice kinetic energy associated with strain 

waves of finite frequency and ehe introduction of the terms originated by 

Southern and Goodings  to preserve rotational invariance when the nonuniform 

strains associated with finite-w- relength elastic waves are considered. The 

additional consideration of the quadratic nature of finite strains, first 

considered in the context of dynamic magnetoolastic effects in rare-earth materials 

by Southern and Goodings, is included as well, but many of the effects treated here 

are not strongly dependent on the nonlinearity of the lattice strain. 

The principal contributions to the model Hamiltonian are summarized in the 

following paragraphs: 

1. Exchange Interaction: Molccular-Fieüd Approximation 

For the purposes of making relatively straightforward calculations, 

the usual molecular-field approximation is used here  ^ represent the exchange 

interaction. Although this approximatior: is subject to its usual limitations 

and is probably not a very good approximation at very low temperatures, it is 

probably quite satisfactory for paramagnetic materials, which are the subject of 

some of the exporimonta] work described in subsequent sections of this report, 

and the molecular-field approximation seems to give satisfactory results in several 

cases in which rare-earth materials are considered near their magnetic phase 

transitions. The fact that the pure rare-earth elements and many of their alloys 

and compounds exhibit periodic ordering structures can still be taken into account 

with the molecular-field approximation, if, as shown by many authors, particu- 
13 

larly Nagamiya  , the effective molecular field is taken to be spatially periodic 

in accordance with the periodic nature of '.he magnetization. Although it shown 
14 15 

by several authors  '   that there are sigi ificant anisotropic contributions to 

the exchange interaction in rare-earth materials, a prediction verified by 

experiments on inelastic neutron scattering  , the treatment given here does 

not take the anisotropic part of the exchange interaction into account except ^n 

the case of magnctoelastic interactions, as discussed below. This approximation 

does not, apparently, impair greatly the validity of most of the results described 

h';re. 

That part of the model Hamiltonian representing the static exchange interac- 

tion can, therefore, be represented in the following way: 

- 
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H  = y y g p,, H
G
 • J. (ii-i) 

ex  " r ' ■ n   In 
n i 

In this expression, g is taken to be the free-ion Lande f^cuDr, u  is the Pohr 
■^e magneton, H  is the effective molecular field actina uniformly on all atoms of 

th   n 

the n  plane o';" ion? x^erPen(ä:i-cular to the periodic orderim wave vector, and 

J.   is the anqular-momcntum operator for the i   ion of the n  plane. If 
in 

there is no periodicity of finite wavelength in the magnetic ordering, then, of 

course, the effective molecular field is uniform. When periodic ordering is 

present, howevor, the effective molecular field will exhibit the same periodicity 

as that of the magnetization. In most calculations, the molecular field will be 

proportional to the magnetization or, in the case of periodic ordering, a 

function of the magnetic moments of a number of planes of ions. Its specific 

nature must be considered for each type of calculation performed. 

In most of what follows, better approximations than the molecular-field 

approximatinn could undoubtedly be employed, although with a great increase in 

the difficulty of performing detailed calculations. In particular, for calcula- 

tions involving elastic waves of very high frequencies at temperatures near the 

magnetic ordering transition temperature, the random-phase approximation would 

provide more reliable results, whereas for low-temperature calculations a fully 

quantized treatment of the coupled spin-wave-phonon system would he necessary. 

For most of the problems of interest here, however, the frequency of interest 

is relativelv low QO-700 MHz), and resonant spin-wave-phonon interactions 

do not seem to be important for the determination of the characteristics of most 

of the expcrir.ientally observed phenomena reported here. 

2. Anisotropy Energy: Crystal-Field Approximation 

Although anisotropic exchange interactions undoubtedly constitute a 

source of magnetic anisotropy energy m many rare-earth materials    , the 

static anisotropy will bo treated, following the example of many previous authors , 

in terms of an effective Hamiltonian operator representing the interaction of each 

individual rare-earth ion with the electric field produced by its environment. 

This crystal-field approximation is undoubtedly quite satisfactory, since the f- 

electrons of the rare-earth ions are highly localized, but a full explanation of 
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certain observed magnetic o-dcxluy .-.uructures and certain features of the static 

magnetostriction of rare-earth elenenL.' may require the in\ reduction of the aniso- 

tropic exchange interaction omitted here. Most of the dynamic magnetoelastic effects 

of interest here, however, appear to be explained adequately without the inclusion 

of anisotropic exchange in the static, equilibrium, terms of the model Hamiltonian. 

The model Hamiltonian representing the crystal-field single-ion anisotropy 

can be expressed in terms of angular-momentum operator equivalents, through the 

use of the Wigner-Eckart theorem, as first shown by Stevens  . The ang'-iar-momen- 

tum tensor operators employed here are essentxally the same as those used by 

different authors, but the normalization factors have bee-, chosen, in some cases, 

differently in order to facilitate numerical calculatic . The exact definition 

of the operators used here is given in Appendix I. For hexagonal symmetry, such 

as that of the hep rare-earth elements, the appropriate model Hamiltonian is the 

following: 

Ha=? ^o'i + K^Wl * ? ♦Vi * K^l (II-2) 

In this exnressior, the coefficients P depend on the nature of the crystalline 

environment and, in principle, can be calculated. However, since most reported 

calculated values are not in particularly good agreement with experimentally 

determined values for these coefficients for mo<=t rare-earth materialr  , onlv 

the values estimated from experimental measurements are uied here. In eq. (II-2) 

the summation is taken over all ions in the crystal, and it is assumed that each 

ion interacts with the lattice in the same way, so that the coefficients are identical 

for all ions. 

Since the anisotropy free energy is an appreciable fraction of the exchange 

energy for many rare-earth materials, it must be taken into account explicitly in 

most calculations of the magnetic and -.agnetoelastic properties. For many purposes, 

however, the anisotropy energy can be represented adequately by means of only the 

first term of eq. (II-2) , the second-degree uniaxial anisotropy term, and this 

truncation of the complete anisotropy model Hamiltonian will be carried out in most 

of the work described here, for the sake of the resulting simplification of the 

calculations. 

--------       -   -   - —- 
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3. Magnotoelastic Interactions 

Two types of magnetoelastic interaction have been considered by 

a number of authors, following the general fonnalisnTof Callen and Callen7 

The first type, which is designated tne single-ion interaction, results from 

the strain dependence of the crystal field. This strain dependence produces 

as one effect a modification of the coefficients of the anisotropy terms of the 

model Hamiltonian described above, but since certain strain componer'-s reduce the 

pomt-group symmetry at each lattice site, they also introduce crystal-field 

terms of lower sy.metry than those characteristic of the unstrained lattice 

The second type of magnetoelastic interaction is the so-called two-ion interaction, 

which results from the strain dependence of the exchange interaction. In the 

usual description of this interaction7 it is customary to include the effects of 

anxsotropic exchange interactions although, as discussed above, they are often not 

taken explicitly into account in the equilibrium exchange Hamiltonian of eg. (Il-l) 

Both of these types of magnetoelastic interaction are considered h-^re 

although some of the calculations make explicit use of only the single-ion' 

magnetoelastic interaction for the sake of simplifying calculations. In most 

cases both the single-ion and two-ion interactions lead to qualitatively similar 

observable effects such that it would be difficult to separate the two interac- 

tions on the basis of experimental measurements. Following Southern and Goodings11 

the treatment presented here includes both the nonlinear nature of finite strains 

and the added effects on the behav^r of shear elastic waves resuming from the 

rotatxonal invariance imposed on the magnetoelastic interaction by these authors. 

a- Si"gle-Ion Magnetoelastic Interaction 

There are two principal .u.cributions to the single-ion magneto- 

elastic interaction. The first is due to the strain dependence of the crystal electric 

field resulting from the lattice deformation due to the strain. This contribution 

is the one normally treated in problems involving static magnetostriction. The 

second contribution arises from the effective rotation of the crystal field 

resulting from the strain associated with shear elastic waves of finite vavelength 

It is this second contribution which was introduced by Southern and Goodings11 as 

a result of their imposition of rotational invariance on the model Hamiltonian, 

following the work of Melcher19 and Brown20. Each of t.ese r TributW is con- 

 '■-1 -nmrr *u,.-w^jMtj 
.    -  --   --    "" "VTJJ 
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sidcred separately in what follows. 

The normal single-ion magnetoelastic interaction due to deformation of the 

crystal lattice as the result of a homogeneous strain would be expected to contain 

contributions due to the strain dependence of crystal-field terms of degree 

1=2,4,   and 6,   including all appropriate m-values. For the sake of simplifica- 

tion, however, only the terms of lowest degree, with 1=2,   are included here. 

It would also be expected that, for each value of I, terms linear in the lattice 

strain and higher-order strain terms should contribute to the interaction. In 

fact. Southern and Goodings  took account of a part of the higher-order strain 

terms by using the conventional definition of finite lattice strain, which 

includes terms of second degree in the particle-displacement gradient. That is, 

the conventional definition of strain is expressed in the following wa^: 

,   9u. 3u, 
,.,    1 r   i 1 E. . = TT [ —- + T-^2

- 11    2    dX dX. 
3 i 

j + 1 3UX 3uA 
2 9x. 9x. (II-3) 

In thir, expression, the u. represent the components of the vector displacement 

of any lattice point from its equilibrium position. The first term, in brackets, 

represents the usual small-signal strain tensor. This definition of strain was 

originally chosen to satisfy the requirement that the strain tensor represent a 

pure deformation of the lattice, but it is not, of course, the only tensor which car 

be composed of linear and quadratic combinations of the displacement gradient. 

In fact, such a combination would, not manifestly arise in an expansion of the 

crystal field in terms of the displacement gradient (nor does it arise naturally 

in the usual expansion of the crystal lattice energy in terms of second- and third- 

order elastic constants). However, the strain, as defined in eq. (11-3), does 

provide a useful symmetric tensor for crystal-field and other expansions, with the 

advantage that its direct product with itself is also a tensoi of higher ran... 

Consequently, the form of eq. (II-3) is used here, although in many cases only 

the small-signal, linear part of the strain need be used in a specific calculat-'.on. 

When only the small-signal part is used, it will be designated by the symbol e. .. 
1 j 

In addition, it is often convenient to use the six-dimensional Voigt notation for 

such quantities as stra-'n and the elastic constants. For the strain (small-signal 

values only), the notatxon e. will be used where the normal convention (e = t  , 

e2 = '22'   e3 = C33' e4 = ^23 + G32' e5 := ei3 + C31' e6 e1_ + e  ) will be followe: 

 - MM^iM^MaMAMI MfMMM 
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The following expression will be used as the model Kamiltonian for that 

part of the magnetoelastic interaction due to single-ion interactioni: with the 

crystal field, not including that part due to the rotation of the crystal field, 

which is treated separately belc./: 

'1  " ' Bl'2 El + B*'2 «J | tVi + BY'2 [ ^l^h  ^ ij ^il 

+ B
E'2[ ^(^^^(J-,).] (II-4) 

In this expression, which is valid for the hexagonal symmetry wnifh holds for the 

rare-earth elements, linec,- combinations of the cartesian strains which form the 

components of the -ri.out irreducible representations of the hexagonal-symmetry 

point group appropriate to the hep lattice have been employed. The definitions of 

these quantities, denoted by the symbol E^, which differ slightly from those 

employed by Callen and Callen7, ure given in Appendix II. It should be remembered 

that the magnetoelastic model Hamiltonian given in eq. (II-4) ignores, for the 

sake of simplification, higher-order terms in both the strain and the angular- 

momentum tensor operators. These lowest-order terms are, however, sufficient for 

the description of most magnetoelastic phenomena in rare-earth materials. 

That part of the magnetoelastic interaction due to the rotation of the crystal 

field associated with shear strain waves of finite wavelength may be treated to 

the same order in the following way. If a static external stress were applied to 

a crystal, of course, only symmetric strains, both shear and longitudinal, would 

result, A pure-mode shear elastic wave propagating through a crystal with finite 

wavelength, however, is char cterized by a skev,-symmetric particle-displacement 

gradient, and the rejulting motion of the lattice may be described in terns of 

both a symmetric (small-signal) strain wave and an antisymmetric rotation of the 

coordinate system. For example, a shear wave propagating along the z-axis with its 

polarization along the x-ax'o would be characuerizeu by a particle-displacemont 

gradient 3ux/3z, which coald be written as 

au       3u    8u 3u    3u 

9z    2 l 3z    3x  J  + 2 l 37" ~ 37" ]  • <TI-4' 

Thus, following Southern and Goodings11, a general elastic wave cculd be 

represented by a generalized strain, incluaing both symmetric and antisymmetric 

parts, according to the following notation: 

■ 
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e = 

ell ei2 ei3 0 
"12 "13 

C12 e22 C23 + 
*12 

0 n23 
ei3 C23 

E33 1 -Q13 -fi23 
0 

(II-6) 

I 

The symmetric part of the generalized expression in eq. (II-6) is just the 

small-signa] strain, which is, of course, treated in the expression of eq. (II-4) 

The antisymmetric part is, however, equivalent to a rotation of the coordinate 

axes, and this rotation leads to a term in the model Hamiltonian for the single- 

ion magnetoelastic interaction which reflects the effect of the rotation on the 

anisotropy terms given in eq. (II-2) . If only the second-degree anisotropy term 

is considered, for the sake of simplification and because the fourth- and 

sixth-degree terms are not included in eq. (II-4) , then the following terms 

mus'; be added to the single-ion magnetoelastic interaction: 

"me " 2FJ|[ W13<J21,l*^3(JM>i3     ■ ilt'V 

In the above expression, the quantities Q^ and B,, are defined as follows: 
23 

.   3u    3u 
Q  . i r _* z 
13  2 L 3z    9x ] 

9u 
ü23=2[   9z 

3u 
 I 
ay ] (II-8) 

As pointed out by Southern and Goodings, this contribution to the singie-ion 

magnetoelastic interaction should lead to observable effects in the consideration 

of the magnetoelastic contributions to those elastic constants associated with 

shear strain components. 

b. Two-Ion (Exchange) Msgnetoolastic Interaction 

The two-ion magnetoelastic interaction arises from the strain 

dependence of the exchange interaction, and it can be written down to first 

order in the strain in the following way: 

.II 
me  .*, me  'J (II-9) 

- -- ---  ... IM1 .^^_-ll___ 
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It should be noted that the expression for the two-ion magnetoelastic interaction 

given in eq. (11-10) differs from those used by Callen and Callen7 and by Southern 

and Goodings  because of a different normalization of the strain and angular- 

momentum operators employed here. It might be argued that an additional term 

due to the rotation associated with finite-wavelength shear strain waves should 

also be considered here, as in the case of the single-ion magnetoelastic interaction. 

However, the dcminant contribution to the static exchange interaction in the unstrai-i 

lattice is the isotropic Heisenberg interaction, and any anisotropic equilibrium 

exchange interactions have been neglected in this treatment. Only such anisotropic 

contributions to the exchange interaction would lead to rotational effects in the 

presence of shear strain waves. 

The two-ion magnetoelastic interaction is easily treated within the frame- 

work of the molecuxar-field model, and it is included where necessary in the 

detailed calculations presented below. However, this interaction usually does not 

lead to any significant qualitative difference from results obtained through the 

use of the single-ion interaction alone, and, consequently, it need not always be 

included explicitly in specific calculations. Its importance in each case 

will be considered in what follows. 

4. Elastic Enorgy--Lonq-Wavelongth Classical Limit 

The problems of interest here concern the generation and propagation of 

coherent elastic waves of frequencies from 10-20 MHz up to the X-band microwave 

range (9-10 GHz). Over this entire frequency range, the wavelength is long enough 

that the crystal wii. appear to be a continuum insofar as its effects on the 

wave velocity end attenuation are concerned. Thus, the purely elastic part of 

the problem is treated hero in the low-frequency continuum limit, while the 

magnetic and magnetoelastic parts of the problem are treated quantum-mechanically, 

in the same sense as the usual semiclassical treatment of the interaction of 

■■■■ — 
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radiation with natter. In this approximation, the elastic potential energy may 

be written in the usual manner: 

"e " I [jkl WlAl  + J J^ cijklmnEij; :klEmn + •••        tll-ll) 

In this expression, the elastic energy is written in terms of the elastic 

finite strains discussed above. An exactly equivalent expression may be written 

in terms of the small-signal strains, with the appropriate c.  replac ng the 

fmxte-strain E. .. The only difference between the two ways of writing the 

elastic energy is the fact that the third-order elastic constants c      will 

be different in the two representations (as would, of course, any elasUc 

constants of still higher order). it should be noted that the second-order 

elastic constants may be defined from the above expression for the elastic energy 

as the second partial derivatives of the energy with respect to the strain com- ' 

ponents (in e.ther the finite-strain or small-signal representations: 

52"e        92Ue 
Cijkl = 9E..9Ekl  

= äl~in— (11-12) 

This representation for the elastic constants as the second partial derivatives 

of the elastic energy with respect to the strain-tensor components Jeads natural- 

ly to the possibility of extending this result to include not only the elastic 

energy itself, but also the internal energy associated with the magnetic and 

magnetoelastic Hamiltonians. For the case of low-frequency elastic strain, 

this approach would lead to a simple method for the calculation of the magneto- 

ela.tic contributions to the elastic constants. Since such magnetoelastic contri- 

butxons to the elastic constants of rare-earth materials are one of the most 

readily observable of the dynamic magnetoelastic phenomena, as seen in the following 

sections of this report, this point will be explored at some length below. 

The kinetic elastic energy, 1„ the classical limit, is given as the volume 

integral of the classical kinetic energy of each volume element of the lattice 
in the usual manner. 
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B. Method of Calculation 

Because each type of rare-earth material presents a different physical 

configuration of the ions, leading to different detailed computational procedures 

for each of the many possible materials, detailed results of calculations based 

on the theoretical model described above are not give here. The general method 

of approach is described briefly, and specific results are given in the following 

sections, in which the experimental program and its results are described. 

If the model described in the preceding section is adopted, the state of a 

crystalline specimen as a whole is described in terms of the thermodynamic functions 

which can be calculated on the basis of the model Hamiltonian. For example, in 

the calculation of the magnetoelastic contributions to the elastic constants, 

it is necessary to compute the internal energy, whose second partial derivatives 

are the conventionally defined adiabatic elastic constants. The calculation of 

a state function such as the internal energy, even in a simplified model such 

as that described here, requires rather complicated numerical computation even 

for paramagnetic or simple ferromagnetic materials. When periodic ordering is 

also considered, the computations become even more complicated. As a result, only 

a very few special cases have been worked out in any detail. 

The general approach is the calculation of a quantum-mechanical density 

matrix operator. Then, the state variables may all be calculated by means of 

evaluating straightforward partition sums. Any partial derivatives which are then 

needed for the determination of elastic, magnetic, or magnetoelastic properties 

may usually be worked out numerically or, in some cases, analytically. The 

problem is complicated, however, in the case of the elastic constants and other 

second-order properties, requiring the calculation of second derivatives of 

state variables, in that the partition function or density matrix may vary in 

first order with respect to the strain of other variable of interest. Thus, the 

actual computation of magnetic and magnetoelastic properties may be rather 

difficult in many cases. Those specific results which have been worked out 

within the framework of this theoretical approach are described in the following 
sections. 

It should be pointed out that the approach taken here is probably appropriate 

only when elastic waves whose wavelength is long compared to lattice spacings, and 

whose frequencies are low compared to natural relaxation rates, are considered. 

Othervise, ,   coupled spinwave-phonon approach using second-quantization techniques 

.---.^—.....■^..— „ . .  .        -  ,         ..   .. - ■      ii   i- iMiin1—MM 
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would be required. Such an approach was employed by Southern and Goodings11, 

but, for the reasons mentioned above, and because of its greater complexity'and 

difficulty of computation, this method was not employed in the theoretical 

interpretation of the experimental work described below. 

III. EXPERIMENTAL OBSERVATIONS OF DYNAMIC MAGNETOELASTIC EFFECTS IN RARE-EARTH 

MATERIALS AND THEIR INTERPRETATION. 

This section gives first, an overview of dynamic magnetoelastic effects in 

rare-earth materials, Then a description of work carried out in this program on 

magnetoelastic effects in terbium, erbium, and in various rare-eaith-iron-group 

materials is given. 

A- Py^mic Magnetoelastic Effects in Rare-Earth Materials; A Survey 

The extremely strong magnetoelastic interactions found in many rare-earth 

materials lead to a number of interesting observable phenomena, the most striking 

of which is the so-called "giant" magnetostriction exhibited at low temperatures 

by the single crystals of the pure elements Tb, Dy, Ho., and Er18. Recently, Cart 

and Belson  have reported that a new class of compounds, the cubic Laves-phas^ 

materials, RFe,,, where R represents any of several rare-earth elements, also 

exhibit very large magnetostriction, even in polycrystalline specimens at room 

temperature. The static-equilibrium magnetostriction of the pure rare-earth elements 

is at present fairly well understood in terms of a theory due to Callen and Callen7, 

who took into account both single-ion magnetoelastic interactions arising from the 

strain dependence of the the crystal-field anisotropy energy and two-ion magneto- 

elastic interactions arising from the strain dependence of the exchange interaction 

energy between pairs of ions. The experimental results of Clark, DeSavage, and 

Bozorth  on the static magnetostriction of single-crystal dysprosium are in parti- 

cularly good agreement with the theory of Callen and Callen. 

This report is concerned with magnetoelastic interactions in situations invol- 

ving time-dependent elastic strains. Two principal areas are of interest here. The 

first is the effect of magnetoelastic interactions on the propagation of elastic 

waves in rare-earth materials. Both the velocity and the attenuation of elastic 

waves in magnetoelastic materials exhibit anomalous behavior compared to nonmagnetic 

materials, and the effect of the magnetoelastic interactions on the elastic-wave 

^M 
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velocity has been interpreted primarily in tetM of .he adiabatic elastic constants 

of rare-earth materials. These elastic constants are usually measured by measuring 

the velocities of elastic waves in the frequency range of several MHz along certain 

crystallographic directions, and, in the case of the- rare-earth elements, the 

temperature dependences of the elastic constants exhibit behavior which is anomalous 

compared to that of most other materials. The temperature dependence of the elastic 

constants of several rare-earth elements is described in what follows, and an 

explanation of the magnetoelastic contributions to the clastic constants is given 

in terms of an extension of the theory of Gallon and Callen to the domain of time- 

dependent lattice strain. 

The second area of interest is the magnetoelastic generation of elastic waves 

The phenomenon of magnetostriction has been used for many years in ultrasonic 

transducers, with^any technological applications. When it was found, by Legvold, 

Alst.d, and Rhyne  that single-crystal dysprosium and holmium both exhibit magneto- 

striction at low temperatures some 100 times greater than that of nickel and other 

iron-group materials, the interesting possibility was raised that such materials 

might lead to the development of highly efficient ultrasonxc transducers, perhaps 

capable of operation at very high frequencies. Maley, Donoho, and Blackstead24 

reported ultrasonic elastic-wave generation in thin-film polycrystalline trans- 

ducers of Gd, Dy, Ho, and Er at frequencies between 1,000 and 10,000 MHz, with 

efficiency somewhat greater than that observed in similar thin-film Ni transducers 

The efficiency of the rare-earth transducers was not, however, as high as would 

have been expected from a simple comparison of the static magnetostriction of 

these rare-earth elements with that of nickel. This deficiency was attributed in 

part to the lack of purity of the films and to their polycrystalline nature. 

The rare-earth transducers also possessed the serxous defect, from the standpoint 

of using them in practical applications, that they required low temperatures and 

high magnetic fields for their operation. 

The recent discovery by Glark and Belson21 that the intermetallic compound 

TbFe2 exhibits very large static magnetostriction at room temperature in polycrys- 

talline specimens suggested that this new material might avoid the difficulties 

mentioned above and lead to the possibility of the development of worthwhile new 

magnetostrictive transducers. Magnetostrictive ultrasonic generation was observed 

m thin films of tnis material by Donoho et al25 at room temperature and at fre- 

quencies from 300 MHz to 1,500 MHz. The results which have been obtained to date 

on magnetostrictive generation in the pure rare-earth elements and in Tb-Fe films 
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are reviewed briefly in this section, and a more detailed account of the results 

obta.ned in this program on Tb-Fe compounds is given in a subsequent section. 

1-  Magnetoclastic Contributions to Elastir Conste ants 

The temperature dependences of certain of the elastic constants of Tb, Ho 

and Er are given in Figures 2 - 10. The elastic constarts of Tb and Ho were 

measured by Salama et al 6' ", and those of Kr have been ^^ ^ ^^ 

et al.^. m addition, the elastic constants of Gd have been measured by Long 

et al  , and those of Dy have been measured by Rosen and Klimker30. However 

only results obtained in the present program are shown in the figures. For a 

normal, nonmagnetoelastic, material, the elastic constants generally increase 

smoothly with decreasing temperature as the material becomes elastically "harder" 

As seen in Figs. 2-10, however, there are numerous departures from this normal 

behavior in the case of the rare-earth elements. 

in the case of Tb, as the temperature is lowered, there is a paramagnetic-helimag- 

net.c phase transition at TN - 230 K and a helimagnetic-ferromagnetic transition 

at Tc - 219 K. At both of these transition temperatures the clastic constants of 

Tb exhibit anomalous behavior. The elastic constant c^, for example, has cu.p- 

Hke anomalies at these temperatures, whereas c33 exhibits even more pronounced 

anomalies, as does c^. On the other hand, ^ undergoes only a change in slope at 

the second-order transition at T . whilP it «»».«KI«.. . *N, wniie it exhibits a small cusp at the first 
order transition at T . 

i 
?00 ?.,o JOJ 

rEMPENATimi  k] 

Fig.   2    Temperature dependence of  ^  for  single-crystal Tb. 
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TEMPERATURE    [«J 
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Fig.   3    Temperature dependence of c^  for s: ngle-crystal Tb. 
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TEMPERATUREI<1 
250 300 

Fig.   4    Temperature dependences of c      and r      for single- 
66 -crystal Tb. 

For the elastic instants of Ho, the qualitative nature of the magnetoelas- 

tic contributions to the elastic constants is similar, as seen in Figs. 4-7. In this 

case, unfortunately, strong elastic-wave attenuation prevented measurements below 

approximately 80 K, and only the anomalies at the second-order paramagnetic- 

helimagnetic phase transition at TN - 130 K can be seen. The first-order helimag- 

net.c-ferromagnetic transition at Tc - 20 K could not be observed. In the case of Ho 

'  "- "'-1- -—■■■-     -  . .   ■■ ■ - — 
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It ca„ be seen that c^  U„dergoes 0„ly . cl,ange in slope ., 

e very urge c„sp-like a„omaly at tM.  tOTperat„re.   BotH e44 L =„ mder      onl 

changes  in  slope at T   . 44 66 y 

». case of erbil  is.   in some ways,   the «.,  interesting of those discussed 

B      Is    h1S "0r t0 COnSider  ^ SOmC ',etail  ^ -^•tl« «-»^ P^". 0* fcr,  as shown in Fig.   11. 
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Fig.   5 Tempera.v.re dependence of c^  for single-crystal  Ho. 
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Fig.  6 Temperature dependence of c       for singl Le-crystal  Ho. 
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Fig. 8 Temperature dependence of r.  P    •  , penaence of c^  for single-crystal Ho. 

Above T = 86 K, Br is paramagnetic, whereas for «._*  t 
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is conically ferromaqnetic w^h - „„tr 
and „ h.ll«I,  .  •• C"aX1S COm^^  of the magnetization and a helical ordering of the bac,;,! _„•. =r,„ »MWH 

g o tne basal-plane component of the magnetization. 

TEMPERATURE (K) 

Fig. 9 Temperature dependences of c11 and c  for singl e-crystal Er. 

TEMPERATURE (K) 

Fig.   10 Temperature dependences of c      and c      for c •     -, 
^44  ana c66  for single-crystal Er 
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Fi9. 11 «acetic Orderly Phases of single-Crystal Er. 

It la obvious iro» a „™ber of considerations that the transition at T is 

a frrst-order transition. The neutron-diftraotion data oi Cable et a,
31 do'not 

however, permit any deduction ,-„ u. _,.. ore et «]_  do noti 
his 

--. —-"uv,L.a.uii uata or Cable et al * ^^ «^i. 

»ever permit any deduction to be made concern^ the transitif « T J^ 
transxtion were made abruptly at T *•« M     . Q 

UO. temperature as the tlpHtu^ H^TZ^ ^^  L°" 
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of all the rare-earth elements «hose elastic constant. I. 
vrously been measured, includinq Dv30 ,        v „ constants have pre- 

the elastic constant c  i„v  1   '       " ^ "^ "'  "* -" h— 

transition and a cusp-Jk Z^^Z  Lt^ T "  ' —— 

ebservation, one would surmise that J^^^T^T^  ^ ^ 
transition. The evidence from the M  . • Ö ' a second-order 

support this conclusion, ^L ^T" att<!nUati0n ^ ^ ^ " - » 
T er T  but it do    I ^ear-wave attenuation exhibits no peaks at 
i,   T8. but It does undergo a sharp change at the first-order transition at , .   ' 
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Fig.   L. Temperature dependence  of  loryitudinal c- 
axis attenuation  in Er. 
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Fig. 14 Comparison of experimentally determined temperature dependence 

of c33 in Er near ^ = B6 K with theory using molecular-field approximation and 

single-ion magnetoelastic interaction. 

2. Magnctostrictive Generation of Ultrasonic Waves 

The magnctostrictive generation of high-frequency elastic waves in rare- 

earth materials was first reported by Maley, Blackstead, and Donoho24, who observed 

strong magnetostrictive elastic-wave generation at frequencies in the range 

i,000 to 10,000 MHz in films of 2-um thickness of Gd, Dy, „o, and Er vacuum, eva- 

porated onto^ubstrate delay lines of quartz and sapphire. This work was extended by 

Donoho et al  to include Tb and the intennetallic compound TbFe.,. The films were 

placed in an rf cavity in a region of maximum rf magnetic field, with the rf field 

parallel to the fli« surface. A dc magnetic field up to 60 kOe could be applied 

at any direction with respect to the surface of the film. An rf pulse was applied to 

excrte the magnetostrictive generation of the elastic waves, which then gave rise 

to a sequence of ultrasonic pulse echoes in the delay-line substrate. Typical results 

for the field dependence of the amplitude of clastic waves magnetostrictively genera- 

ted in Dy and Tb are shown in Figs. 15 and 16. 

Two important features of the magnetostrictive generation of ultrasonic waves 

in the pure rare ec'rths are evident in Figs. 15 and 16. First, appreciable 

efficiency of generation occurs only in the presence of large applied fields; 

second, because the magnetic ordering temperatures of these materials are in the 
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cryogenic range, they can be used as transducers only at temperatures so low that 

their usefulness in practical applications is severely limited. Another somewhat 

disappointing feature of the magnetostrictlve generation of elastic waves in pure 

rare-ea^-th films is the fact that the maximum genere.Lion efficiency is not as 

great as might have been expected from the static magnetostriction. In this respect, 

the polycrystalline nature of the films used to study ultrasonic generation 

is probably responsible for the low efficiency. 
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Fig. 15 Ultrasonic echc amplitude for Dy film on X-cut quartz substrate as 

a function of applied magnetic field perpendicular to plane of field. 
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Fig. 16 Ultrasonic echo amplitude for Tb film on X-cut quartz substrate 
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It is evident that, despite the enormous static magnetostriction exhibited 

by single crystals of the pure rare-earth elements at very low temperatures, 

these materials will not become useful as magnetostrictive transducers. Conse- 

quently, when Clark and Belson21 reported their observation that the intermetalUc 

compound TbFe2 exhibits very large magnetostriction at room temperature in poly- 

crystalline specimens, it appeared that this new material would probably be a much 

better candidate for the development of a good high-efficiency room-temperature 

ultrasonic transducer. Thin-film specimens of TbFe2 were, therefore, deposited on 

delay-line substrates, and it was quickly demonstrated25 that ultrasonic generation 

at room temperature and at high frequencies (700 MHz) was feasible with this material 

A particularly interesting feature of the magnetostrictive ultrasonic generation 

in TbFe2, however, and a totally unexpected feature, was the fact that thin films 

of this materials, unlike bulk specimens, exhibit a very strona coercive force and 

a very high degree of anisotropy, leading to a strong rernanent magnet zation 

perpendicular to the plane of the film. This strong remanence permits the generation 

of Ultrasonic waves at high efficiency without the requirement of an applied magnetic 

fxeld. The results obtained on Tb-Fe films of various compositions are given in 

more detail in a subsequent section of this-report. 

In conclusion, it has not yet been successfully demonstrated that rare-earth 

materials will compete with currently available ultrasonic transducer materials 

but the compound TbFe2 shows enough promise to warrant further study. 

B- Magnctoelastic Coupling in Paramagnetic Terbium 

As discussed above, the strong magnetoelastic interactions found in most 

rare-earth materials lead to significant magnetoelastic contributions to the elastic 

constants of these materials. The principal way in which these magnetoelastic 

contributions are manifested is in the anomalous temperature dependence of the 

elastic constants, particularly near magnetic phase transitions. Such anomalies 

have been observed in the cases of Gd29, Dy30, Tb26, Ho27, and Er28, and, in some 

cases, they amoun-. to anomalous deviations of the elastic constants of several 

per cent from what would be expected for a non-magnetoelastic material. Attempts 

to explain these magnccoelastic contributions to the elastic constants in terms of 

the fundamental magnetoelastic interactions of the rare-earth elements have, however 

been only partially successful because of the difficulty encountered in calcula- 

ting such thermodynamic functions as the internal energy near a phase transition 

"■" :^^^^. .   ■■„ ^^ _ .....  .   -   ..— . ^ ^u^^. ^ 



DAAHO1-72-C-0285     FINAL  REPORT 
36. 

in a magnetically ordered material. Southern and Gcodings11 have, however, in a 

paper eoncerned „ith the general problem of the magnetoelastic contributions to 

ootTt" PrOPertieS ^ rare"earth mat0rialS' POint0d °Ut th" "— -gnetoelastie 
contrxbutrons to the eiastio oonstants .ould, perhaps be signitioant even in the 

paramagnetio temperature range, „here oalculations may usually be made with greater 

confrdenoe than in the magnetioally ordered phases. In their approach to this prob- 

lem, southern and Goodings, basin, their work in part on earlier „ork of „elcher
19 

and Brown , developed a rotationaUy invariant theory of magnetoelastic interactions, 

and they took account of the nonlinear nature of finite strains to arrive at a 

simple result for rare-earth materials in the paramagnetic phase. 

«otivated by the worh of Southern and Coodings11 in caiculating the magneto- 

elastro contributions to the elastic constants ^ and c  for rare-earth 

materials in the paramagnetic phase, an experiment was carried out on the dependence 

of these two elastic constants on temperature and on the value of an applied 

magnetic field for the case of paramagnetic terbium at temperatures from Just 
above TN . 229 K to approxinately 300 K_ The rcsults of ^^ ei!per.Bentai ^^ 

are rn at ieast partial agreement with the predictions of the theory of Southern 

and Goodings, and they permit an estimate of the values of certain of the 

fundamental single-ion an„ two-ion magnetoelastic coupUng constants of terbium 

The estimated coupling constants, however, exhibit an unexpected temperature 

dependence not accounted for by the theory. It is believed, however, that 

measurements over a greater temperature inte-val, using considerably larger 

applied magnetic field values, would probably lead to better agreement between 

the experimental results and the theory of Southern and Goodings. Such an 

extension of the wort reported here is planned, and a similar experiment has 

been started for the case of paramagnetic dysprcsium. 

1. Theory 

In thrs section, that part of the theory of Southern and Goodings11 

pertinent to the present drscussion is outlined. These authors utilized both singl. 

loo and two-ion magnetoelastic interactions, and they took account of the 

guadr.tio nature of the conventionally defined finite lattice-strain tensor 

srnce the present interest lies only in the elastic constants c„ and c„, which 

are measured by observing the velocities of longitudinally polarLd elastic 

waves propagated along the crystallographic a-, b-, or c-axes, the magnetoelastic 

"'—^.nifrV 
■ii i  i iiir — ----'^  ■ 
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interaction Mamltonian used by Southern and Goodings is truncated here to include 

the effects only of these longitudinal strains. 

The single-ion Hamltonian for the magnetoelastic interaction, subject to 

the truncation mentioned above, is given by 

1 i 

where the M-coefficients are the single-ion magnetoelastic coupling constants 

defined by Southern and Goodings, the E-components are the components of the finite- 

str.ln irreducible tensor, and the J-operators are the second-rank irreducible 

tensor angular-momentum operators defined in a previous section and in Appendix I. 

The index i is a label for each ion in the system. The two-ion magnetoelastic 

Hamiltonian is given by the following expression: 

"me = J, "me^^ (m.^j 

^^^ = -^iii/'1 + DWa'2^i-J 

-   DY F
Y
 rTXTX   TV TVI D.jE1 [J.J. - j. j.] (iii_2b) 

In these equations, i and j. refer to a particular pair of ions, and the D- . 

coefficients are the two-ion coupling constant.. The M- and D- coefficients are 

determined by the strain dependence of the magnetocrystalline anisotropy energy and 

the exchange energy, respectively. 

Southern and Goodings recognized that in the paramagnetic phase all the second- 

degree angular-momentum operators appearing in both the single-ion and two-ion 

magnetoelastic Hamiltonians given above would, to a good approximation, contribute 

to the internal energy of the crystal to a degree proportional to the square of 

the reduced magnetization and, hence, in the paramagnetic phase, to the square of 

the applied magnetic field. Following Southern and Goodings, the following quantities 
can be defined: 

bl = NM20lj(J-1/2)      •    b^ = NM^2JiJ-l/2)    . 

I IIMH       
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j 

where N is the number of ions per unit volume. The following expression then 

corresponds to the one obtained by Southern and Goodings for the magnetoelastic 

contributions to c  and c  : 
J J      33 

AC33 = t <A + 2B)P2(cos 9) + C + D ] F(T) H2 (III-3) 

AC11 = [ (A - B) p2<cos 9) + C - D + E sin29 cos 2(M F(T) H2       (III-4) 

In the above equations, F(T) = [ XQ^/MJ2, where x0 (T) is the anisotropic 

•usctptlbility and Mo is the satuaration magnetization. The angles, 0 and^ , 

are the polar angles of the direction of the magnetic field with respect to the 

crystallographic c-axis and a-axis. In eq. (III-4) the plus sign is used when c 

is to be determined by measuring the elastic-wave velocity along the a-axis. 

Thus, according to the calculations of Southern and Goodings, the changes in 

the two elastic constants of interest in an applied magnetic field should be propor- 

tional to the square of the value of the applied field and to the square of the 

magnetic susceptibility. The functions A through E, defined above, all functions 

of the fundamental magnetoelastic constants, should be reasonably constant throughout 

the paramagnetic temperature range. Examination of Eqs. (III-3) and (III-4) 

reveals that if the magnetoelastic changes in c^  and c33 can be measured accurately 

for any arbitrary direction of the applied field, then the constants A through 

E may all be determined if enough independent field directions are chosen for the 

measurements. The actual choice of directions is discussed in the following sec- 

tion. 

2. Exjrerimcntal Procedure 

The single-crystal specimen of terbium used in this work was prepared 

by standard spark-erosion techniques, as described elsewhere26. For the measure- 

ment of  c33, 20-MIIz longitudinally polarized elastic waves were propagated along the 

crystallographic c-axis, and for the measurement of c.. longitudinal waves of 

—    -     — 
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the MM frequency were propagated along the b-axis. The elastic constants were 

measured to a high degree of accuracy using a pulse-superposition spectrometer 

described elsewhere > to  measure the velocities of the elastic waves. The 

temperature of the specimen was maintained at any desired value in the range of 

interest, 230 K to 300 K, by means of a continuous-flow cryostat and a temperature- 

control system of commercial design. The specimen was positioned in an electro- 

magnet such that the field, with a maximum value of 18 kOe, could be directed 

along any desired crystallographic direction. In order to obtain a sufficient 

number of independent relations, employing eqs. (III-3) and (III-4), to permit 

a complete determination of all the quantities A, B, C, D, and E, three different 

field directions, along the a-, b-, and c-axes, were employed in the determination 

of the field dependences of the two elastic constants of interest. The field 

orientation used in the measurement of each elastic constant and the resulting 

relationaship for the quantitins A through E are given in Table I. 

TABLE I 

Elastic Constant Fie Id Direct ion Ac/F(T1H2 
  

r- 
33 

• 
c-axis A + 2B + C + 2D 

C33 a-axis -jU + 2B) + C + 2D 

Cll c-axis A - B + C - D 

Cll a-axis - jU -B)+C-D + E 

Cll b-axis - j(A - B) + C - D - E 

For each of the orientations of the field, the field dependence of the elastic- 

wave velocities along the c-axis (leading to the determination of c^) and along 

the b-axis (leading to the determination of c^ were measured for temperatures from 

230 K to 300 K. Although the orientation of the crystal was fairly accurately 
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determined through the use of X-ray techniques, the measured variation of the 

elastic-wave velocity with respect to the field direction could be used, as seen 

in Fig. 17, to confirm the orientation with the specimen in place inside the 

cryostat. 

s 
I 

o 

-i 1 r 

TERBIUM 
CM H • 10 kOe 

T x240K 

BO 120 60 0 60 120 

ANGLE of APPLIED MAGNETIC HELD    [d«g] 

180 

Fig. 17 Angular variation of b-axis longitudinal-wave velocity as field 

is rotated in a-c plane. 

3. Results 

The results of this work are depicted in Figs. 18-22, where the 

changes in the longitudinal elastic-wave velocities used to measure the elastic 

constants of interest are shown as functions of the square of the applied magnetic 

field for various temperatures. The straight lines shown on these figures, 

tangent to the actual experimentally determined curves at low fields, were used 

in the computations discussed below to represent slope (Av/v)/H2. It can be 

seen that the linear dependence of the relative change in velocity on the 

square of the applied field, as predicted by the theory of Southern and Goodings, 

is in reasonable agreement with the data for temperatures well above the Neel 

point. At the lower temperatures, near T^ the experimental data at high fields 

deviate from the straight lines, undoubtedly because of the onset of saturation 

effects in the magnetization. 

*  ___ ____ 
MMl -' -y-^^r'- 
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Fig. 18 Variation of c-axis longitudinal- 
wave velocity with H along c-axis, 

tfttf 

Fig. 19 Variation of c-axis longitudinal-wave velocity with H along b-axis. 

The results shown in Figs. 18-22 were analyzed according to the theory of 

Southern and Goodings in the nanner described above. The data of Hegland et al
32 

were used for the susceptibility, and the data of Salama et al 26 for the 

elastic constants in zero magnetic field were employed in this analysis A 

straxghtforward numerical computation was carried out. using the relations of 

table I toobtain values for the quantities A through E at each temperature. The valuer 

of the .agnetoelastic coupling constants were then computed at temperatures from 

240 K through 300 K, and the results are presented in Table II 

—   
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200       \JC 

«•M» 

Fig. 20 Variation of b-axis longitudinal-wave velocity for H along c-axis, 

"'W 

Fig. 21 Variation of b-axis longitudinal-wave velocity for H along a-axis. 

It can be seen from Table II that there is a substantial, and unexpected, 

var.atron of the magnetoelastic constants with temperature over the range 240 K 

to 300 K. This variation of what were expected to be nearly temperature- 

independent constants over this limited range of temperatures is illustrated in 

Fig. 23, where the quantity 3^/5 ♦ dY is omitted for the sake of clarity 

The theory of both the single-ion and two-ion magnetoelastic interactions in 

rare-earth materials is based on the assumption that the crystal-field and 

exchange interactions are dependent upon the lattice strain7. This theory has 
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Fig. 22 Variation of b-axis longitudinal-wave velocity for H along b-axis. 

TABLE  II 

T 
^1  +  d12 ^2  +  ' •« "u   ■ 'L | bY + d Y 

K 

240 

[ 

-  8.87 6.09 

IC 
— — ■S'-vs 

I11 
erg/cm 

0.34 20.58 

] 

- 0.40 

  

250 -  5.38 3.54 0.22 13.13 0.22 

260 -2.82 4.22 -  0.38 7.65 0.22 
270 -  1.82 3.83 -0.34 6.25 0.30 
280 -  1.32 4.12 -  0.19 5.76 - 0.21 

290 -  0.78 2.60 - 0.01 4.76 - 0.23 

300 - 0.37 1.84 0.17 4.04 0.37 

—    --^—-■.-. 
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Fig. 23 Temperature dependence of the magnetoelastic coupling corstants of 

single-crystal terbium. 

K;en quite successful in explaining many of the observed features of cne static 

magnetostriction of rare-earth materials18. One result o£ the comparison of the 

usual theory of the static magnetoelastic interactions with measurements of 

static magnetostriction is that the magnetoelastic coupling constants are, in fact, 

essentially constant over a very large temperature range, extending from tempera- 

tures in the liquid-helium range up to as high as room temperature. It is, therefore, 

rather surprising that such a large variation as that seen in Table II and Fig. 23 

takes place over the limited temperature range from 240 K to 300 K. One would 

expect only a very small variation in both the M-constants and the D-constants over 

this range and, as a result, only a very small variation in the b- and d-quantities. 

The theory of Southern and Goodings, however, upon which the analysis of the 

data obtained in the present work was based, does not appear to have neglected 

any important contributions to the field dependences of c  and c  in the para- 

magnetic state. The most probable reason for the large temperature dependence of 

the results given in Table II and Fig. 23 is the fact that uhe measurements 

reported here were all made over a range of temperatures fairly close to the 

ordering temperature, TN = 229 K. The effects of short-range order near a phase 

transition always complicate the interpretation of the observed properties of any 

magnetic material, and it would appear that such is the case here, in the absence 

of any demonstrable deficiency in the theory of Southern and Goodings11. 

■MM. —-^-^ÄÄ*-M - -   
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It would, therefore, be desirable to attempt to make similar measurements at 

somewhat higher temperatures, where the effects of the phase transition should be 

less important. Such measurements at higher temperatures would, however, be diffi- 

cult without employing much larger values of the applied field than were available 

for the work reported here. It is anticipated that this work will be extended 

to higher temperatures in fields up to 55 kOe. and through such additional work 

it may be possible to measure the nagnetoelastic coupling constants to greater 

accuracy than possible in the work reported here and to verify the theoretical 

predictions of Southern and Goodings in a more satisfactory manner. 

c» Ultrasonic Generation in Terbium-Iron Thin Films 

This section is concerned with the results of an investigation of magneto- 

strictive ultrasonic generation in thin films of terbium-iron compounds, particu- 

larly the cubic Laves-phase compound TbFe.,, which was recently found, by Clark and 

Belson , to exhibit very large static magnetostriction at room temperature in 

polycrystalline specimens. The work reported here was motivated by earlier studies 

on magnetostrictive ultrasonic generation in rare-earth materials24'25. 

In the cases of all the materials studied in the work reported here, namely 

TbFe2, TbFe3, 'IhFe'   and Tb0.3Dy0.7Fe2' filna of two-micrometer approximate thick- 

ness exhibited high for ultrasonic generation of shear elastic waves at frequencies 

in the vicinity of 680 MHz at room temperature. In the best cases, the magneto- 

strictive generation was about 100 times more efficient than that for piezoelectric 

longitudinal-wave generation in single-crystal X-cut quartz. A very interesting 

fe-ture of the TbFe2 films was the discovery that they exhibited, under most cases 

of deposition onto quartz substrates, a strong uniaxial anisotropy, invariably 

with an easy axis of magnetization perpendicular to the plane of the film. A 

large remanent magnetization, amounting to some 80 per cent of the saturation 

value of the magnetization, was often observed, and coercive forces as high as 

5 kOe were measured. As a result cf this strong anisotropy, which was not at all 

expected, in view of the rather isotropic nature of bulk polycrystalline T^Fe , 

strong ultrasonic generation was possible even in the absence of a Massing magnetic 

field. An interesting aspect of the existence of the anisotropy is the result that 

it is relatively simple to prepare a thin-film permanent magnet using TbFe , and it 

is possible that such magnets might find interesting applicat.^ns in areas^ther than 

those considered here. 

  - — 
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!• Experimental Technique 

The specimen films were rapidly deposited from starting bulk material, 

prepared by ar-melting in an argon atn.o.phere, onto single-crystal X-cut quartz 

substrates wh.ch served as acoustic delay lines. Deposition was carried out at 

substrate temperatures in the vicinity of 300° C in a conventional vacuum system 

of st-rting pressure approximately lo"7 rorr. The evaporant was directly heated in a 

tungsten boat, with no apparent interaction with the boat, suc^ as might b3 expected 

m the case of iron-group materials. The film thickness for which most measurements 

were made was approximately 2, ,m, as determined by a commercial quartz-crystal 

thickness monitor. The TbFe2 material used for most of this work was obtained from 

a commercial source. Some TbFe,, and all the remaining materials were prepared in 

th1S laboratory, with the exception of the Tb-Dy-Fe ternary compound, which was 

kindly provided by A. E. Clark of the Naval Ordnance Laboratory. 

The pulse spectrometer consisted of a commercial transmitter-receiver 

capable of operation over the frequency range 300-700 MHz, and it was equipped 

with a gated "boxcar" integrator to permit the detection of any selected ultrasonic 

echo and the accurate measurement of its amplitude. The specimen film was placed 

-side a stripline cavity, with the rf magnetic field parallel to the plane of the 

fUm. A dc magnetic field as large as 18 kG could be applied usina a conventional 

electromeagnet. All measurements reported here were made at room temperature, in 

the vicinity of 295 K. The magnetization measurements, described below, which were 

carried out on the TbFe., films, were made using a Foner vibrating-sample magneto- 

meter of high sensitivity, expecially constructed for this work. 

2. Experimental Results 

The results presented here on magneto.trictive ultrasonic generation 

in Tb-Fe materials were obtained at an ultrasonic frequency of 680-690 MHz at 

room temperature. Ultrasonic elastic waves were generated only with the applied 

dc magnetic field perpendicular to the pJane of the film, and, in all cases, the 

waves were transversely polarized, with the plane of polarization parallel to the 

direction of the rf magnetic field. The determination of the plane of polarization 

was made from an examination of the shear-wave modes propagating in the quartz 

delay-line substrate. The substrate was normally oriented in th. cavity such that 

the faster of the two shear-wave modes washed to observe the generation and detec- 

-- -■----infill lil—Mfc^m—ataamirHw III IIMfc-liililiimiMiiilfc« -       ■-   ■ — ■-—-' —" - -'■I "-—           -.^inA*..^-*»^-^.^-^.. ^..^ m,ti,*mii*mtimt*M     '^            ■■    ■     ■■-"'-■- —-■■■ -■—»^ •■-.• t-■-JL—~ 
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of the elastic waves. In the figures which follow, the dc magnetic field was swept 

from zero up to a maximum value of 18 k0e, starting in the direction in which a field 

was last previously applied. It was then swept back through zero and all the way to 

18 kOe in the opposite direction, returning finally to zero. Arrows on the figures 
indicate this sequence. 

WD 
lk0" 

Fig.24 Ultrasonic echo amplitude as a function of applied magnetic field; 

TbFe2 film on quartz substrate. 

The field dependence of magnetostrictive ultrasonic generation in 

i'bFe2 films is shown in Fig. 24. This material was selected as the initial 

substance t^be studied because of its large static magnetostriction at room 

temperature  . It exhibits ultrasonic generation efficiencies much higher than 

that of any other magnetostrictive materials which has been reported24'25 The 

generation efficiency for shear elastic waves at room temperature and a frequency 

of 680 MHz was typically 100 times that observed for longitudinal-wave piezoelec- 

trl« generation in single-crystal quartz under the same conditions. The large 

hysteresis shown in Fig. 1 was, however, totally unexpected, since it implies 

a coercive force of the order of 4 kOe for these thin films. Although Clark 

et al  have shown that TbFe,, does possess a large magnetic anisotropy, bulk 

specimens of thi. material do not exhibit any appreciable hysteresis nor do they 

possess a large coercive force. 

A vibrating-sample magnetometer was used to measure the magnetization of the 

TbFe2 f.lms used in this work and to compare this magnetization with that of the 

  -   ■ 
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bulk material utilized for the preparation of the films, 

ments are shown in Figs. 25 and 26, 

48, 

The results of these measure- 
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Fig.   25 Magnetization of TbFe    Thin  films vs applied magnetic field, 

BULK   TbFt 

M   o- 

Fig. 26 Magnetization of bulk polycrystalline TbFe,, vs applied magnetic field, 

The magnetic anisotropy of the films is apparent in Fig. 25. For the case in 

whxch the field is applied perpendicular to the plane of the film, the coercive 

force is approxxmately 5 kOe, and saturation is apparently complete at a field 

of the order of 10-12 kOe. For the case in which the applied field is parallel tc 

„^^___._, 
 - ■ -  - - 
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the plane of the film, the coercive force is only of the order of 3 kOe, and 

saturation is not reached even for fields of the order of 20 kOe. By contr..t 

the specimen of bulk TbFe,,, although unsaturated at 20 kOe, exhibits little hys- 

teresis, and it has no preferred anisotropy axis, dark34 has reported the 

development of high coercive forces in sputtered amorphous films of TbFe after 

annealing in a strong magnetic field at temperatures above SOO« C. The source 

of this strong anisotropy, with easy axis perpendicular to the plane of the film 

1. not understood at this time, but it is undoubtedly due to at least some 

appreciable degree of crystallographic ordering. The anisotropy does, however, 

yxeld the fortunate result that a TbFe,, film win remain strongly magnetized in 

the absence of an applied magnetic field, after first being magnetized to 

saturation. As a consequence, it is capable of efficient ultrasonic generation with 

no bias magnetic field. The magnetization data of Fig. 25 were used to plot the 

ultrasonic generation amplitude of Fig. 24 as a function of specimen magnetization, 

rather than applied field, with the result shown in Fig. 27. Here, it can 

be seen that the ultrasonic amplitude, in decibels, is nearly linearly dependent 

upon the specimen magnetization, a result predicted to some extent by the simple 

theoretical model of ultrasonic generation presented below. 

10     is 

M (emu/gm) 

Fig. 27 Ultrasonic echo amplitude as a function of film magnetization; TbFe, 
i 

The ternary compound ^ ^^ was also investigated, since Clark and 

Belson  had found that this material also exhibits large magnetostriction, but 

 - ■■    
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that its anisotropy is much smaller than that of TbFe  Ultras 
thin fnmc „e  «.u- e2'  ultrasonic generation in 
thin fUms of this material is shown in Fig. 28, where it «.„ K 

is almost no hysteresis The m**i „< ^  that there nysreresis. The maximum efficiency of generation in tVl. 

H«ut. 
<k0" 

Fig. 28 Ultrasonic echo ampli 
•   ' Itude vs_field for Tb0_3Dy0_7Fe2 films, 

(kOt) 

Fig 29 Ultrasonic echo amplitude vs field for TbFe3 films. 
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3. Sittplified Theory of Ultrasonic E^tic^.  ^nr. „i,,, 

A simplified version of the theoretical model of Section Hi.   , 

for the calculation of magnetostrictive ul*    • ^ ^^ ^^ 

in rare-earth materials  t ho l b       
aSOniC ^^^ ^ Shear elaStiC WaVeS 

sim^-f  ■ VOint*i  OUt that' in addition to the 
simplxfyxng assumptions discussed in Sectin II it i. .1 
Q^WO nf ■J- ' s  also assumed here, for the sake of mUiB9  unnecessary complexity| that ^^ ^^ ar Jl 

.n , slBple ferromagnetic array, with every ion - 

r:r::::;ovhe present purpose'OTiy the —- ---::_. 
o th u aCCOUnt- ^^ " qUalit"iVe »*""«^ of th. aepenaence -tho ^„«.u generation liwlltud. ^ ^^^^ ^^^^^^ ^ ^ »c.^ 

It is assumed that the shpar oia<.<-,- 
,  • elastic waves propagate along the z-axic, wl«, 

polarization in the x-v nlan. -,„   • 'y tne z axis with 

uxreccion at a frequency ui. If thp n^rt-i^i^ J •  -i 
*fc. Äw-*i * ". « the particle displacement in the medium due to 
the elastic wave is denoted by u(z t) for th. 

y-o™t. „ith oo^esoo.. g l:   a e TT" rd by v(^■t, for the .*— ~lastic Hamiltonlan r:;- n^ - ^ - - 
"me ■ ■" »«W/. * Vy' * Wz 

+ J2
J

1I) ' (III-5) 

where B is a magnetoelastic coupling constant, and the J are the 

the angular-momentum operator of the rare-ear h i   l' ^ 
tonian no.! .■ 0n• The purely magnetic Hamil- 
toman, neglecting amsotropy energy and assuming a molecular-field 
for the exchange interaction n-.v >.   • molecular field approximation 

y- interaction, may be written (per ion) 

"m = ^ VHrfJx + <**  + H ) J ] , 
(III-6) 

where H  is the time-dependent applied rf magnetic field along the x-axis  and 

V - ^e applied dc magnetic field along the z-axis The field 7 
molecular field which f^ ■ "e ls the effective 

T        '    a Simple' Unifomly ^gnetized, ferrom^gnet, can be expressed as H = r M a  wh^r* u  •  .u ^yner, can 
,  ,        e     o a' where M0 is the saturation magnetization r is a 

molecular-field rnnc«-;.,,*-   J   . -^^auiun, j is a 
-xeld constant, and a is the reduced magnetization, M/M . To 

second order in perturbation theory, the intern.! 
mmm  . üry' tne eternal energy associated with H 
can be expressed in the following way me 

■ 



wmmmfmm^m^m^ß^^^mmw mmrmmm« •■ ■ i n «inui ^  «-<i nun iii«^MW^H*Bi^Hiqwiiin;i« piiii»  nil. mm mmwmwmu^m*m**'^m^rmm*mm9.m.m*i.w     * mm*wwr^mm^^*9^ 

DAAHO1-72-C-0285  FINAL REPORT 52. 

V = B e5<J20>Hrf/(Ho + He)   ' <111-7) 

2 
In this expression, the operator J  is defined as 3J - J(J+1), and its 

thermal-equilibrium expectation value is given, from the work of Callen and 
7 

Callen , as 

<J20> = J(2J"1)I5/2(W)/Il/2(W) ' (III-8) 

where W represents the inverse Langevin function of the reduced magnetization. 

Now, if U  is regarded as a strain- and field-dependent contribution to 

the internal energy, to be added to the normal elastic energy density, then 

the following wave equation for shear clastic waves propagating along the 

z-axis and polarized along the x-axis (parallel to the rf magnetic field) may 

be derived by standard techniques: 

2 2 
P 7T = C44 rf + ^B<J20>/(Ho + He)J äl Hrf  ' (III-9> 

dt dZ 

In the above expression, p is the density of the material, and c^ is a normal 
44 

elcstic constant.  The  second term on the right-hand side of the wave equation 

represents an inhomogeneous driving  term in  the wave equation which is responsi- 

bel  for the generation of the elastic waves.   The  z-dopendence of H  ,. arises,   of 
rf 

course, from the finite skin depth of the r.etallic specimen. Without going into 

the details of the solution of the wave equation, it can be seen that the 

amplitude of any elastic waves excited by the presence of the driving term will 

be proportional to the bracketed part of that term. Since H  is normallv much 
e 

greater than K , the magnitude of the driving term in the wave equation will be 

proportional to <J
2Q

>
/ 

a • A plot of this quantity is given in Fig. 30, where 

it can be seen that the predicted ar.plitude of the magnetostrictively generated 

elastic waves is expected to vary almost linearly with the specimen magnetiza- 

tion. Of course, the fact that the observed generation amplitude shown in 

Fig. 27 varies linearly as the specimen magnetization represents a somewhat differ- 

ent effect, being due to the rotation of domains into the direction of the applied 

field. 

It should, of course, be recognized that the present treatment is simplified 

- ■ -- ■ 
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M Urk. «nltil 

Fig.   30    Plot of <J20
>/M    vs    M. 
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to the point at which much detail would be lost. For example, any possibility of 

magnetic resonance has been excluded from the formulation given here, and this 

would seem to be required to account for the resonant-like behavior of the Tb-Dy-Fe 

compound shown in Fig. 28 . However, the experimental result that the polarization 

of the elastic waves generated magnetostrictively is parallel to the rf field 

is correctly predicted by this simplified treatment, and it might be expected 

that a fuller treatment, eliminating snre of the large number of simplifying 

assumptions employed here, would lead to a reasonably good agreement between 

experimental results and theoretical predictions. 

D. Magnetoelastic Effects in Erbium 

As noted on numerous occasions in the preceding sections of this 

report, the very strong magnetoelastic interactions found in the heavy rare- 

earth elements give rise to a number of interesting phenomena. The subject of this 

section is a description of two dynamic magnetoelastic effects observed in the course 

of studies of the general characteristics of elastic-wave propagation in 

single-crystal erbium. Erbium is the first of the rare-earth series of elements 

all of whose ordered magnetic phases include ordered c-axis components of the 

magnetization. For this reason, it is possible to observe the phenomenon of cir- 

cular magnetoacoustic birefringence in erbium, and this section reports on the 

observation of this effect. It also occurs that the dependence of longitudinal 

Elastic-wave velocities on the value of an applied magnetic field is quite large, 

and this section reports on this effect, manifested as a very large dependence of 

the elastic constant c  on the strenght of the applied field. 

Specifically, the work described in this section concerns the following two 

magnetoelastic effects. The first is the anomalous temperature dependence of -ehe 

elastic constant c33, which undergoes a step-like decrease at the magnetic phase 

transitions rather than the cusp-like behavior exhibited by other elements '  . 

Furthermore, the application of a magnetic field of 30-50 kG produces a very large 

decrease i. the value of c  in the vicinity of T  (86 K) . This large decrease, 

amounting to approximately 9 per cent, is much larger than any of the zero-field 

elastic-constant anomalies which have been reported. The second effect reported 

here i -s  the observation of a large circular birefringence for elastic shear waves 

propagating along the c-axis of Er. At a temperature of 40 K in an applied c-axis 

field of 15 kG, this effect leads to a rotation of the plane of polarization of 

     -    —- , ■ ■ ■       ■■■- - 
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approximately 0.65 rad/an at a frequency of 20 MHz. An attempt has been made to 

explain the results given here in terms of the theoretical model of Section II 

of this report. The complicated magnetic structures of erbium make detailed cal- 

culation difficult, but some degree of qualitative agreement between theory and 

experiment has been achieved. 

1. Experimental Technique 

The single-crystal erbium specimens used in this work were prepa red by 

standard spark-erosion techniques, with flat and parallel end surfaces perpen- 

dicular to the c-axis. The length along the c-axis was approximately '  m. For the 

measurement of c  , the pulse-superposition method was used to detei.    the 

elastic-wave velocity to high precision. For the birefringence measurements, a 

Matec, Inc. pulsed transmitter-receiver was employed to permit the measurement of 

the amplitude of a single ultrasonic echo. The ultrasonic frequency was 20 MHz 

for both types of measurement. For the me?.3Uiement of c  longitudinally polarized 

waves were employed, whereas for the observation of the birefringence transversely 

polarized waves were used. In the case of circular birefringence, which leads to 

a rotation of the plane of polarization of a linearly transversely polarized wave 

as it propagates, this rotation led to an oscillatory dependence of the detected 

echo amplitude as the applied magnetic field was varied, causing the rotation 

per unit length to change. An example of this oscillatory behavior is shown in 

tig.   31. For the measurement of c  and its dependence on applied fields, a 

superconducting solenoid capable of fields up to 60 kG was employed. (For the 

birefringence measurements, a conventional iron electromagnet capable of fields up 

to 18 kG was used.) For all measurements the specimen temperature was controlled 

within .05 K of the desired temperature through the use of a continuous-flow 

cryostat and conventional sensor-heater-feedback control system. 

2. Circular Magnetoacoustic Birefringence 

For the observation of circular birefringence, it is necessary that the 

elastic waves propagate along a crystallographic direction for which the two 

shear modes are normally degenerate in the absence of the magnetoelastic interactions. 

It is also necessary that there be a component of the magnetization, either 

spontaneous or induced, along the axis of propagation. Erbium is the only 

- ■ - - ■ 
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readily available rare-earth element for which these requirements can be 

conveniently met, in that all of its magnetic ordering phases (discussed in 

Section II, Part A) involve ordered magnetization components along the c-axis. 

The c-axis is, of course, the only axis in a hexagonal crystal for which the two 

shear modes are degenerate. Figures 31 and 32 show some of the results obtained 

in the attempt to measure circular birefringence in single-crystal erbium. 

j 

0 5 10 

AOOUED   MAGNETIC FIELD    nOc, 

Fig. 31 Oscillations in the amplitude of the n— shear-wave echo propagating 

along the c-axis of single-crystal Er. 

0        5 10        15 

APPLIED MAGNETIC FIELD (kO«) 

Fig. 32 Rotation of the plane of polarization of shear waves propagating along 

the c-axis in single-crystal erbium. 

 .._  
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Fig. 31 shows the oscillatory behavior of the echo amplitude as a function of 

the applied field for several temperatures. The maxima of the oscillations occur 

when the rotation of the plane of polarization is an integral multiple of », 

and the minima occur for odd half-integral multiples of ». From the data of 

Fig. 31, the curves of Fig. 32 were derived, giving the rotation per unit length 

of travel along the c-axis as a function of applied field for several temperatures 

in the so-called quasi antiphase domain region of erbium. 

The observed rotation of the plane of polarization for shear waves in erbium 

could only be measured for temperatures in this ordering range because fields 

only as high as 18 kG were available for these measurements. Higher fields are 

necessary to produce a substantial c-axis net magnetization component at higher 

temperatures. As a result, the analysis of the results is somewhat more complicated 

than would be the case of measurements in, for example, the paramagnetic 

temperature range. Nevertheless, the theoretical approach described in Section II 

has been employed, again in a very simplified form, for the interpretation of the 

birefringence results in terms of the fundamental magnetoelastic interactions. 

An estimate for the shear single-ion magnetoelastic coupling constant Be'2 

of 100 K per ion has been made, and this value is somewhat larger than the value 

for B2'  of 20 K per ion which can be estimated from the stati. magnetostriction 

results of Rhyne and Legvold35. An improved agreement between theory and experi- 

ment can probably be obtained when measurement at higher temperatures are carried 
out. 

3. Temperature Dependence of c  for Erbium 

The temperature dependence of c33 both in the absence of an ■K>Ii«4 

magnetic field and in a field of 30 kG along the c-axis is shown in Fig. 33. 

The principal behavior in zero field is the step-like behavior at the Neel 

point, 86 K and at the lower phase transition at 52 K. The magnitude of the step 

at TN is well understood, as discussed in Section III, Part A, where good agreement 

between theory and experiment was found when the magnitude of this 

step was calculated. The application of a field less than that required to induce 

a transition from the sinusoidally modulated c-axis orie.ad magnetization to 

ferromagnetic alignment has little effect on c33, but above the threshold for 

this field-induced AFM-FM transition, the field gives rise to a very large decrease 

in the value of c^. Because the state of the magnetization below T is not 
N 
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very well understood, it is difficult in this case to calculate the magnitude of 

the change in c33 due to the presence of the field. If, however, the ferromagnetic 

alignment is assumed to be complete just below TN in the presence of the large 

applied field, the theory discussed above leads to a predicted decrease in c 

Of 12 per cent, only slightly larger than the observed decrease, if the magneto- 

elastic single-ion coupling constants deduced from the results of Rhyne and 

Legvold3-' are used in the theory. The other elastic constants of erbium, which 

also exhibit significant zero-field anomalies, are only slightly affected by the 

application of magnetic fields up to 55 kG either parallel to or perpendicular to 

the c-axis. 

E- Holographic Interferometric Measur^rent of Magnetostriction in 

Rare-Earth-Iron compounds 

This section reports the results of the application of the relatively 

new technique of holographic interferometry to the measurement of the static 

magnetostriction of small single-crystal specimens of the very interesting 

cubic Laves-phase rare-earth-iron  compounds such as TbFe2. As previously mentioned, 

TbFe2 exhibits very large magnetostriction in polycrystalline form at room 

temperature21, and it also possesses a very large magnetic anisotropy36, although 

no single-crystal anisotropy measunaments have been reported. In the research 

program described here, we have been successful in growing small single-crystal 

specimens of two RFe2 materials, namely ErFe,, and a ternary compound, 

Er0.214Th0.e8eFe2-  Although these crystals were too small to permit the usual 

strain-gauge type of measurement of the magnetostriction, it was possible, 

using the technique of holographic interferometry, to measure the magnetostriction 

along various crystallographic directions for these materials, and, in conjunction, 

measurements of the magnetization were also made. 

1. Crystal Growth 

The crystals employed in this work were grown by electron-beam 

zone refining of polycrystalline material which had been previously arc melted 

from the appropriate proportions of high-purity specimens of the constituent 

components. In general, it was not possible to obtcin single-crystal specimens 

with any degree of repeatability, and the results presented here were obtained 

- -. -    __„  -■    
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with what were essentially randomly and accidentally grown small single-crystal 

grains extracted from a larger polycrystalline mass. Because of the peritectic 

behavior of most rare-earth-iron compounds, it will undoubtedly be difficult to 

obtain large single-crystal specimens grown under tightly controlled conditions, 

and so it was felt t^at It would be worthwhile to carry out several types of 

experimental measurement before attempting to grow better crystals. The details 

of the crystal-growing procedure are given elsewhere37. 

Because the compound ErFe2 appeared to be most appropriate for the growth 

of single crystals, this material was chosen initially as the subject of this 

investigation. However, the first lot of supposedly pure polycrystalline 

erbium which was used in the preparation of the polycrystalline ErFe actually 

contained a large percentage of terbium. As a result, the small single-crystal 

specimen which was obtained from this material was, in fact, a Tb-Er-Fe 

compound having, apparently, the same cubic Laves-phase structure as TbFe or 

ErFe2. The composition of this specimen was determined by the technique of 

electron-stimulated X-ray fluorescence, using an electron microprobe apparatus. 

The composition of the crystal actually used for magnetostriction and magnetization 

measurements was Ero,3i4Tbo.686Fe2' The starting Er-Tb mixture did not contain 

nearly as high a proportion of Tb as did the single-crystal specimen, but it 

may be that the observed Tb-Er ratio in the final crystal is the result of 

some degree of selectivity in the actual crystal-growth process.  A second 

lot of pure erbium was used in the preparation of a second single-crystal specimen, 

and its X-ray fluorescence analysis indicated that it was essentially pure 

ErFe2" Both crystals were irregularly shaped, with linear dimensiona ranging from 

one to four millimeters. 

2. Experimental Technique for Holographic Measurement of Magnetostriction 

Because it had been anticipated that only very small crystals of 

RFe2 compounds would be available, making the use of conventional methods for the 

measurement of magnetostriction difficult, if not impossible, a system was developed 

to permit the measurement of small deformations of small, irregularly shaped, 

bodies using the method of real-time holographic interferometry. Briefly, the 

method, which is described in considerable detail elsewhere  , may be described 

as follows. A hologram is ofrmed of the object whose deformation is to be 

investigated, using coherent light from and argon-ion laser. The hologram is then 

■■ _u I ■ -■ -■   ■■               - . .  .  1 „_!_,-_._.a. 
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subjected to the same light source as that used in its original .formation in 

such a way that the holographically reconstructed three-dimensional virtual image 

of the object coincides with the object itself. Now, when the object is displaced 

or deformed in any way, light reflected from its surface witll set up an inter- 

ference pattern with light from the holographice.lly reconstructed image of the 

original undeformed object. By careful measurements on the positions of the fringes 

which can be seen as a result of the interference pattern, it is possible to 

analyze all components of both the displacement and the strain of the object. 

In the present application, the object to be studied with holographic 

interferometry is the magnetostrictive RFe. single-crystal specimen, which is 

located between the poles of an electromagnet. A hologram is first formed in the 

absence of an applied magnetic field, and its reconstructed image is superimposed 

upon the object, resulting in a fringeless interference pattern. The magnetic 

field is then increased, giving rise to magnetostrictive deformation of the 

RFe2 crystal and producing a pattern of light and dark interference fringes. 

Analysis of the positions of these fringes then permits a complete determination 

of all the modes of magnetostrictive strain in the specimen. The emails of 
37 the analysis are quite complicated, and they are given in great detail elsewhere  . 

Measurements were also made on the specimen magnetization using a conventional 

Foner -'ibrating-sample magnetometer constructed in this laboratory 

3. Experimental Results 

L 

The static room-temperature magnetostriction of the two single-crystal 

specimens along various crystallographic axes are depicted on Figs. 34 and 35. The 

magnetization data are shown in Figs. 36 and 37. Although these data are only 

preliminary, they reveal quite interesting features. Consider first the case of 

ErFe_. The magnetization curves are quite similar to those given by Clark and 
36 

Belson , as expected, showing a high degree of saturation for magnetization along 

the [111] direction both in the case of the magnetization and the magnetostriction. 

The magnetostriction is not very large, amounting to at most a few hundred parts 

per million, although even this valuf is considerably larger than that of most 

iron-group materials. For the Er-Tb-Fe ternary crystal, again the [111] direction is 

the easy axis, but the anisotropy is apparently much stronger. What is really 

interesting is the magnitude of the magnetostriction, which, for the [111] direction 
-6 

has a saturation value of X = 5000 x 10 , as large as that of m^ny pure rare 

i*— m  ^ 
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earths at low temperature. This value is also much greater than that of polycrysta- 
21 6 

lline TbFe2 as reported by Clark and Belson  (approximately 2000 x 10 ). Since 

terbium and erbium are expected to contribute to the total magnetostriction with 

opposite signs, this large value for the ternary crystal is surprising. 

These results are quite preliminary, and they have not been fully analyzed. 

They are presented here as an example of interesting and new results which 

will probably not be extended or further analyzed because of total lack of funding 

for this entire line of research. 

aoor 
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Fig.   33 Temperature dependence of  the elastic  constant c      of "single-crystal 

erbium in zero applied field and  in a 30-kG c-axis  field. 
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Fig. 34 Magnetostriction of Single-Crystal ErFe at room temperature 
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Fig. 35 Magnetostriction of single-crystal Er    Tb    Fe at 
0.314  0.686  2 

room temperature. 
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Fig. 36 Magnetization of ErFe at room temperature. 
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Fig. 37 Room temperature magnetization of Er    Tb    Pe 
0.314  0.686  2 

IV. CONCLUSION 

This report has presented a number of aspects of the dynamical magnetoelastic 

properties of rare-earth materials. It will be noted by the careful reader that 

in most cases the work is presented in a preliminary or incomplete state. This 

situation is somewhat unfortunate, but it represents the state of affairs a.t the 

time support for this program was terminated. In this program it was necessary 

to carry out a great Mount of preliminary work before results began to come in. 

During the last year of the project, as can be seen, there were numerous projects 

in operation, all of which were left with much work remaining to be finished when 

funds for the support of this work were terminated. It will, of course, be possi- 

ble to carry on with the analysis of many of these results without financial 

support, but it will be quite some time before all these results are completely 

analyzed and a final attempt is made to arrive at a complete and coherent picture 

of dynamic magnetoelastic interactions in rare-earth materials. 
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APPENDIX I DEFINITION OF IRREDUCIBLE-TENSOR ANGULAR-MOMENTUM OPERATORS 

Since the original introduction by Stevens of the so-called operator 

equivalents for dealing with problems of crystal fields interacting with magnetic 

ions in crystal lattices, there have been several conventions for the definition 

and normalization of these operators, with a certain degree of resulting con- 

fusion in the literature. What is proposed here is a simple definition of these 

operators and a definition which is not only easy to remember but which makes the 

computation of matrix elements of these operators quite simple. The definitions which 
38 follow were inspired by a book of Watanabe 

We shall define a set of irreducible-tensor angular-momentum operators 

of rank £ as J. , where m takes on integral values from -£ to +Z.   In order to 

arrive at a consistent set of operators which can be easily derived at any time, 
a 

we define the operator J in the following way: 

Jil = ("1) J+     ' J+ = 
J
x 

+ iJy (AI-1) 

We then find the remaining operators of this rank by using the basic commutation 

relations obeyed by any set of irreducible-tensor operators: 

[ J_ , J^ J = / MUD - m(m-l)  JJJ
m~1) (AI-2) 

With this definition convention, all angular-momentum operators can readily 

be derived and their matrix elements can easily be evaluated. As an example of 

the application of the convention, consider: 

aJ=-J+  ; J°= (2)1/2J  ;  J-l-J 
1      +      i Z      1      - 

■ 

J2 B J+       '   J2 = "J+(2Jz *  1)   ;   J2 =   (2/V1/2W2
z - J(J+1)) 

-2 2 -1 
J.     = J        ;   J.  = J   (2J     -  1) * - z        -      z 

The real beauty of this definition becomes apparent when numerical computations 

.?ust be made, since, if a matrix-oriented computer language such as APL is available, 

the matrices for all desired irreducible-tensor operators can be obtained with 
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great ease. The principal advantage in using the definition given here is that 

it can be remembered easily, and with its use there should never be any uncertainty 

about the definition or normalization of these operators. 

In addition to the basic irreducible tensor operators, which are, of course, 

given for spherical irreducible representations, it is often necessary to use 

operators which belong to irreducible representations of lower symmetry. In most 

cases the following set of Hermitian operators will be useful: 

Examples are: 

Jn = Jx '' Jii = Jy '• Jio = J2 
(2)1/2 

J
22 = Jx - Jy '• J21 = [JxJz + JZ

Jx] ' etC- 

APPENDIX II IRREDUCIBLE-TENSOR STRAIN COMPONENTS FOR HEXAGONAL SYMMETRY 

The simplest choice for the second-rank irreducible-tensor strain 

components for hexagonal symmetry would appear to be the following: 

e0'0 - «  + e  + e  ,  e0'2 = 3e  - e"'0; 
xx   yy   zz zz      ' 

Y Y E £ e-r =e  ~e  ;e_ = e  +e  ;e=e  +e  :e=e  +e 
1   3«   yy   2   xy   yx '  1   xz   zx ' e2   yz   zy 

Using other definitijns with various multiplicative factors,both rational and 

irrational, which stem to vary from one author to another, seems to cause 

confusion and makes it much more difficult to follow through calculations 

made by different authors. It would appear to be to the advantage of all new 

workers entering fields where these irreducible-tensor components must be used 

frequently to standardize the definition, and, in the interests of simplicity, 

to make such a standard definition as free from confusing factors as possible. 

Some authors may argus that the multiplicative factors which they happened to use 

in their definitions of these tensor quantities arise naturally, but there seems 

to be ho evidence to support such a contencion. 
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