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This review summarizes the results of studies of anisotropic magnetostriction in rare-earth and actinide
magnetics. Experimental data are given on the magnetostrictive constants in the rare-earth metals, alloys,
intermetallic compounds, garnet ferrites, various uranium compounds, etc. The nature of the giant

magnetostriction observed in compounds of the rare earths and actinides is analyzed. This magnetostriction is
shown in most cases to have a single-ion origin, and to be due to interaction of the orbital moment of the rare-
earth {or actinide) ion with the crystal field of the lattice. The influence is discussed of the magnetoelastic
interaction on the physical properties {(magnetic anisotropy, elastic modulus, etc.) of rare-earth and actinide

magnetics. The parameters of intermetallic compounds showing giant magnetostriction in the room-
temperature region and the possibilities of technical application are discussed.
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1. INTRODUCTION

The phenomenon of magnetostriction (change of di-
mensions of a magnetic material upon changing its
magnetic state) was discovered by Joule more than 130
years ago.! Nevertheless it is attracting the attention
of investigators up to the present. Primarily this in-
volves the fact that magnetostriction governs not only
the energy of magnetic anisotropy, but also the course
of the technical magnetization curve (owing to the ap-
pearance of magnetoelastic anisotropy). In seeking new
magnetic materials, one must have information on the
magnetostrictive constants, as well as the magnetic an-
isotropy constants.?

Spontaneous magnetostriction, i.e., magnetostrictive
deformation caused by a change in the magnetic state of
an object upon cooling or heating, gives rise to bulk and
and elastic anomalies (“invar” and “elinvar” proper-
ties).%*

Moreover, the features of the course of magnetic
phase transitions at Curie and Néel points depend on
the character of the manifestation of spontaneous mag-
netostriction. First-order transitions arise at the Cu-
rie point under the influence of a large spontaneous
magnetostriction instead of the usual second-order
transitions.> ® Moreover, in a number of materials
spontaneous magnetostriction gives rise to a special
type of magnetic phase transitions—magnetoorienta-
tional.”
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Finally, studies of magnetostriction undoubtedly are
of applied interest, since they offer a physical basis
for designing sound generators,® contactors, and trans-
lation drives in automation and optoelectronic systems.

For a long time magnetostriction was studied in met-
als, alloys, and compounds based on the iron-group
elements. The relative elongation A= al/[ in the tech-
nical saturation fields for polycrystalline specimens of
iron and nickel at low temperatures and room tempera-
ture is small;: (25-35) X107, Somewhat larger values
of the magnetostriction are observed in single crystals
of these metals. In cobalt and its alloys (e.g., in per-
mendur) and in cobalt ferrite, the magnetostriction is
considerably larger, but as a rule it does not exceed
10™,

It was first established in 1961%1° that the magneto-
striction in the rare-earth metals terbium and dyspro-
sium and also in their alloys and compounds at low
temperatures exceeds the magnetostriction of metals
and alloys based on the iron-group elements by factors
of tens, hundreds, and in some cases thousands. It has
been subsequently shown that the phenomenon of giant
magnetostriction is observed in other rare-earth met-

~als and their compounds, and also in a number of ura-

nium and other actinide magnetic materials,*!»*?

This review presents the results of experimental
study of giant magnetostriction in various magnetic ma-
terials, analyzes the nature of this phenomenon and its
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connection with the electronic structure of the rare-
earth or actinide ion, examines the effect of giant mag-
netostriction on other properties of magnetic materials,
and discusses the possible applications of giant mag-
netostriction in technology.

2. ON A PHENOMENOLOGICAL DESCRIPTION OF
MAGNETOSTRICTION

The phenomenon of magnetostriction manifests the
dependence of the magnetic and exchange interactions
on the interatomic distances. The microscopic theory
of magnetostriction has been sufficiently developed
up to now; the existing theories are mainly phenomeno-
logical in nature.

Field-induced magnetostriction has been studied in
greatest detail. This magnetostriction has several
sources.

First there is the magnetostriction caused by the ro-
tation of the magnetization vectors with respect to the
crystal axes when the field direction does not coincide
with the axis of easy magnetization of the crystal. Sec-
ond there is the magnetostriction of a paraprocess,
which arises from a change in the value of the spontan-
eous magnetization in fields above that for technical
saturation.® In most materials the magnetostriction of
a paraprocess is small and isotropic in nature. In the
rare-earth metals and their alloys, it is considerable
in magnitude and is anisotropic. One can also single
out magnetostriction caused by processes of domain-
boundary displacement and magnetostriction caused by
the magnetostatic interaction and associated with the
shape of the specimen.

The relationships of magnetostrictive deformations
to the direction of measurement and the orientation of
the magnetization in crystals can be derived phenomen-
ologically on the basis of the crystallographic sym-
metry. Without stopping to derive these formulas (see,
e.g., Ref. 13), we shall present them for the crystal
structures most frequently encountered in rare-earth
compounds—hexagonal and cubic. If we restrict the ex-
pansion of the magnetoelastic component of the Hamil-
tonian in harmonic polynomials to terms quadratic in
the direction cosines of the magnetization vector o,
then the magnetostrictive deformation of a hexagonal
crystal in the direction fixed by the direction cosines is
described by the relationship

s (B ) OB (B D) (i ) 42 (o L)

S [% (B — B3 (@ — ) 4 2Baf, ey | 42022 (Brr, +By2,) Buczs.
(1)

The first two terms in Eq. (1) do not depend on the di-
rection of the magnetization, and vary only when its
magnitude is changed. Here A} ° determines the de-
formation in the basal plane of the crystal, and A2:° the
deformation along the hexagonal axis. The remaining
terms characterize the anisotropic magnetostriction,
which involves the change in the orientation of the mag-
netization. The constants A¥'? and A2 describe the
change in the volume and the change in the ratio ¢/a of
the lattice parameters in the hexagonal structure while
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preserving the hexagonal symmetry; A" represents the
distortion of circular symmetry of the basal plane upon
rotation the magnetization vector in this plane; and-A%?
characterizes the distortion of the right angle between
the direction of the hexagonal axis and the basal plane,

The magnetostriction of cubic crystals is given by the

formula

A=t Ane2 (B2l + ofl— )

3

280 (axayﬁxﬁy + ayazﬁy‘sz + ax"-zﬁxﬁz)' (2)

Here X, is the isotropic magnetostriction, which does
not depend on the direction of magnetization, while A”+?
and X'2 are the anisotropic magnetostriction (2”2 char~
acterizes tetragonal distortions, and A*'? rhombohedral
distortions of the cubic structure). Instead of A”*? and
A%+2 one often uses the magnetostrictive constants 1,
and 1;,; they are related by the equations: A2

= (372020, X72= (37200 ,,.

One can describe the magnetostriction of a polycrys-
tal by averaging Eqgs. (1) and (2) over the different
crystallographic directions. For example, for the lon-
gitudinal magnetostriction of an elastically isotropic
polycrystalline cubic ferromagnetic we have!3.!*

hom R0+ 3hyy0)- (3)

3. RARE-EARTH AND ACTINIDE MAGNETICS WITH
GIANT MAGNETOSTRICTION

a) Rare-earth metals and alloys

Table I presents the results of measuring the mag-
netostriction in polycrystalline specimens of the heavy
rare-earth metals and the values of the magnetostric-
tion of nickel, iron, and cobalt. We see that the mag-
netostriction of the rare-earth metals exceeds that of
iron and nickel by factors of 30-50.

The magnetostriction of single crystals of rare-earth
has been studied in Refs. 15-27. Table II gives the
values of the magnetostrictive constants of rare-earth
metal single crystals., We see that the anisotropic
magnetostriction of rare-earth metals is very large.
Especially large values (~1072) are attained by the mag-
netostriction (A¢*3) of Th, Dy, and Er along the hexa-
gonal axis. It exceeds the longitudinal magnetostriction
of iron and nickel crystals several hundredfold. The

TABLE I. Longitudinal
magnetostriction of poly-
crystalline specimens of
certain rare-earth metals
and d-metals.

Temperature, .
Metal | A, - 10| of measure- Refer-
ences
ments, K
Tb 1230 78 12
Dy 1400 78 9, 10
Fe —10 300 11
Co —71.4 300 11
Ni —35 300 14
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TABLE II. Magnetostrictive constants
of heavy rare-earth metals at 4.2 K.

Magneto-
strictive Gd Tb Dy Ho Er
constants

A 0408043 26{—4 2727 6.1 23
AG 0.103 7.6129 13.427 1q2a
AEr 2.408] 0.16226|~14.623| —14 28

A% 2.108]-0.092¢] 2118 219
23_6‘_’5

A, 24109 8.720 |—23m [-84%
AS 2.108 5.3 2;

dependence of the magnetostriction of a single crystal
of Th on a magnetic field applied along different crys-
tallographic directions is shown in Fig. 1. In a field
applied in the basal plane, the magnetostriction
reaches saturation relatively rapidly, whereas ina
field applied along the hexagonal axis, the isotherms
of A(H) show no saturation up to fields ~150 kQe. This
involves the large value of the anisotropy field of Tb
along the hexagonal axis (~500 kOe).'®

In the paramagnetic state the rare-earth metals pos-
sess a magnetostriction that, in a field H#>100 kQe, ex-
ceeds the magnetostriction of such ferromagnetics as
nickel and iron? (Table III).

Large magnetostrictive changes in the dimensions of
rare-earth metals and their alloys arise not only under
the action of a field, but also of the temperature. Spon-
taneous magnetostriction leads to anomalies of thermal
expansion (invar effects), which arise both in the basal
plane and along the hexagonal axis ¢ below the tempera-
ture of magnetic ordering. In the heavy rare-earth
metals and their alloys one observes a paramagnet-an-
tiferromagnet magnetic transition at the point 8, and an
antiferromagnet-ferromagnet transition at the point 6,.
In the temperature range from 6, to 6, these alloys have

5 E |’

A0 7
7abg
1615
180.5

1500 1
291

000
226
743
265
292

Basal plane
750 A, kOe
a10° 71K
c axis 128
4000+ ’ "2
| 779
3000 57
213
2000 228
245
257
17000 |- /
B S
4 &0 700 750 #,kOe
FIG. 1. Field-dependence of the longitudinal magnetostriction

of a terbium single crystal.
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TABLE III. Longitudi-
nal magnetostriction of
rare-earth metals in
the paramagnetic region
in 2 144-kOe field at
300 K%,

Metal |ay-108 | Metal Ay 108

Th 600 § Ho 170
Dy 400 Er —50

a helicoidal antiferromagnetic structure. At a value of
the magnetic field exceeding a certain critical value
H,, the helical antiferromagnetic structure breaks
down.'* Therefore such a field substantially alters the
magnitude and character of the temperature-dependence
of the thermal expansion, This effect is illustrated in
Fig. 2, which shows® the curves for the temperature-
dependence of the thermal expansion of crystals of Th-
Y alloys along the axis of easy magnetization (here this
is the b axis in the basal plane) in a magnetic field
=55 kOe, which exceeds H_ . and is directed along the
b axis, and in zero field. The dotted lines in Fig. 2 are
the phonon contributions to the thermal expansion. We
see that curve [ for the alloy Tb, ,,Y, 4, is mainly gov-
erned by the phonon contribution, since this alloy does
not show magnetic ordering. For the rest of the al-
loys, owing to the imposition of a large spontaneous
magnetostriction, the thermal expansion below the
temperature of magnetic ordering has sharp anomalies
in the temperature-dependence. The thermal expansion
changes sharply when H>H_, often with sign change.
Thus, one can “control” the thermal expansion here by
using a magnetic field, i.e., by using the invar proper-
ties of the alloys.

Alggs]

2000

7000.

~1000F.

2000

~3000

FIG. 2. Thermal expansion of single crystals of Tb-Y alloys
along the b axis. The field H=55 kOe lies along the b axis;
the dotted lines are the phonon contributions to the thermal ex-
pansion.

Tby 1o¥g.00° 1 — H> Hermax andH=0;
Thy 50 ¥g,50° £ — H> Her maxs 83— H = 0;
Thouyoa7"_H>Hcrmax §—H=10
Thy, ssaYuns 6§ — H>Her maxs 7—H=01
Thysr Yang® & — H> Hep may: 99— =0,
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TABLE IV. Magnetostriction of RFe,-type intermetallic
compounds,
(IR e 300 K
Compound Refer-
a1 166 | Aggo- 105 | Apyp-106 { Ay00- 108 ‘x:)-tos ences
SmFe, — — —2300 —1560 | 96 %
ThFe, 4400 2500 — 1753 3¢, 37
DyJe, —160 — 0 433 38, 37
HoFe, 776 | —745 200 | —67 85 [ 10, ™
ErfFe, —1850 —280 —229 39, 87
Tule, 3620 — —210 —123 | 1,97
*) Ae=(2/3) (b, —A,) at 25 kOe. |

The effect of magnetic ordering on the crystal struc-
ture and lattice parameters of rare-earth metals has
been studied by the x-ray method by Finkel’ and his
associates.*° )

b) Intermetallic compounds of the rare earths

1t has been shown® that the intermetallic compounds
of the type RFe, with a cubic crystal structure show
giant magnetostriction, both at low temperatures and
at room temperature. Table IV gives the values of the
magnetostrictive constants of mono- and polycrystal-
line specimens of these compounds. The magneto-
striction of TbFe, is especially large; here the domi-
nant contribution to the magnetostriction of the poly-
crystal comes from the constant X, ; the constant i,
is almost two orders of magnitude smaller.

Large magnetostriction is also observed in other
compounds of the type RM,, where M =Co, Mn, Al, Ni
(Table V).

The spontaneous magnetostriction of these compounds
causes distortions of the cubic structure to arise below
the temperature of magnetic ordering. This is quite
visible in Fig. 3, which shows the temperature-depen-
dences of the crystal-structure parameters of the com-
pounds TbCo, and DyCo,. For TbCo, the axis of easy
magnetization is the (111) direction. In this case the
distortions are rhombohedral: below the Curie temper-
ature the angle between two adjacent cube edges « dif-
fers from 7/2. The formula (2) for the magnetostric-
tion of a cubic crystal implies that: A, =e=(7/2)- a
(in radians).

For DyCo, the axis of easy magnetization is parallel
to (100). In this case tetragonal distortions arise,

FIG. 3. Temperature-dependence of the crystal-structure pa-
rameters of the intermetallic compounds DyCo, (a) and ThCo,
(b). The dots and the solid lines are the experimental data;
the dotted lines are the phonon contribution to the lattice pa-
rameter,

which involve the magnetostrictive constant x ,,, with
A1g0=(2/3) [(c/a) ~1].

c) Garnet ferrites

The discovery of giant magnetostriction in the metals
of the rare-earth group allowed one to assume the exis-
tence of analogous effects in the oxides and other di-
electric compounds containing rare-earth ions. This
hypothesis was first confirmed experimentally upon
studying the magnetostriction of polycrystalline garnet
ferrites (R,Fe,0O,,, where R is a rare-~earth ion) in the
region of liquid-helium temperatures.*® Subsequently
giant magnetostrictive effects have been observed in
monocrystalline specimens of these garnets**™ and in
substituted compositions of the rare-earth garnet fer-
rites.*® Table VI shows the results of measuring the
magnetostriction in a set of garnet ferrite single crys-
tals. Attention is called to the magnetostrictive defor-
mation of the Th;Fe O,, crystal. The value of 4, in
this compound is positive and considerably exceeds 107
at 4.2 K. The magnetostriction of this garnet owes its
gigantic value to the rare-earth ion Tb*. Therefore,
even vanishingly small admixtures of terbium to yttri-
um iron garnet, whose magnetostriction is negative and
amounts to ~10™ (see Table VI), alter not only the
magnitude, but also the sign of X in this ferrite. This
effect has been observed experimentally.*®

One of the features of the magnetic properties of the
rare-earth ferrite garnets is that their magnetization
increases considerably at temperatures below 100 K.
Therefore, the largest values of magnetostrictive de-
formation in R;Fe,O,, compounds are attained at the

TABLE VI. Magnetostriction of single crystals of ferrite
garnets,
TABLE V. Magnetostriction of RM,-type intermetallic com- haop- 100 ryps- 108
pounds at 4.2 K., Garnet Refer
P2 K ’ K 42K 8 K ences
Refer- . Refer-
Compound | A1gy-108 | Agop- 109 cr:;ch Compound | ‘2111-108 | Ag00-108 Lni:: Y,Fe,0,, 1 4 —1.0 5,95 3.6 36
Smyte,0y, — 150 — —183 15
NdAl — | —1000 [ * | HoNi, — | —1w00 | FuafesOre (51 ol Taa S A
Gdal, — * 32 [ ErNi, — ") 3 Gdgte; 0y, =74 4.4 —41 47|
ThAl, 3000 — % | Eheo 400 1 o0 bt Hogt'e,0,, — G5 —82.2 | —632 —56.3 | 13,
DyAl, — —2500 - y o, 6o | T390 p Tb;Fe; 0, 1270 - 67 -+ 2460 ~-560 43,46
ThMn, 2000 — ? HoCo, 2 —22 oy DBy;Fe;0y, —1400%) | —254 550 %) | —145 1,46
TbNi, 1600 — s ErCo, —2500 - Eryle;0,, — 10.7 — —19.4 15
DyNi, — —1300 3 Tm,Fe,0p, — -1-25 — —31.2 1%
*Value of the magnetostriction is less than 1074, *Extrapolation to 0 K.
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FIG. 4. Temperature-dependence of the magnetostriction of a
single crystal of terbium iron garnet ThyFe;O;, along the direc-
tions (111) and {100) according to the data of Refs. 43 (1},

46 (2), and 50 (3).

temperature of liquid helium. Figure 4 shows as an
example the temperature-dependence of the constants
Aj00 and A, of Tb;Fe 0,, as measured by different
methods.** %% We see that A(,, increases sharply with
decreasing temperature, to reach the value 2420 x10™®
at 4.2 K.

d) Compounds of the actinides

It has been established® ™2 that a number of ferro-
magnetic compounds of uranium having cubic and hexa-
gonal structures possess very large magnetostrictions
(Table VII). Magnetostriction in the uranium com-
pounds can be measured without difficulty by x-ray dif-
fraction. It is determined from the rhombohedral (or
tetragonal) distortions of the hexagonal laftice. Figure
5 shows the data of measurements of the magnetostric-
tive constant A;;, of the compound U,P,. The values ob-
tained from measurements of the magnetostrictive de-
formations in a field coincide within the limits of error
with the results of the x-ray measurements.

Table VIII presents the results of x-ray measure-
ments of the anisotropic magnetostriction of the inter-
metallides of neptunium and plutonium.’*"® We see that
the magnetostriction in the actinide compounds reaches
enormous values, in some cases even larger than in
the rare-earth magnetics.

Interestingly, as x-ray studies have shown, magneto-
elastic deformations of the structure are observed in
actinide antiferromagnetic compounds only in cases in
which the number of ferromagnetic interactions of the
ion with its nearest neighbors exceeds the number of
antiferromagnetic interactions. For example, if the
antiferromagnetic ordering follows the type +++— — ~

’

TABLE VII, Magnetostriction of uranium compounds at 4.2 K.
Tempera- Tempera-
Com- | Crystal [tureof A1es . 108| Refer f{{Com- [ Crystal ( ture of o | Refer-
pound | structurc | magnetic |ra11- 0% ences pound | structure | magnetic Mag- 1080 oo ces
ordering, ordering,
1K
UyP, | ThyP, 138 1330 [51, 5% [uN [ Nacl 87 [—34r0 {57, 5
U,As, | Toditto 198 1140 83 [JUFe, | MgCu, 171 3000
us NaCl 178 7000 | 57, %8 {|UGa, | AlB, 125 4000 *)| %°
USe | Toditto| 160 5400 | 57, 58 (hexag.)

YA 2
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FIG. 5. Temperature-dependence of the magnetostrictive con-
stant X;(; of the compound U;P,. 1-—data from x-ray measure-
ments; 2—data from measurements of magnetostriction in a
field.

one observes considerable magnetoelastic distortions

of the crystal structure, while if the antiferromagnetic
structure has the form + - + -, the magnetostriction is
small. The reason for this hasn’t been finally clarified
at present. Perhaps this phenomenon involves the fact
that the structures in many actinide antiferromagnetics
are noncollinear (the so-called multi-£ structures®?).

e) Paramagnetic compounds of the rare earths

In the metals and compounds of the transition d-ele-
ments existing in the paramagnetic state, the magneto-
striction generally does not exceed the value of 107
even in magnetic fields up to 100 kQe.%® We should ex-
pect even smaller values of A in the diamagnetic met-
als and alloys. However, there are exceptions: e.g.,
the longitudinal magnetostriction of a single crystal of
Bi in a direction perpendicular to the trigonal axis at
78 K, according to the measurements of P, L. Kapitza,
reaches 30 X10°% in a magnetic field of 250 kQe.®*

Yet the compounds of the rare-earth elements in the
paramagnetic state also show magnetostrictive defor-
mations comparable in magnitude with the magneto-
striction of the magnetically ordered materials.

Thus,® it has been established in measuring the mag-
netostriction of the paramagnetic gallates® R,Ga,0,,
and germanates® Sr,R,Ge,O,, with the garnet structure
that, at temperatures below 20 K, the magnetostriction
in a field ~30 kOe reaches values above 10™ (Fig. 6).

In the stated compounds the rare-earth ions occupy one
type of structural sites of the garnet-dodecahedral or
octahedral, and antiferromagnetic ordering arises in
them only below a temperature ~0.5 K.*" Just as in the
ferrite garnets, the magnetostriction of the gallates and

Belov et &/. 522




TABLE VIII. Magnetostriction of neptunium and plutonium com-
pounds at 4.2 K.
Tempera-
ture of
Com- | Crystal - ’ Refer-
magnetic Type of magnetic structure 2114108 | Ajop- 106 .
pound | structure ordering, ences
K
Pup NaCl 125 Ferro- — 2070 61
NpC ditto 300 | Antiferro- 1540 — 89
type 1 (T>220K)
Ferro- (T < 220 K)
Npl’ » » 130 | Antiferro- —-2800 9
type 1(T> 74 K)
typesiy___ (T<74K) -
NpAs »o» 175 | Antiferro- —530 %) »°
typettt___ (7> 140 K}
type 1 (T'< 140 K)
Nple, MgCu, ~500 Ferro- —8000 et
NpNi, ditto 32 Ferro- 2860 st
*At 140 K.

germanates increases sharply with decreasing temper-
ature, owing to the increase in the paramagnetic sus-
ceptibility.

At liquid-helium temperatures, magnetic fields of 30-
kOe intensity give rise to giant (for paramagnetics)
magnetostrictive deformations also in the tetragonal
crystals LiRF, (scheelite stricture), where R=Er, Tm,
Ho, or Th. According to the data of Ref. 68, the mag-
netostriction of a single crystal of LiErF, at 4.2 along
the (100) axis in a field of 30 kOe reaches 3 X107,

Here one observes a strong anisotropy of x: when
Hil (110), the magnetostriction of the same crystal de-
creases by almost an order of magnitude.

The magnetostriction of the double fluorides of the
rare earths gives rise to excitation in these paramag-
netic crystals of a distinctive magnetoacoustic echo
when acted on by an electromagnetic field pulse. This
effect has been observed experimentally by S. A.
Al’tshuler and his associates® in crystals of LiTbF,,
LiHoF,, and LiErF,.

Recently giant magnetostriction has been found in the
paramagnetic titanates of terbium Tb,Ti,0, and
Tb,Ti0,.”° The greatest value (5 X10™ in a 50-kOe

“A0% _
-A10° 424
300 /
200+ /;
150 /{ //

100

&0

FIG. 6.

ramagnetic garnet Ca;Dy,Ge;0;;.
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Magnetostriction of rare-earth garnets, gallates, and germanates.
k()e.66 l—SrsHozGeSOIZ, 2—’H03G35012, 3—Ca3DyZGe301z, 4—DY3G35012, 5—s!'3E!'2G83012; G—ErSGaﬁOiz.

field) is reached at 4.2 K in the magnetostriction of the
cubic compound Tb,Ti,0, having a pyrochlore-type
structure.

4. A THEORETICAL MODEL OF GIANT
MAGNETOSTRICTION

The relationship between the magnetostriction and the
magnetization of a crystal is given by the well known
thermodynamic relation

(%)pi=(%)li. (4)
Here I is the magnetization, and p, is the uniaxial
stress acting in the direction of measurement of the
magnetostriction. The magnetization ] depends on the
characteristics of the magnetic ions and their interac-
tions among themselves and with the crystal field. The
following sources of magnetostriction in a crystal are
distinguished:

1. “Exchange” magnetostriction, caused by the vari-
ation in the exchange energy upon deformations; it can
be isotropic or anisotropic, depending on the type of
material.

50 H,%Oe

(a) As a function of the temperatures in a field H=50
(b) Isotherms for the pa-
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2. Magnetostriction caused by the orbital-crystal
field and spin-orbital interactions; this magnetostric-
tion is essentially anisotropic and arises in the regions
of the magnetization curve where processes of rotation
and displacement of domain boundaries occur.

3. Magnetostriction arising from the energy of the
magnetic dipole interaction of the atoms; it is also an-
isotropic.

An essential point is that the rare-earth ions with un-
filled 4f shells show a considerable value of the spin-
orbital interaction. The splitting of the ground terms
having a given L and S into multiplets amounts to a val-
ue of the order of 10° cm™. Yet the interaction of the
rare-earth ions with the crystal field is smaller by one
or two orders of magnitude, so that the ground state of
a rare-earth ion is a state with a fixed principal quan-
tum number J (J is a “good” quantum number). Conse-
quently a feature of rare-earth magnetic materials is
that the generation of magnetic properties in them is
determined by the total mechanical angular momentum
J which includes both the spin angular momentum S and
the orbital angular momentum L. Thus, in contrast to
the magnetic materials of the iron group, the orbital
angular momentum in the rare earths is “not frozen”.

The configuration of the electron cloud of 4f electrons
responsible for the magnetism of rare-earth magnetic
materials is not spherical, but sharply anisotropic, and
is fixed by the total angular momentum J=L+ 8, If such
an ion is “transferred” into a crystal lattice, the shape
of the cloud is practically unaltered, since the spin-
orbital interaction of the 4f electrons is far greater
than the energy of the crystal field.

Rotation of the magnetic moment of a rare-earth ion
in an external magnetic field reorients the electron
cloud with respect to the crystalline environment.
Since here the repulsion between the substantially
asymmetric charge distribution of the given rare-earth
ion and the surrounding ions will increase in one direc-
tion and decrease in another, the energy of the crystal
will be minimized via deformation of the lattice. That
is, anisotropic single-ion magnetostriction arises. In
the case of a Gd* ion existing in the S state (L =0), the
effect of magnetostrictive deformation is small, since
the electron-density distribution of the 4/ cloud is
spherical here. This is confirmed by the experimental
results for metallic gadolinium and its compounds.

What we have said above implies that the giant mag-
netostriction in the rare-earth ferro- and ferrimagnet-
ics, and in the general case also in the paramagnetics,
arises because the electron-density distribution of the
47 shell of the rare-earth ions behaves in the lattice
like a “rigid”, anisotropic electron cloud. Hence a ro-
tation of the magnetic moment of the ion strongly de-
forms the crystal lattice.

The discussed model, which was initially developed
for dielectric magnetic materials,™ can also be applied
with a certain approximation for metallic rare-earth
magnetic materials, in which the localized 4f electrons
are screened from the action of the crystal field, by
the conduction electrons as well as the 5s® and 5p°
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shells. Here an anisotropic magnetostriction can arise
from two mechanisms;

1) orbital-crystal field interaction;

2) interaction of the cloud of conduction electrons
with the crystal field.

However, the latter contribution to the giant magneto-
striction of rare-earth metals is apparently small,
since the magnetostriction of the oxide compounds of
the rare earths, in which electric conductivity is prac-
tically absent, is just as large as in the rare-earth
metals and their alloys (see Table VI).

The theoretical analysis conducted by Tsuya, Clark,
and Bozorth™ gives the following expression for the
change in the potential of the electrostatic field of a
hexagonal crystal lattice upon deformation (in the point-
charge approximation):

BV (r) = (Bax + €,) (222 — 22 — ) WT* P e, (22—t ¥ Wi 2

(1 . T 2 2
T (T (Exxfeyy) (IZ_yZ) = E:g/‘zlyJ wY - (Eyzyz --FEZXIZ) we =,

(5)

Here x, y, and z are the coordinates of the point at
which the potential is being calculated, while the pa-
rameters of the interaction are:

Wi =L RPs,

Wit = SR Py J RGP, ©
% 15 P,

W 2 —6%1?631’2 a

24qe
7

Wwe 2 =3 RiSp, o B9 piip,

i

e e ——

Here ge is the charge of the ion (with ¢=3 for trivalent
rare-earth ions without allowance for screening), and
P, and P, are lattice sums:
P, =R} D4 Bai— RO RS, Po= R D) (3574 — 3024 K, — 3R Ry
" ’ (7
As one can easily show, the latter depend on the pa-
rameters of the hexagonal close-packed lattice, and
can be expressed in terms of the mean distance be-
tween adjacent atoms and of the deviation of this struc-
ture from an ideal hexagonal structure. Upon using the
equivalent Stevens operators, we can transform in the
expression for 6V from the coordinates (x, v, z) to the
components of the total angular momentum operator
(J.,dJ,,J,). Then we obtain the following expressions

xyYyr Yz
for the magnetoelastic interaction constants:

it 1= e,

~at (J—%) W% *rin,

(8)
BV xal (J——%) w2 rip, I}
)

B troal (J—%) W 2 rip.

Here {rZ,) is the mean square of the radius of the 4f
electron shell., The quantities W ? vary weakly on go-
ing from one rare-earth metal to another.

Thus, Ref. 72 implies that one can represent the
magnetostrictive constants of the rare-earth metals at
0 K in the form

Mo B Dy tad (41— oo, (9)
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TABLE IX. Relative values of the theoretical magnetoelastic con-

stant A7 at 0 K for the heavy rare-carth metals.

I:\d‘rrth J 0 e (J _ 1) ( B )”""",, ( x )'h“""{ 7-"'. 2 }CXP (g J)ﬁz‘p s
metal 2 Iy, )‘D,\' 2y, l“‘)ll‘ly cm”
o Y 1 1 - 3
b 6 — 959 - 1.04 067 —235
2 1 -
Dy 15;2 T -7 1.00 .00 —-350
.35 E
1 2 . R -
Tlo 8 153 - .38 0.28 — 07
4 2 -
) o/2 = = —. 37 —0, =-194
K B2 EEl E© 3 n44 ot
Tm 6 ‘Tlfl % —u.88 — —
- 2 1
Yb ;2 3 T —0.84 — —

The Stevens coefficient « characterizes the form of
the 41 electron cloud. In the series of rare-earth ele-
ments B changes sign: in Tb, Dy, and Ho the coeffi-
cient ais negative (the 4f cloud is oblate), while in Er,
Tm, and Yb it is positive, i.e., the 4f cloud is extended
along the direction of the magnetic moment. Corre-
spondingly the sign of A*'? changes in the series of
rare-earth metals on going from Ho to Er.

The estimates made for the rare-earth metals of the
magnetoelastic constants based on the theory of Ref. 72
exceed their experimental values by a factor of about
15. This involves the fact that the theory is rather
crude, since, it takes no account, first, of the screen-
ing of the ion core by the conduction electrons, and
second, of the band structure and features of the topol-
ogy of the Fermi surface of the rare-earth metals, on
which the redistribution of the conduction electrons
around the ion core depends as the crystal is deformed.
Nevertheless, as we see from Table IX, Eq. (9) quali-
tatively correctly predicts the sign change and the rela-
tive magnitudes of the magnetostrictive constants with
increasing atomic number of the heavy rare earths.

A theory of single-ion magnetostriction has been de-
veloped by Slonczewski’® for the cobalt ferrite spinels.
The explanation presented above for giant magneto-
striction is also based on a single-ion model. How-
ever, the latter takes into account the features of the
electronic structure of the rare-earth ions, in particu-
lar the fact that the spin-orbital interaction is much
larger in them than the interaction of the orbital angu-
lar momentum with the crystal field of the lattice (the
“rigid” electron-cloud model). This enables one to ex-
plain the physical nature of the giant magnetostrictive
deformations in rare-earth compounds possessing eith-
er dielectric or metallic properties.

The problem arises of how applicable the model of
single-ion anisotropic giant magnetostriction is for ac-
tinide magnetic materials. The point is that the 5f
electrons responsible for the magnetism of actinide
magnetic materials are less localized than the 4f elec-
trons in rare-earth magnetic materials. Hence these
electrons in the compounds of the actinides can be de-
localized and transfer to other ions, as indicated by the
changes in the magnetic moments of actinide atoms in
going from one compound to another. It has been found
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that the degree of delocalization of the 5f electrons is
determined by the distance between the actinide atoms.
Undoubtedly this situation should lead to a difference in
the magnetic properties of the two classes of magnetic
materials. In particular, it should give rise to a dif-
ference in the mechanisms of the exchange interaction.
On the other hand, the magnetic properties of actinide
magnetic materials resemble in many ways those of the
rare-earth magnetic materials. Above all, the simi-
larity is manifested in the fact that both possess enor-
mous values of the magnetic-anisotropy energy and of
the magnetostriction. This is explained by the fact
that, although the 5f shell lies closer to the periphery
of the atom than the unfilled 4f shell in the rare earths,
nevertheless the orbital angular momentum of the acti-
nides exists in an “unfrozen” or “partially frozen”
state, and their 5f electron cloud also has a nonspheri-
cal, anisotropic configuration, which gives rise in the
actinide magnetic materials to giant anisotropic mag-
netostriction.

The development of a microscopic theory of magneto-
striction would enable one to calculate the magneto-
strictive constants from the microscopic parameters
of the magnetic ions and the crystal and electronic
structure. This faces considerable difficulties at pres-
ent that involve the correct allowance for the changes
in the crystal electrostatic field caused by deformation
of the ion framework of the lattice and the redistribu-
tion of the conduction electrons upon deformation.
Therefore a phenomenological method™~"® acquires
great importance that is based on taking into account
the different forms of interactions in a magnetic ma-
terial and on employing the symmetry properties of the
magnetic crystals.

At present the magnetostriction of rare-earth mag-
netic materials is analyzed in most experimental stud-
ies on the basis of the theory developed by E. Callen
and H. Callen,”"® in which the phenomenological ap-
proach is supplemented with a number of model con-
structs. In this theory one uses a Hamiltonian that in-
cludes the energy of isotropic and anisotropic ex-
change, the magnetic energy in the external field, and
the Dzyaloshinski‘i' interaction energy. The magneto-
elastic interaction and the magnetic-anisotropy energy
of the undeformed lattice are assumed small, whereby
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one can treat them by using perturbation theory. The
elastic energy is taken into account in the classical
form. By using group theory while allowing for the
symmetry requirements of the crystal, one can find the
elastic component, as well as the magnetoelastic sin-
gle-ion and two-ion components of the Hamiltonian.

By minimizing the free energy, one determines the
equilibrium deformations and shows that the magneto-
strictive deformation of a hexagonal crystal is de-
scribed by Eq. (1).

The magnetostrictive constants are the products of
the magnetoelastic constants and the spin correlation
functions, which govern the temperature- and field-de-
pendence of the magnetostriction:

03 [ 0= )
f. 8
A 0= SNDP (, 94+DF O, @1 e
Y LR
f
1 e, 2 1 pz. 2
+;.Zg[TD‘ (¢ =5 D8 (] Lios (10)
T T
!
+ S [S0r ¢ 0+D8 2 &)L
v Zzi?gB"' 2L,+/]2;Dv' z (f, &) Li, g

le,zsze,2Ll+Z De.2(fY g)Lj,g-
I 8

T

Here B7!(f) and D™ !(f,g) are the constants for single-
ion (interaction with the crystal field) and two-ion (ex-
change) magnetoelastic interactions, fand g are the in-
dices of the sites, §f and Qg are spin operators, and
Z',(T,H) is the two-ion isotropic spin-correlation func-
tion:

Ir.e (T, H)=($,8,; (11)

L, (T,H) is the two-ion longitudinal spin correlation
function:

Ly, (T, Hy={S}-Si—5 88 ; (12)
LAT,H) is the one-ion longitudinal spin correlation
function:

LT, H)= (S} — 5 S(S+1)). (13)

One can calculate the temperature- and field-depen-
dences of the magnetostrictive constants by calculating
the correlation functions on the basis of various physi-
cal models. For a broad class of theoretical methods
(molecular field, random-phase approximation, Green’s
functions), the means of the single-ion correlation
function are identical functions of the magnetization.
The following relationship has been derived’® for the
single-ion magnetostrictive constant of order I:

MEH ;o )l 14
T IH-%[Li(m,}] (14)

Here 7“1,2 is the reduced hyperbolic Bessel function:

Py I 4@
I ,(z): t+3

TEL s S (15)

1
k4
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while L™'(m) is the inverse Langevin function of the rel-
ative magnetization
mA(T, H):L(z)r_»ulka(vr) :.:cothz‘—%, (16)

In the paramagnetic region where m <1, we have for ]
=2:
AT, H) 3 4 ,m
%0, 0) =g m (T, H). (17
In the low-temperature region, the theory™ for the
harmonic magnetostrictive constants implies that
AT, H) i
o= (18)
This relationship had been established previously by
Kittel and Van Vleck’ and also by Turov and Mitsek.?®

In addition to the single-ion magnetocrystalline inter-
action, another possible mechanism responsible for
giant magnetostrictive deformations is the two-ion ex-
change interaction. According to Eq. (10), the latter
is included via the two-ion magnetoelastic interaction
constants and the two-ion spin correlation functions in
all the magnetostrictive constants. This interaction
not only differs along different crystallographic axes,
but in principle it can depend on the direction of the
magnetization vector, similarly to the single-ion mag-
netic anisotropy.

The longitudinal spin two-ion correlation function L, ,
varies as m?® almost throughout the entire temperature
range, apart from very low temperatures, where it is
proportional to »®. As regards the isotropic correla-
tion function 5 ,, it is proportional to m? in the ap-
proximation of molecular-field theory. However, one
must use more rigorous methods to calculate it near
the Curie point. In particular, the theory of clusters
and the random-phase approximation lead to substantial
refinements in the temperature-dependence of magneto-
striction.”®

5. STUDIES OF GIANT MAGNETOSTRICTION IN
RARE-EARTH ALLOYS AND COMPOUNDS

The experimental data characterizing the values of
the magnetoelastic contributions from the different in-
teractions to the giant magnetostriction of rare-earth
alloys and compounds are of great significance in de-
veloping a microscopic theory of magnetostriction.

One of the effective methods of determining the char-
acter of the magnetoelastic constants is to study the
composition-dependence of the magnetostriction of al-
loys and mixed compounds of the rare-earth metals. If
the magnetoelastic interaction is of single-ion type,
then we can treat the magnetoelastic energy of the alloy
as an additive sum of the magnetoelastic interactions of
the individual atoms. In this case the magnetostrictive
constants should depend linearly on the concentration of
the components of the alloy. Yet if the magnetoelastic
interaction is of exchange type, then it depends on the
number of pairs of interacting atoms, and hence the
magnetostrictive constants should vary quadratically
upon changing the concentrations of the components.
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Another way of elucidating the nature of magnetostric-
tion consists in analyzing the temperature-dependences
of the magnetostrictive constants.

In a single-ion model the temperature-dependence of
the magnetostrictive constant A™' can be represented by
Eq. (14), but in the low-temperature region (where the
relative magnetization is 1>m > 0.5) by Eq. (18). For
the second-order magnetostrictive constant (I =2) we
have A™!~m*.

At the same time, the exchange magnetostriction var-
ies with the temperature in the same way as the ex-
change energy, which is proportional to the square of
the magnetization over a broad temperature interval
below the Curie point, i.e.,

Adidn== ALk (0) m2 (19)

(deviations from this relationship for the exchange
magnetostrictive constants can arise near 0 K'%7778),

Consequently the study of magnetostriction as a func-
tion of the concentration and the magnetization, while
varying the temperature of the specimen, makes it
possible to single out the contributions to the magneto-
striction from the different interactions.

Let us examine in greater detail this method of sin-
gling out the different contributions to the magneto-
striction of the heavy rare-earth metals on the example
of the alloys Th-Gd, Dy-Gd, Dy-Y, and Tb-Y.

The experimental study of the magnetostriction of
these alloys®%»3%: 8178 hag shown it to be characterized
by a sharp anisotropy as a function of the directions of
measurement and of the magnetic field. The magneto-
striction is small in a magnetic field along the hexa-
gonal ¢ axis, which in these alloys is the axis of diffi-
cult magnetization, in the fields up to 40 kOe in which
the measurements were performed. This is because,
owing to the large uniaxial magnetic anisotropy in these
alloys,®® the magnetic moment deviates weakly from the
b axis, which lies in the basal plane of the hexagonal
crystal and is the axis of easy magnetization. If the
magnetic field is applied in the basal plane, the mag-
netostriction along the hexagonal ¢ axis also is small.

Giant magnetostriction in the ferromagnetic state is
observed in the heavy rare-earth metals and their al-
loys in a field applied in the basal plane while it is
measured along the a and b axes, which also lie in this
plane. Let us examine the latter case in greater detail.

Figure 7 shows the temperature-dependence of the
saturation magnetostriction a (b, c), A,(b,b), and
X,(a,b) of a single crystal of the alloy Th, ;Gd, ; (here-
inafter the first index in the parentheses denotes the
direction of the magnetic field, and the second index
the direction of measurement). We see that, in the
given alloy at 4.2 K, Ay(b, ) and A,(a, b) have an abso-
lute value greater than 1.5 X107 with A (b, 5)>0 and
A (a,b)<0. Thus, if the directions of the field and of
measurement in the basal plane coincide, the sign of
the magnetostriction is positive, while it is negative if
they do not coincide.

We can describe this experimental fact by a relation-
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FIG. 7. Temperature-dependences of the saturation magneto-
striction A, (,5) (1), i.e., with the direction of measurement
along b and the field along b, A, {a,b) (2), A, ,¢) (3), and also
the magnetostriction Ay (b, ¢) in a field H=14.5 kOe (4) for a
single crystal of the alloy Thy ;Gd ;.

ship that is a special case of Eq. (1). Actually, the
field-induced magnetostriction along the b axis of a
single-domain hexagonal crystal with H{| bl I, (H ex-
ceeds the saturation field) is

Aq (b, B) = &¥2 sin? @ (20)
When Hllall L, we have
Ly (a, D) = —An2cos? ¢, (21)

Here ¢ is the angle that the spontaneous-magnetization
vector in the single-domain crystal forms with the axis
of easy magnetization along the b axis.

Equation (15) implies that A,(h,b)=0 in a single-do-
main crystal with the axis of easy magnetization along
the b axis. The experimental observation that X (b, b)
#0 (Fig. 7) involves the existence of a domain struc-
ture in the crystal.

In hexagonal crystals having a plane of easy magneti-
zation there are three axes of easy magnetization and
six directions of the vectors of the magnetic moments
of domains. Therefore, for an identical volume of
these domains, the field-induced magnetostriction along
one of the b-type directions will be

6
A (b, B = N2> Esint g, (22)

Here ¢ runs through the values 60°». Hence we ob-
tain A (b,b) =(1/2)x7*2 as the saturation magnetostric-
tion for crystals that have multi-domain structure at
=0. Analogously we can find the saturation magneto-
striction of a multidomain crystal along the b axis when
the field is applied along the a axis: A({a,b)

= —(1/2)A"%, Hence, when A"’%>0, we have A (b, b)

>0 and A,a, b)<0, which agrees with experiment (see
Fig. 7).
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Nonidentical absolute values of A,(b,b) and x,(a,b) are
observed experimentally owing to the lack of a strict
statistical distribution of the domains in real crystals
over the six equally probable orientations of the mag-
netization. This can be caused by even slight defects
and internal stresses in the crystals that arise in
growing and processing them.

To answer the question of the nature of the field-in-
duced giant magnetostriction x(5,b) and A(a,b) in the
basal plane, let us examine the concentration- and
temperature-dependence of the magnetostrictive con-
stant A”*%, The latter does not depend here on the in-
itial domain distribution, and involves the orthorhom-
bic distortions in the basal plane:

AV = A (B, b) — Agla, B). (23)

The interpretation of the results in the alloys of the
heavy rare-earth metals with gadolinium and yttrium
is considerably facilitated by taking into account the
fact that the magnetostriction of gadolinium is consid-
erably smaller (by an order of magnitude) than in the
other rare earths, while yttrium is a Pauli paramag-
netic. Hence, we can neglect the contribution of the
Gd and Y ions to the magnetostriction.

Figure 8 shows the composition-dependence of the
magnetostrictive constants x7*2/(0) in terbium-gado-
linium and dysprosium-gadolinium alloys.?>* We see
that one observes a linear increase in the magneto-
strictive constant A”+*0) within the limits of error with
increasing content of dysprosium or terbium in the al-
loy. As we have noted above, this indicates a single-
ion type of magnetostriction. Thus the measurements
imply that the magnetostriction of the alloys of gado-
Iinium with the heavy rare earths is mainly single-
ion, and stems from the interaction of the anisotropic
charge cloud of the 4f electrons of dysprosium (or
terbium) with the crystal field of the lattice.

Figure 9 shows the dependence of the magnetostric-
tive constants 1”2 of dysprosium-gadolinium alloys on
the reduced temperature 7/6, (8, is the temperature
of magnetic ordering of the alloy). The theoretical
M ¥T) relationships are drawn there also for a single-
ion model of the magnetostriction according to Eq. (14).

We see that the experimental temperature-depen-
dences of the magnetostriction of dysprosium-gadolin-

Ar2.4g%

4 04 08 =

FIG. 8. Concentration~-dependence of the constant A"?% char-
acterizing the magnetostriction in the basal plane in the alloys
Dy,Gd,., (1) and Th,Gd,_, (2).
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FIG. 9. Temperature-dependences of the magnetostrictive
constants A% of Dy,Gd,., alloys. The symbols are the experi-
mental data: 1—x=0.046; 2—x=0,103; 3—x=0.183; 4—
x=0,296; 5=—x=0,378; 6—x=0.49; 7T—x=0.7; 8—x=1.0.
The solid lines are the theoretical dependences for the model
of single-ion magnetostriction.

ium alloys are described satisfactorily by the theoreti-
cal dependence for the model of single-ion anisotropy.

Figure 10 shows for the alloys Th,Y,_, and Tb,Gd,.,
the relationship of the normalized magnetostrictive con-
stant 7' % to the relative magnetization of the terbium
sublattice my,.” In the alloys Tb,Gd,.,, i, was found
by solving the molecular-field equations for the mag-
netization.?®

The solid line (curve 2) in Fig. 10 has been con-
structed according to the formula (14) for single-ion
magnetostriction. The dotted curve in Fig. 10 corre-
sponds to the relationship for the exchange mechanism

[Eq. (19)].

We see from Fig. 10 that the dependence of A" ? on the
magnetization in the given alloys is close to that ex-
pected for single-ion contributions [Eq. (15)]. This al-
lows us to conclude that the magnetostriction in the ba-
sal plane arises from the interaction of the orbital an-
gular momentum of the 4f subshell of the rare-earth ion
with the crystal field of the lattice.

AP A7)
10}
ok °7
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o~3
x~ 4
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FIG. 10. Dependence of the relative value of the magnetostric-
tive constant A”"2(T)/A\2 (0) on the relative magnetization mq,
for Tb,Gd., alloys for different values of x (1—x=0.09; 2—
0.20; 3—0.39; 4—0.50; 5—0.70; 6—0.94) and for Th,Y,.,
alloys (7——x=1; 8—0.91; 9—0.835; 10—0.50). Curve I has
been obtained by Eq. (19), and II by Eq. (14).
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FIG. 11, Isotherms of the magnetostriction A (,c) of a single
crystal of the alloy Thg g3 37.

In the antiferromagnetic alloys Tb-Y and Dy-Y one
observes, in addition to the magnetostriction in the ba-
sal plane, a different type of giant magnetostriction,
namely along the hexagonal axis, which accompanies
the breakdown of the antiferromagnetic helicoidal struc-
ture in these alloys in magnetic fields H>H_ .. When H
<H, it is small, but when H>H_ it increases sharply
and reaches values ~1073 in the low-temperature region.
This is implied by Fig. 11, which shows the isotherms
of the magnetostriction A(b,c) in a field H|| b along the
¢ axis for a single crystal of the alloy Tb, Y, ;. Ac-
cording to the neutron-diffraction®” and magnetic®® stud-
ies, a helicoidal magnetic structure exists in this alloy
below the antiferromagnetism-paramagnetism transi-
tion point &,.

We shall call the jump in the magnetostriction along
the ¢ axis at H=H__ the “helicoidal” magnetostriction
and denote it as A .. It turns out that A,  in the alloys
Tb-Y and Dy-Y is proportional to the square of the
magnetization at H=H_ over a broad temperature range
[Eq. (19)]. This is illustrated for the alloy Th, Y, 4
by Fig. 12, which also calls attention to the slower de-
cline of A, with increasing temperature than that of
AT 2,

As we have noted above, a proportionality of the mag-
netostrictive constants to the square of the magnetiza-

A-10° Ase°
3 15

-7l

FIG. 12. Temperature-dependences of the saturation mag-
netostriction of the alloy Thy ¢3Yo 372 A ®,5) (1) and A, (a,b)
(2), of the magnetostrictive constant X’*2 (3), and of the heli-
coidal magnetostriction A, (4) for H>Hg. The dotted curve

is calculated by Eq. (15). A curve has been drawn through

the experimental points that has been calculated by the formula

Moo= Nge (0) m?.
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tion corresponds to an exchange mechanism, both in the
ferromagnetic and in the helicoidal states. Therefore
we can conclude that the “helicoidal” magnetostriction
along the ¢ axis arises from the change in the energy of
the two-ion exchange interaction between the magnetic
layers when the helicoidal magnetic structure breaks
down. Moreover, a certain influence on its magnitude
can be exerted by the change in the energy spectrum of
the conduction electrons in the antiferromagnetism-
ferromagnetism transition at H>H_.%

Above we have examined the method of determining
the magnetostrictive constant A”*? from measurements
of the magnetostriction induced by a magnetic field in
the basal plane of the crystal. To determine the two-
ion magnetostrictive constants A*'° and 2$'°, we require
data on the spontaneous magnetostriction. One can find
the spontaneous magnetostriction from the tempera-
ture-dependence of the thermal expansion below the
temperature of magnetic ordering by subtracting the
phonon contribution to the thermal expansion.®* Actual-
ly, in the low-temperature region (1>m >0.5), the the-
ory of Callen and Callen’® implies relationships that de-
scribe the dependence on the magnetization of the spon-
taneous magnetostriction along the crystallographic
axes b, a, and c:

A
_-mg =A%" 4 Agm,

By A3+ (g —A" D m, (24)

me

A, 0 1 .a,2
m; =2.‘2‘ — —3-12 m.
Here we have

A= — e AP AT (25)

Here we assume that the magnetization lies along the
b axis, while the magnetostrictive constants A"? A2,
and A$'? are governed by the single-ion magnetocrystal-
line interaction.

Upon employing the magnetostrictive contributions to
the thermal expansion, which coincide with the spon-
taneous magnetostriction when m > 0.5, together with
the spontaneous magnetization I (T) found from the
magnetization curves, we can construct the dependence
of A,/m?*and A,/m? on the relative magnetization m
= I,(T)/1,(0) for the alloys terbium-yttrium, dysprosi-
um-gadolinium, and terbium-gadolinium? (see Figs.

13 and 14). We see that these relationships are linear.
That is, they are described by the formulas (24), which
allows us to find the magnetostrictive constants Af°,
A A, A2 and knowing A"?, to determine Af'® from
Eq. (25).

The values of the magnetostrictive constants A2 and
Ag+? found for the rare-earth metals by other methods
agree satisfactorily with those found by the method pre-
sented above (see Table II). Let us emphasize another
important circumstance: an advantage of the given
method is that it enables one to find the magnetostric-
tive constants A{*? and A§'? without applying strong
fields comparable with the saturation fields of the
rare-earth metals.

Analysis of the experimental data shows (see Table
I1) that the exchange contributions in Gd to the spontan-
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FIG. 13. Dependence of the spontaneous magnetostriction A,
divided by the square of the relative saturation magnetization
m on the value of m for Tb,Y,_, for various values of x.

eous magnetostriction A2*° and A{*° exceed the single-
ion contributions by an order of magnitude or more.
We can explain this by the absence of orbital angular
momentum (L =0) and the spherical character of the 4f
electron subshell in the ground state of the Gd* ion.

In Th, Dy, and Er and their alloys, the single-ion an-
isotropic magnetostrictive constants A", x2'% and A"?
are comparable in magnitude with the exchange mag-
netostrictive constants A?'® and 13*° (see Table II).

This has the result that the single-ion magnetoelastic
interaction, together with the exchange interaction,
makes a considerable contribution to the thermal ex-
pansion of the rare-earth metals and their alloys.

Thus the experimental data given above show that the
field-induced giant magnetostriction of the rare-earth
metals is single-ion in type and arises from the inter-
action of the anisotropic electron shell of the 4f elec-
trons with the crystal field.

One can also draw an analogous conclusion on the
single-ion character of the anisotropic magnetostric-
tion for the intermetallic compounds of the rare-earth
metals with the 3d-transition metals. In particular,
this is indicated by the linear dependence of the mag-
netostriction on the concentration that has been found in
a set of quasibinary systems: Gd,Tb,_,Fe,, Ho,Th,. Fe,,
Pr Th,_ Fe,,etc.? 9

Ay /mY 103 (Ae/m-10°
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FIG. 14. Dependence of A /m? and A,/m, on the relative sa~
turation magnetization m for the alloy Tbg 5Gdy 5.
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We note a feature of the RFe, compounds that is im-
portant for the practical aspect: giant magnetostrictive
deformations are observed in them not only at low tem-
peratures, but also at room temperature (see Table
IV). This arises from the fact that a strong effective
exchange field (~3 X10° Qe) acts on the rare-earth ions
in RFe,.”** This gives rise to a considerable magnetic
moment of the rare-earth sublattice at room tempera-
ture and above, and hence, in line with Eq. (14), to gi-
ant magnetostriction.

It has been shown**™¥"+% that the temperature-depen-
dence of the magnetostriction of the ferrite garnets of
the rare-earths and yttrium is well described within the
framework of the single-ion theory, just as for the
rare-earth metals. Here the magnetoelastic energy of
the ferrite garnet amounts to the sum of the magneto-
elastic interactions of each of the magnetic sublattices,
while the temperature-dependence of the magnetostric-
tive constants is described by the relationships

A N P

2~ 00 =
Z €11 €12

3B 2 () I (L [my (D)D),

e, 2_ 3 1 i S ’ (26)

M =Tt s DB ) I (L [my ().
n 2

Here the c,, are the elastic constants, B™ %) and
B%Z%(y) are the temperature-independent magnetoelastic
interaction constants of the nth sublattice of the ferrite
garnet, and the rest of the symbols are the same as in
Eq. (14). Equations (26) imply that the temperature-de-
pendence of the magnetostrictive constants is deter-
mined by the temperature variation of the magnetization
of the corresponding sublattices. Here the contribution
of the iron sublattice to the magnetostriction of the
rare-earth ferrite garnets can be determined from
measurements of the magnetostriction of yttrium iron
garnet. Under the assumption that the temperature-de-
pendences of the magnetizations of the iron sublattices
in the rare-earth iron garnets are the same as for yt-
trium iron garnet, the values were determined in Ref.
43 of B ?and B%?2 of the rare-earth sublattices of the
iron garnets of terbium and holmium (per rare-earth
ion):

B =_360cm™,
B %= 40 cm™,

BY 2—160 cm™ s

Tb,Fe.0,,:
SR pee 3900 em

HogFe 0y, :

These coefficients exceed by a factor of more than
100 the corresponding magnetoelastic interaction con-
stants of the iron sublattices in the iron garnets. They
are comparable in order of magnitude with the mag-
netoelastic interaction constants of the rare-earth met-
als (see Table IX).

We should note that good agreement of the experimen-
tal temperature-dependences of the magnetostrictive
constants of the rare-earth iron garnets with the theo-
retical formulas of (26) is observed only at tempera-
tures above T=40 K.*** This is illustrated by Figs.
15 and 16, which show the theoretical and experimental
variations of the magnetostrictive constants of
Ho,Fe,O,, and Dy,Fe,Q,,. There are several possible
reasons for the deviation between experiment and the
single-ion theory of magnetostriction in the region of
liquid-helium temperatures. First, according to the
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FIG. 15,

Temperature-dependence of the magnetostriction of
holmium iron garnet Ho;Fe;O;;. Dotted lines—theoretical data
for H=0; solid lines—experimental data for H=23 kOe,? a—
experimental data of Ref. 46.

existing neutron-diffraction data, noncollinear spin
configurations arise in the iron garnets of holmium,
terbium, etc., at low temperatures, whereas the theo-
ry® has been constructed for a Néel (collinear) cubic
ferrimagnetic. Second, this theory assumes that the
energy of the crystal field is much smaller than the ex-
change energy, which does not hold true for the iron
garnets, especially at low temperatures. Moreover,
the discrepancy of the formulas of (26) with experiment
can arise from the inapplicability of the molecular-field
theory near 0 K.

Studies have been performed** **"% on the magneto-
striction of single crystals of a series of iron-garnet
systems in which the rare-earth was partially replaced
by Y: Dy Y, FeO,, TbY, FeO,, Er Y, FeO,, and
Sm, Y, Fe,O,, Here it turned out that the magneto-
strictive constants in most cases depend linearly on the
concentration of the rare-earth ion {(Fig. 17). This in-
dicates that in these ferrimagnetics the magnetostric-
tion arises either from the single-ion magnetoelastic
interaction with the rare-earth sublattice, or from the
magnetoelastic component of the rare~earth-iron ex-
change interaction, which also depends linearly on the
concentration of the rare-earth ions. The problem of
finding which of these mechanisms dominates requires
further study. However, the results of Refs. 43-45,
according to which the temperature-dependences of the
magnetostriction of a set of rare-earth garnets in the
temperature range 80-300 K is described by the formu-
las of (26), favor the single-ion mechanism.

At the same time, the concentration dependences of
certain constants, in particular A, of terbium-yttrium

Ay 10°

300} b
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@ I-H=100kOe
\
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700+
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FIG. 16. Temperature-dependence of the magnetostriction of

a single crystal of dysprosium iron garnet Dy;Fe;O,;, along the

{111) axis.?® l—experimental data for H=0, 2—experimental
data for H=100 kOe, 3—according to Eq. (26) of the single-ion
theory.

531 Sov. Phys. Usp. 26(6), June 1983

AL 1m°

s00r
210%
400 8t
7
4" -
300+ 2
’ 7 2 3
*_7___‘__‘._‘ z
200} VAN T2
c\\ .
~8t \\\
100} el
~,
3 -12- .
P ~
&&9/ \\
e ey AN - L
¢ 70 2.0 v ° et
a z b
FIG. 17. Concentration-dependence of the magnetostriction

constants of mixed ferrite garnets. a) A ~Th, Y, FesOy: 1—
78 K, 2—105 K, 3—125 K, 4—150 K; b) X (dotted lines) and
Mg (solid lines) Er, Y., Fe;0pp: 1—78 K, 2—293 K.

iron garnet and X,,, of samarium-yttrium iron garnet,
are nonlinear. We can assume that in these cases the

. rare earth-rare earth magnetoelastic interaction,
" which depends quadratically on the concentration of the

rare-earth ions, contributes to the magnetostrictive
constants, Another possible reason for this nonlinear-
ity is the change in the parameters of the crystal field
upon replacing the rare earth with yttrium, which al-
ters the single-ion magnetostriction. This change in-
‘volves the differing dimensions of the atoms of these
elements: upon substitution the configuration of the
crystal environment of the rare-earth ions is changed.
This effect is especially significant in the samarium-
yttrium garnets, since in this system the crystal lat-
tice parameter is altered more strongly than in the oth-
er garnets.

As is known,’™ in the rare-earth iron garnets the

negative exchange interaction of the rare-earth and
iron sublattices tends to orient the magnetic moments
of the sublattices antiparallel to one another, while the
interaction of the magnetic moments of the sublattices
with the external field tends to make them parallel,
Owing to the competition between these factors, ina
certain range of fields the magnetic moments of the
iron and rare-earth sublattices are oriented at an angle
to one another and to the direction of the external
field—a field-induced noncollinear structure arises.
The formation of a noncollinear structure gives rise to
anomalies in the field-dependences of the magneto-
striction. This is quite visible in Fig. 18, which shows
the field-dependence of the magnetostriction of holmium
iron garnet'®: when a certain field is reached that de-
pends on the temperature, the magnetostriction passes
through a minimum. Comparison with the data of other
experiments shows that the field at the maximum cor-
responds to the field for transition to the noncollinear
phase. Tle appearance of anomalies in the field-de-~
pendences of the magnetostriction upon transition to
the noncollinear phase stems from the fact that a com-
ponent of transverse magnetostriction arises that has
a different sign from the longitudinal striction when the
magnetic moment of the rare-earth sublattice deviates
from the field direction.
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FIG. 18. Field-dependence of the longitudinal magnetostriction
of holmium iron garnet He;Fe;O, near the magnetic-compensa-
tion temperature (Ty,,=133 K).

As we have already noted, the interaction of the an-
isotropic electron cloud of rare-earth ions having L #0
with the crystal field of the lattice gives rise to giant
magnetostrictive deformations, even in crystals that
exist in the paramagnetic state. Here the character
and features of the magnetoelastic properties of the
rare-earth gallates, germanates, fluorides, etc., are
mainly determined by the symmetry of the intracrys-
talline fields and the structure of the energy levels of
the rare-earth ion. Let us examine briefly as an ex-
ample a single-ion mechanism that gives rise to giant
magnetostriction in the paramagnetic crystals of the
rare-earth fluorides.®®

The Hamiltonian of a rare-earth ion in a paramag-
netic crystal can be represented in the form

05'3:(73"504{-0%7,4-(56’4,

Here ¥ is the energy of the ion in the crystal field,
H,=grugH*J is the Zeeman energy, and ¥, is the en-
change in the energy of the ion in the crystal field
caused by the lattice deformation. Ilf the differencebe-
tweenthe energies of the first excited Stark sublevel and
the ground sublevel of the rare~earth ion obeys A>> 2T (in
LiErF, the value of & = 18.2 cm™?), then one can assume on-
ly the ground state to be filled in the crystal field, and
treat %, as a perturbation along with ¥,. The energy
J; can be written in terms of linear combinations of the
displacements of the sublattices of the magnetically
equivalent rare-earth ions and of the compounds of the de~
formationtensor, which transform according to the ir-
reducible representations of the symmetry group of the
given ion.

Upon using the condition of minimum free energy of
the elastically deformed paramagnetic (in the absence
of internal stresses), the authors of Ref. 68 expressed
the components of the deformation tensor in terms of
the electron-phonon interaction constants, which are
calculated within the framework of the exchange-charge
model, just like the crystal-field parameters. From
the calculations they derived the following formula for
the magnetostriction of the paramagnetic crystal:

h— AHZ { CH thah,f.g%,}{. (27)
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Here A and C are functions of the direction cosines of
the vectors H and of the direction of measurement. The
satisfactory agreement of the theory with experiment
for the LiErF, single crystal confirms the single-ion
character of the magnetostriction in rare-earth para-
magnetics.

One of the features of the magnetostriction of para-
magnetic rare-earth compounds is that the action of an
external magnetic field gives rise to two contributions
to the magnetic moment of the crystal at low enough
temperatures: an increase of the intrinsic (orientation-
al) magnetic moment, which involves a change in the
occupancy of the lower sublevels of the rare-earth ions
in the crystal field, and a magnetic moment induced by
the external magnetic field (Van Vleck paramagnetism).
Under conditions of paramagnetic saturation of the
ground state, the prevailing contribution to the resul-
tant deformation of the crystal lattice in the external
field comes from the magnetostriction caused by the
induced moment. In this case, as measurements on
LiErF, show,® the magnitude of the magnetostriction
ceases to depend on the temperature, and varies in the
external field proportionally to H* both in weak and
strong magnetic fields.

Since the intrinsic magnetic moment differs from
zero only for ions having a degenerate ground state,
one can distinguish the contributions mentioned above
by studying the magnetostriction of Van Vleck paramag-
netics, for which the ground state is a singlet. The
measurements'® of the magnetostriction of a LiTmF,
crystal have shown the existence at 4.2 K of a magneto-
striction ~107. According to the spectroscopic data in
this paramagnetic the singlet Tm?* in the crystal field
of S, symmetry is separated from the nearest excited
level by an energy gap A=30 cm™. Hence a sufficiently
strong magnetic field (pyH=> A) gives rise to a magneti-
zation M~ uzH/A, which yields a giant magnetostrictive
effect.

Now let us formulate the conditions for appearance of
giant magnetostriction in a material. As the experi-
mental data presented above imply, the first necessary
condition for appearance of giant magnetostriction is a
large concentration of ions of the rare earths or acti-
nides having an “unfrozen” orbital angular momentum.

The magnitude of the magnetostriction also depends
on the degree of orientation of the magnetic moments
of the ions, i.e., the magnetization. As we know, the
magnetization at a given temperature is determined by
the Boltzmann factor exp{u, grHH +He“)/kT], where H
is the external magnetic field, and H,,, is the effective
field of the exchange interaction acting on the rare-
earth ion. The greatest magnetization, which corre-
sponds to the maximum degree of orientation of the
magnetic moments of the ions, arises under the condi-
tion

ppgsJ (H + Hepe) > kT (28)

This condition determines the magnitude of the local
magnetostrictive deformations of the crystal lattice
arising from the interaction of the electron cloud with
the crystal field, and hence, the temperature interval
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in which one observes giant magnetostriction. As we
have noted above, e.g., in the RFe, compounds, we
have H,,,=3 X10°® Oe. Therefore giant striction is ob-
served in these compounds even at temperatures above
room temperature. This enhances considerably the po-
tentialities of its practical application.

Thus, the second necessary condition for obtaining
giant magnetostriction in a material is that the energy
of interaction of the magnetic moments of the ions of
the rare earth or actinide with the effective exchange
and external magnetic fields must considerably exceed
the energy of thermal motion.

As the measurements have shown,'®™% the alloys of

the rare-earth metals with iron and cobalt, which have
hexagonal and rhombohedral lattices with a single axis
of easy magnetization (e.g., RCo, and R,Co,,; see also
Ref. 106), possess a striction relatively small in mag-
nitude, although their Curie points are high. Yet the
exchange field H,, acting on the rare-earth ions is of
the same order of magnitude as in the compounds with
a cubic lattice. This is explained by the fact that, in
the presence of a strong spontaneous magnetostrictive
deformation of the crystal lattice, the magnetostrictive
effect induced by the external magnetic field proves to
be relatively small if the material possesses a single
axis of easy magnetization, while the field does not give
rise to a substantial rotation of the spontaneous mag-
netization owing to the large magnetic anisotropy. In
these magnetic materials processes mainly occur of
shift of the 180° domain boundaries. However, these do
not yield a magnetostrictive deformation, since stric-
tion is an “even” effect.

In magnetic materials having a cubic crystal lattice
(RF,,garnets, etc.), there are several axes of easy
magnetization, while in the rare-earth metals there is
a plane of easy magnetization (basal plane), in which
three axes of easy magnetization lie. When an external
magnetic field is applied, processes arise here of shift
of domain boundaries that make a considerable contri-
bution to the magnetostriction. Moreover, in the case
of the rare-earth metals a large contribution comes
from processes of rotation of the magnetic moment in
the basal plane against the forces of magnetic anisot-

ropy.

Hence the third necessary condition for obtaining giant
magnetostriction in a material is the presence in the
crystal lattice of several axes of easy magnetization.
This condition is satisfied by a cubic structure and by a
hexagonal lattice having a plane of easy magnetization.

J

We note that a large magnetostriction can also be ob-
served in the direction of difficult magnetization in uni-
axial ferromagnetics in fields comparable with the ef-
fective field of the magnetic anisotropy. In antiferro-
magnetics, in which the magnetic moment of the ion is
“bound” to the axis of antiferromagnetism, evidently,
for analogous reasons the magnetostriction in a field
must be small (an example of this may be the rare-
earth orthoferrites).

6. THE EFFECT OF GIANT MAGNETOSTRICTION ON
THE MAGNETIC ANISOTROPY AND THE ELASTIC
PROPERTIES OF RARE-EARTH AND ACTINIDE
MAGNETIC MATERIALS

Giant magnetostriction exerts a substantial effect, not
only on the magnetic properties, but also on other
properties of rare-earth and actinide magnetic mater-
ials. As we have already noted in Sec. 3, giant mag-
netostriction strongly alters the temperature-depen-
dence of the crystal-structure parameters. In a num-
ber of cases this leads to the so-called invar effect—a
thermal-expansion coefficient close to zero (see Fig.
2). In this section we shall treat in detail the effect of
giant magnetostriction on the magnetic anisotropy and
the elastic moduli.

As we know, the magnetic anisotropy is character-
ized by the energy that must be spent to turn the mag-
netic moments from the direction of easy magnetization
to the direction of difficult magnetization. In this rota-
tion (if the rotation processes occur at constant pres-
sure), magnetostrictive deformations arise. Hence the
magnetoelastic interaction energy is altered, and thus
this interaction contributes to the energy of magnetic
anisotropy.

As has been shown, e.g., by Kittel,*® for a cubic
crystal the magnetoelastic contribution to the first con-
stant of cubic magnetic anisotropy is

9
AR = - [{og — cig) Mgy — 26402, (29)
(The ¢,, are the elastic constants).

The magnetoelastic contribution to the uniaxial aniso-
tropy constants of hexagonal crystals can be easily de-
rived by employing the results of Refs, 107 and 108.
The complete expressions are very unwieldy. Hence
we shall present only an approximate formula for the
magnetoelastic contribution to K, of a hexagonal crystal
that has been derived without allowing for the magneto-
strictive constants A2 and X 2;

AME__ 9 aa, ) 2 o 2
AR = AT ey o) A5 — e b0 1 305 epghd T — oyt e AT L (30)

We note, as we see from (30), that this contribution is
determined by the products of the magnetostrictive con-
stants of exchange origin (A\*° and AJ'°) with the single-
ion magnetostrictive constants (A% and A%+%). This is
a consequence of the general relationship for the mag-
netoelastic contribution to the anisotropy derived in
Ref. 74, which implies that the magnetoelastic contri-
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r
bution to the anisotropy constant (nth order in the di-
rection cosines) is proportional to the product of con-
stants of orders n, and n, in the direction cosines, with
ny N =n.

We can estimate by the formulas given above the or-
der of magnitude of the magnetoelastic contribution to
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FIG. 19, Temperature-dependence of the measured first
_anisotropy constant K;, the magnetoelastic contribution A K ¥E
to this constant, and the anisotropy constant K{ of the unde-

formed lattice of the compound UFe,.

the anisotropy energy of rare-earth and uranium com-
pounds. If we assume that A™‘=10"*-107? and ¢ =10'2
dynes/cm?®, we find AKMF=10°-10° erg/cm®. As Egs.
(29) and (30) imply, the magnetoelastic contribution to
the anisotropy will be large only when the magneto-
striction is anisotropic, i.e., the different magneto-
strictive constants have substantially different values.
Yet if the magnetostriction is large but isotropic, the
magnetoelastic contribution to the anisotropy constant
will be small,

The effect of the magnetoelastic interaction on the
magnetic anisotropy is quite visible in the example of
the cubic compound UFe,.*® This compound has a small
magnetic anisotropy (Fig. 19), comparable in magni-
tude with that of pure iron and of the compound YFe,,
which is isostructural with UFe,. At the same time, as
we have noted above (see Table VII), the magnetostric-
tion of UF, is large (A,;, =3000 x107® at 4.2 K). Hence
the energy of magnetoelastic interaction is also large.
The results of the calculation for this compound of the
magnetoelastic contribution to the first anisotropy con-
stant of UFe, by Eq. (29), with allowance for the condi-
tion A}, > X,4,, are also given in Fig. 19. We see that
in absolute magnitude AKME exceeds manyfold the
measured anisotropy constant K,. The measured aniso-
tropy constant equals the sum of the magnetoelastic
contribution AK¥® and the anisotropy constant K ¢ of the
undeformed lattice:

K, =K+ AKME. (31)

Figure 19 shows the temperature dependence of the an-
isotropy constant K? of the undeformed lattice of the
compound UFe, as determined from the experimental
data by Eq. (31). We see from the diagram that K °
>>K,. Thus the small value of the magnetic anisotropy
of this compound arises from the “fortuitous” compen-
sation of two large contributions: the anisotropy of the
undeformed lattice and the anisotropy arising from the
magnetoelastic interaction.

An analogous situation exists in the terbium-ytterbi-
um iron garnets Tb,Y, Fe,0,,.7'1% The experimental
concentration-dependences of the first magnetic-aniso-
tropy constant of these ferrimagnetics at the tempera-
ture 90 K are shown in Fig. 20, where the dependence
of the magnetoelastic contribution to the anisotropy on
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FIG. 20. Concentration-dependences of the first magnetic
anisotropy constant K;, of the magnetoelastic contribution
AKYE to this constant, and of the anisotropy constant k¥ of
the undeformed lattice of mixed ferrite garnets Th,Y,.,Fe;0,
at 90 K.

the terbium content is also given for this temperature.
We see that the magnetoelastic contribution to the first
anisotropy constant prevails at a large terbium content:
it is larger in absolute magnitude than the measured
anisotropy constant. With decreasing terbium content,
the magnetoelastic contribution declines more rapidly
than the magnetic-anisotropy constant of the unde-
formed lattice. At a critical terbium content the mag-
nitude of AK¥F becomes smaller than K{: at this con-
centration the measured anisotropy constant changes
sign.

The magnetoelastic interaction influences just as
substantially the magnetic anisotropy of the intermetal-
lic compounds RFe,. It has been shown'®''° that one
must take into account the magnetoelastic contribution
to the first anisotropy constant to describe theoretical-
ly, in the model of single-ion anisotropy, the spin-re~
orientation phase diagrams in the mixed compounds
Ho,Tbh,_,Fe, and Dy,Tb,_,Fe,. This is quite visible from
comparing the experimental phase diagram of
Dy,Tb,. Fe, with the theoretical diagrams calculated
with or without account taken of the magnetoelastic in-
teraction (Fig. 21),

70 124

70 Atomic % Dy

FIG. 21. Magnetic phase diagram of the mixed compounds

Dy, Th.,Fe,. 1—theoretical calculation according to the model
of single-ion anisotropy without allowing for the magnetoelastic
interaction; 2—theoretical calculation with allowance for the
magnetoelastic interaction; 3~—experimental data. The lines
are shown that separate the phases in which the directions of
easy magnetization are axes of the type (111), {100), or di-
rections lying in planes of the type [110] (dotted).

Belov et af. 534




Now let us examine the effect of giant magnetostric-
tion on the elastic properties. Owing to the magneto-
elastic interaction, application of external stresses to
a ferromagnetic alters its magnetic state: a rear-
rangement of the magnitude and direction of the mag-
netization in the domains change. In turn, these
changes give rise to additional changes in the dimen-
sions of the specimen of material. This phenomenon
is called mechanostriction. The addition of the me-~
chanostrictive deformation to the ordinary elastic de-
formation alters the elastic moduli of the magnetic ma-
terial (the Young’s modulus E and the shear modulus ¢
for a polycrystal). This change depends both on the
temperature and on the external magnetic field. Upon
decreasing the temperature, when the paramagnetic
state is superseded by the ferromagnetic state, anom-
alies arise in the temperature-dependence of the elastic
moduli. In the region of the Curie point they are mani-
fested as a jump or a break, e.g., in the £(T) curve.
Application of a magnetic field alters the magnitude of
the mechanostriction, and correspondingly, of the elas-
tic moduli. This phenomenon is called the AE effect
(for the Young’s modulus). In strong fields in which the
magnetic material is saturated, external stress ceases
to affect the magnetic state, while the modulus attains
the value E_.

One usually takes the magnitude of the AE effect to be
the field-dependent relative change in £ as compared
with the modulus E, of the material in the demagnetized
state, i.e., (E-E,)/E, Inthe simplest cases we can
consider the magnitude of the total magnetic anomaly of
the modulus E, - £, (where E, is the extrapolated mod-
ulus that the paramagnetic would have if it existed at
the given temperature) as being equal to the maximal
AE effect E, - E,. As energy considerations imply,
this latter quantity is proportional to the energy of
magnetoelastic interaction and inversely proportional
to the energy opposing the change in the magnetic state
under the action of elastic stresses (the magnetic~an-
isotropy energy, the energy of displacement of domain
boundaries, etc.). Calculations show'!* that for vari-
ous processes—rotation against the forces of cubic or
uniaxial anisotropy, shift of domain bhoundaries, etc.—
the magnitude of the maximal AE effect divided by E,
can be represented in the form

&) =S

k1
:"AJT‘;L . (32)
Here X is the corresponding magnetostrictive constant,
Xo (s the initial susceptibility of the given magnetization
process, I, is the saturation magnetization, and 4 is a
numerical constant of the order of unity (we note that
A=0 for processes of displacement of 180° domain
boundaries).

In the rare-earth and actinide compounds, for which
X is large, we should expect large anomalies in the
elastic properties, especially in cases in which the en-
ergy that stabilizes the magnetic state, e.g., the mag-
netic anisotropy, is small. Actually, even the first
measurements in polycrystals of rare-earth met-
als*+*'% gshowed large anomalies of the Young’s and
shear moduli in the magnetically ordered state. These
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FIG. 22. Temperature~dependences of the elastic constant ¢y,
of terbium in zero field (2) and in a 25-kOe field (1).

data have been subsequently confirmed by measure-
ments of the elastic constants of single crystals of the
rare-earth metals and their alloys.**™'5 As an exam-
ple, Fig. 22 shows the temperature-dependence of the
elastic constant ¢, of a single crystal of terbium. We
see that c,; in zero field sharply declines below the
temperature of magnetic ordering (230 K). Application
of a field removes this anomaly.

In connection with possibilities of practical applica-
tion (see Sec. 7), the magnetoelastic properties of
RFe,~type compounds as well as UFe, are being stud-
ied intensively. For these, the experimental values of
the maximal AF effect agree in order of magnitude with
those calculated theoretically by Eq. (32), and they are
very large, For the compound TbFe, it is 56% in fields
up to 25 kOe at room temperature'® and reaches 60%
in a 65-k0e field (at 210 K)."” The largest AE effect
in rare-earth materials, which was 160%, has been
found in one of the compounds with partially compen-
sated anisotropy (see Sec. 7), Tb, ,Dy, ,Fe,'® Fig. 23,

The field-dependence of the A effect is far harder to
calculate than its maximal value. We note only that the
“negative” AE effect known in 34 metals and alloys,
i.e., the initial (in relatively small fields) decline in
the Young’s modulus of a material from that of the de-
magnetized state, has also been observed in the rare-
earth compounds TbFe,"'" and Tb, ,,Dy, ,,Ho, ¢ Fe,.'**
Here it is severalfold larger than, e.g., in the alloys
of iron with cobalt.

A study of the phenomenon that is the thermodynamic
inverse of the AE effect—a change in the magnetization
Al (and magnetostriction) owing to external elastic
compressive stresses has been performed on RFe,

E-107" dynlem?

FIG. 23. Field dependence of the Young’s modulus and the A E
effect for the compound Thy 3Dy, Fe, at room temperature.
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FIG. 24. 2) Temperature-dependence of the Young’s modulus
of the intermetallic compound UFe,; b) AE effect of the com-
pound UFe, at the temperatures 10, 50, and 78 K.

polycrystals.'®»'# It was noted that A1/J in TbFe, is
even somewhat smaller (5% at 1 kG/mm?) than in nickel
(6.9% and of opposite sign). Evidently the reason is
that the rare-earth intermetallic material has consid-
erably lower susceptibility than nickel. Yet even for
Tb,, ;DY ,Fe, the magnitude of AI/I amounts to 8% at 1
kG/mm® Beginning at a certain field value, the mag-
netostriction of these materials first decreases with
increasing compressive load, and conversely, in-
creases in large fields.

According to Eq. (32) a large susceptibility of the
magnetization process, which corresponds, e.g., toa
small value of the anisotropy energy, can lead to a
considerable AE effect, even with a relatively small
magnetostriction, As is known, it reaches 19% at ~500
K in annealed nickel.** In the compound UFe,, as we
have already noted above, a large magnetoelastic in-
teraction is combined with a relatively small magnetic
anisotropy. Therefore a large anomaly in the Young’s
modulus exists in this compound®® (see Fig. 24a), and
correspondingly an enormous AFE effect: at 10 K the
magnitude of E is increased by 160% as the field in~
creases from zero to 35 kOe (Fig. 24b).

7. DYNAMIC PROPERTIES AND POSSIBLE
APPLICATIONS OF MATERIALS SHOWING GIANT
MAGNETOSTRICTION IN TECHNOLOGY

Most devices for technical purposes that use mag-
netostriction, e.g., for obtaining ultrasound, employ
dynamic magnetostriction. A magnetostrictive mater-
ial (a magnetostrictor) is placed in an alternating mag-
netic field, and such a device is one of the forms of a
very simple electroacoustic transducer. Not only the
large magnetostriction plays a role in the operation of
the transducer, but also do other parameters that gov-
ern its acoustic potentialities. A method well known in
acoustics of linearized equations has been developed to
describe the operation of the transducer at relatively
small amplitudes of magnetostriction.'®:*?* Let us pre-
sent four of the eight such isothermal equations of state

for a polycrystalline magnetostrictor!?2s,;
d de 1 L a2 .
de~(-5=-) b+ (W)UGH-:E—HGUTEGH, (33)
68 =(22) so-+(Sx), 8H =d-bo-t pobH; (34)
b= (), e+ (), 60— st @
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SH— (%)BGH(Z_Z’)!&B: —4nhﬁe+i 5B. (36)

The expansion of the thermodynamic functions de-
cribing the magnetic material is carried out in the var-
iables B, H, o, and & (the induction and magnetic field
intensity, the mechanical stress, and the relative
strain); Ejy is the Young’s modulus at constant induc~
tion, i.e., without taking into account the magnetoelas-
tic coupling (specimen with a short-circuited winding),
and E, is the same with account taken of the magneto-
elastic interaction; p, and u, are the magnetic suscep-
tibilities of a free and of a clamped specimen. The
magnetostrictive constant

do 1 joH
h=—{57)=—z =), (37)
(the latter equation stems from thermodynamic consid-

erations) and the sensitivity constant (of a magneto~
strictor as an acoustic receiver)

B g
4= (55 ), =4 (77), (38)
are the two most important acoustic constants. Equa-
tion (38) corresponds to the relationship (4) presented
above. One can express the quantity % (for the ideal
case of hysteresis-free magnetostriction) as

£ A
h:“—:—d%. (39)

That is, an essential requirement on the material is a
very steep slope of the (static) magnetostriction curve
A (H) (or a small value of the magnetic anisotropy con-
stant), The choice of the best “working point™ on this
curve, and above all, the operation of the transducer at
the frequency of the current supplying the coil, rather
than at the doubled frequency (magnetostriction is an
even effect) require a constant magnetic biasing field
having the induction B, as well as an alternating mag-
netic induction with the amplitude B. [which we can con-
sider equal to 6B in Eqgs. (33)-(36)]. Here the magnetic
material becomes a magnetically polarized medium,
i.e., transversely isotropic.

Strictly speaking, one can employ Eqs. (33)-(36) only
at small B.<B, As the amplitude of the variables en-
tering into these equations is increased, nonlinearities
arise in the magnetostrictive vibrations, which can be
taken into account by taking the higher-order terms in
the expansions of the thermodynamic functions, or by
assuming that the dynamic coefficients %, 4 (and others)
depend on B..

Another very important parameter of a magneto-
strictive acoustic transducer is the magnetomechanical
coupling coefficient 2. It can be determined by the
equation
Wetast _

Wmagn

k2 (40)

Here W,,,,, is the magnitude of the converted (elastic)
energy arising in the transducer when magnetically ex-
cited, and W,,., is the (“input”) energy of the corre-
sponding magnetic field. The coupling coefficient &
characterizes the efficiency of conversion in the given
device of the one type of energy into the other (involv-
ing, e.g., the unavoidable reactive return of part of the
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“input” energy to its source) without taking into account
radiation and magnetic and mechanical losses.

In turn, these losses are taken into account by intro-
ducing the acoustic efficiency of the transducer, 75
=P, oust/ Poroctrs 1-€., the ratio of the acoustic power
supplied at the output to the electric power consumed
at the input. The quantity 1 depends on the properties
of the transducer itself, on its shape, on the ratio of
its dimensions to the emitted wavelength, and to a cer-
tain degree, on the wave resistance of the “load”—the
medium surrounding the transducer, which is pv,
where p is the density of the medium, and v is the ve-
locity of sound in it.* The limiting potentialities of the
transducer material involve its strength and the maxi-
mum density of elastic energy in it, i.e., the quantity
A2E/2, where A, is the saturation magnetostriction. At
a constant value of A;,, much will be determined by the
Young’s modulus E of the material. Moreover, the
magnitude of the AE effect of the material will be im-
portant, This affects the displacement of the resonance
frequency of the mechanical {most often longitudinal)
vibrations of the transducer as the value of the induc-
tion B, of the magnetic biasing field is changed.

The amplitude of the deformations of the transducer
depends also on its mechanical @ factor. The latter,
i.e., the internal friction in the material without allow-
ing for the effect of the magnetic field, is also involved
with a certain fraction of the heat losses in the trans-
ducer. In turn, the main reasons for these losses (now
in the presence of the field) are its induction currents
and magnetic hysteresis. The losses in eddy currents
depend on the value of the resistivity and the geometry
of the specimen of material, while the magnetic hys-
teresis losses depend mainly on the magnitude of the
coercive forces.

These are the fundamental parameters, though far
from all, that characterize a magnetostrictive trans-
ducer. Let us briefly examine the potentialities of ma-~
terials having giant magnetostriction and certain ways
of improving their properties.

The potentialities of applying the giant magnetostric-
tion of the pure rare-earth metals, their alloys with
one another, and of such interesting actinide compounds
as UFe, are as yet strongly restricted by their Curie
points, which lie considerably below room temperature.
Therefore we shall mainly discuss below the materials
of the RFe, type.

As a rule, if the topic is applications, there is no
point in speaking of the saturation magnetostriction i,
of polycrystals of these materials, since it is reached
in fields too large for practice, sometimes of the order
of 100 kOe or more. Therefore the question is usually
that of the magnitude of the longitudinal A, (or “total”
X, -2 ) magnetostriction in a fixed external field of
12-25 kQe, and of the maximum value of the quantity
8r/8H, which involves the magnetostrictive dynamic
constant %, cf. Eqs. (37) and (38). The compound TbFe,
possesses the largest magnetostriction of all the binary
compounds of the RFe, type.3! Depending on the condi-
tions of preparation, the value of A, in a 15-kOe field
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FIG. 25. TIield-dependences of the longitudinal magheto-

striction of some RFe,-type compounds at room temperature.
1—TbFe,; 2—textured TbFe;; 3—Tby 2;Dyg 3Fey; 4—a com-
pound of the system {Tb-Dy-Er)Fe,; 5—a compound of the sys-
tem (Tb-Dy-Ho)Fe,.

for it amounts to (1000-1200) X107® and (200~-360) X107
at 2 kQe, while (ED\/BH)max is equal on the average to

13 X107 Qe™ (Fig. 25, curve 1). Partial replacement
of terbium or iron in this compound with other metals
yields no significant effect,®®'%®!#:128 For textured
(oriented) specimens of TbFe, prepared by a special
technique, the magnetostriction in a 15-kQOe field
reaches A, = 1500 x10°® (Fig. 25, curve 2). Such con-
siderable fields required to realize A~ 10~ are neces-~
sary because of the large magnetocrystalline anisot-
ropy of these compounds (for TbFe,, K, =~17.6 x10" erg/
cm® at room temperature'®),

One of the most important ways of perfecting mag-
netostrictive materials is to increase the quantity ax/
9H mentioned above. This is almost equivalent to re-
ducing their anisotropy constants K, and K,. In this
connection, we present Table X, which gives the signs
of A, K, and K, for certain of the most important
compounds,®

Upon taking into account the single-ion character of
the magnetic anisotropy and the magnetostriction, one
can obtain a large value of X with a small value of K,
in intermetallic substances of the complex composition
R, R]..Fe, if the signs of the magnetostriction are the
same in the “starting” compounds, while the signs of
the constants K, differ. Such compounds are
Tb, Dy, . Fe,,'* and Tb, ,.Ho, g Fe,.°* The dependence

TABLE X. Signs of the longitudinal magnetostriction and of
the anisotropy constants of RFe, compounds.

Sml'ey TbFea DyFey HoFe, Ectey

TmFey I Yhtey #)

{ PrFog *)

—_ 0 = —

*Not actually synthesized.
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FIG. 26. Concentration-dependences of the overall magneto-
striction (A,~2,) of compounds of the system Th,_Dy,Fe, in
fields of 10 and 25 kOe at room temperature.

of A on the dysprosium concentration for compounds of
the system Tb,_ Dy, Fe, is shown in Fig. 26, in which
we see the corresponding maximum of A near x=0.7.

In the magnetic-orientational phase diagrams, the giv-
en compositions lie near the lines of spin-reorientation
transitions.” For example, the compound Tb, ;Dy, .Fe,
or the similar Tb, ,,Dy, ,;Fe, (“terfenol”), which has
been used in a number of studies, lie at room temper-
ature in the region of the diagram (see Fig. 21) where
the axis of easy magnetization in the crystal lies along
(111), but rotates toward the direction (100} below 280
K. Here K, declines sharply from values 107-10° erg/
cm? to 10* erg/cm3, since the anisotropy energy is
partially compensated by the large magnetostrictive
contribution, %3

However, the value of 8x/8H =(25-30) X107 Oe™ (see
Fig. 25, curve 3) thus obtained is not a record-setting
value, since the second anisotropy constants here do
not compensate. The search for compounds with larger
ax/8H is being conducted by using compounds containing
three rare-earth elements. A calculation by the method
presented in Ref, 132, which requires knowing the first
anisotropy constants of the binary compound (they have
been given in Refs. 133 and 134) yields straight lines in
the concentration triangle corresponding to K, =0 for
the “overall” compound. Upon varying the compositions
near this straight line, one can also experimentally
minimize the value of the second anisotropy constant
K,. By this method one can obtaitn compounds of the
systems (Tb-Dy-Ho)Fe, and (Tb-Dy-Er)Fe, for which
ax/8H=~50 X108 Oe™ (see Fig. 25, curves 4 and 5). A
set of other “quaternary” compounds of similar type
has also been found, both with positive*”*® magneto-
striction, e.g., Tby ,Dy,, 2,H0, ;sFe,, which has A =530
x10™® and a considerable 8A/3H,'* and with negative
magnetostriction (based on samarium),!®°

The problem of increasing 8\/8H might be solved
most simply by using singlecrystals of the correspond-
ing intermetallic materials, but growing them is im-
possible in some cases, and presents considerable dif-
ficulty in others. For the TbFe, crystal with the mag-
netostriction along the axis of easy magnetization we
have 81,,,/8H =120 X108 Oe™,'® and for Th, Dy, ,;Fe,
it is ~110 X107 Qe™ at room temperature!® (see Fig.
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FIG. 27. Field-dependence of the magnetostriction along the
{111) axis of a single crystal of the compound Tby 31Dyy nFe,
at temperatures from 220.2 to 310.5 K.

27). A set of studies on single crystals and the method
of growing one of these systems are described in Refs.
38, 131, and 138,

Another index very important for an acoustic trans-
ducer, the magnetomechanical coupling coefficient &,
is generally larger whenever ax/8H is larger. Mea-
surements (with an open magnetic flux) on ThFe, have
yielded £=0.20,'*? i.e., about the same as for the tra-
ditional magnetostrictive material nickel. Compounds
with compensated anisotropy (in measurements with a
closed magnetic flux) show, also in air, higher values
of the coupling coefficient: for Tb, ,,Dy, ;.Fe,., (0
=0.02-0.05) its value in different magnetic biasing
fields varies over a range from 0.3 to 0.6,'*° while
Thy, 145H0, g55Fe, has k,, =0.34."*° The magnetic bias-
ing field H, in these materials is considerably larger
than in nickel, but the function k(HO) shows a broad
maximum, whereas for nickel this maximum is sharp,
That is, one must keep the value of H, strictly fixed to
obtain £N! . Table XI compares the acoustic param-
eters of one of the rare-earth magnetostrictive mater-
ials with the traditional materials and with a piezoce~
ramic. We note that the specimens, as yet unique, of
polycrystals with oriented grains show the record-set-
ting value of £=0.74.**%* This is larger than for the pie-
zoceramic, while alloys that lie on the verge of the
transition of the axis of easy magnetization from the
(111) direction to (100) yield a value of # almost invari-
ant from 293 to 363 K.'*+!** The mechanical @ factors
of specimens of these materials lie in the range from
70 to 200.1°

These are the fundamental acoustic parameters of the
metallic rare-earth magnetostrictive materials. As
we have already mentioned, certain of their other char-
acteristics also play a substantial role in technical ap-
plications. These include the parameters of the mag-
netic hysteresis loop (magnetization, coercive force,
differential magnetic susceptibility), the resistivity,
and certain others. Data on them are given in Refs. 90
and 130. By using them, one can estimate the heat
losses in dynamic remagnetization (in specimens of
magnetostrictive materials obtained by different meth-
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TABLE XI. Dynamical properties of certain piezomaterials.
Maximum {Density of electromechanical .
coupling energy (for optimal valucs of Afcf“f?“? Refer-
Material coelficient {the constant and alternating efficiency ences
k fields) w, }/m? %
Nickel 0.3 21 15 140
Permendur K495°2 0.35 40 141
Piezocerantic RZT-4 0.7 670 70 140
Thy.2;D¥o.7aFe; 0.6 5300 140

ods), which arise mainly from losses in magnetic hys-
teresis, which increase linearly with the frequency,
and from losses in induction currents, which are known
to be proportional to the square of the frequency. The
dynamic losses can be diminished by a considerable
decrease in the coercive force, as in oriented crystals,
and by increasing the electric resistance. The strength
of RFe, polycrystals is not sufficient, especially for
impact loads. One also cannot roll the brittle inter-
metallic compounds, while the problem of cutting spec-
imens into thin plates (so as to prepare transducer
cores similar to transformer cores) is not simple,
owing to their great hardness,

One of the promising methods here is metalloceram-
ic technology,’®**!** with which one can prepare mag-
netostrictors of any shape and dimensions. They are
substantially more durable, they do not corrode, and
their electric resistance is also higher than for the
cast materials. However, the magnetostriction is
somewhat smaller, e.g., the metalloceramic of
Th,, Dy, ,Fe, has X, =860 x107° in a 17-kOe field.'*

However, one can increase the value of the striction
by pressing the part (before sintering it) in a magnetic
field, i.e., obtaining an oriented metalloceramic %!’
as in preparing permanent magnets of the SmCo, type.
Since A}, > A, for these materials, in line with Eq.
(3), the orientation of the particles of the powder along
the axis of easy magnetization (111) substantially in-
creases the striction (Fig. 28),

Metalloceramic technology is not the only way of
preparing new magnetostrictive materials applicable
in practice. In particular, studies are being conducted
on amorphous materials. For example, an overall

a2 m?®
7
17600
2
7200
800
400
74T 8 12 Hx0e
FIG. 28, Field-dependences of the overall magnetostriction

of specimens of Thy 3Dy, ;Fe, prepared by metalloceramic
technology. Curve 1—for the compound obtained by orienting
the particles in a 20—kOe field in the initial pressing; 2—
obtained by “liquid-phase” sintering (without a field),
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striction X, — », =450 X107 has been attained in a 25-
kOe field in amorphous TbFe,.¥’

A number of studies'*®'*® has already described trial
designs of magnetostrictive transducers, e.g., made
from rods of metalloceramic terfenol. The rods in
these designs are sometimes subjected to compressive
stress, which increases their strength. The supply of
large currents to such devices—magnetic biasing and
ac at the required frequency—is a definite technical
problem, and the maximal density of elastic energy,
which is proportional to 2%, has not yet been attained in
them. One of their advantages is the possibility of em-
ployment as broad-band, or even nonresonance, trans-
ducers.

There are many fields of technology where the appli-
cation of giant magnetostriction can produce a substan-
tial effect. At room temperature, this is primarily in
the applications that do not require prolonged, constant
operation of the transducer, and pulsed regimes can be
employed, while one requires at the same time a con-
siderable rigidity of the element that changes in length
(or other dimensions). These are ring or rod magneto-
strictors, which can be applied in logging of drill holes
or for “sounding” between drill holes in geophysical
prospecting; various contactors, relays, stepping mo-
tors in automation and remote control, and many oth-
ers. After solving a number of problems involving re-
ducing the losses in cores operating under conditions of
dynamic magnetostriction, these will become varied,
powerful emitters of sound and ultrasound, They can be
applied for purposes of defectoscopy, cleaning, and
precipitation, fine, grain crystallization of metals,
comminution, cutting, etc. When low (liquid-nitrogen)
temperatures can be used, one can employ as magneto-
strictive materials a broader set of rare-earth metals,
their alloys with one another, and uranium compounds.

8. CONCLUSION

In this review we have tried to summarize the funda-
mental results of the experimental and theoretical stud-
ies of giant magnetostrictive effects in compounds of
the rare earths and actinides.

We have shown that these effects are of single-ion
type and arise from the interaction of the anisotropic
cloud of f-electrons with the crystal field of the lattice
(“rigid” electron-cloud model). We have analyzed the
conditions for appearance of giant magnetostriction in
different types of magnetic materials. We have dis-
cussed the influence of the magnetoelastic interaction
on the magnetic anisotropy and elastic properties of the
rare earths and actinides.
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In order to elucidate the prospects of technical ap-
plication, we have described certain features of the
manifestation of giant magnetostriction in alternating
magnetic fields, and presented the fundamental param-
eters characterizing the efficiency of operation of mag-
netostrictive transducers.

At present one of the most important fields in the
study of giant magnetostriction is the creation of a
microscopic theory of the magnetostriction of the rare-
earth and actinide magnetics. Creation of such a theory
would enable a goal-directed search for new magneto-
strictive materials and prediction of their properties.

We note that in this review we have mainly treated the
anisotropic magnetostriction of the rare-earth and acti-
nide magnetic materials. We have not treated at all
other magnetoelastic phenomena in rare-earth and acti-
nide magnetic materials, or have discussed them in
lesser detail (only to the degree necessary for elucidat-
ing the features and nature of anisotropic magneto-
striction). These phenomena are of independent scien-
tific interest, such as, e.g., the anomalous behavior of
the thermal expansion coefficient (invar effect!5°1%?),
helicoidal magnetostriction,''+'** magnetic anomalies of
“non-domain” type in the elastic moduli and internal
friction,'**!%* and a number of others.

Also a broad set of phenomena has fallen outside the
scope of the review that arise from the dynamics of the
magnetoelastic interaction of the magnetic and elastic
subsystems of crystals. As we see it, this problem
merits separate treatment.

Speaking of possible technical applications, we should
mention in addition, in particular, magnetic-field-con-
trolled acoustic delay lines, which are made possible
by the large AE effect of crystals showing giant mag-
netostriction,!*®

We feel that the conclusion from this review as a
whole is that the problem of giant magnetostriction is
highly interesting, both in the theoretical and practical
aspects.
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