
MAGNETOCRYSl'ALLINE ANISOTRO! '1', MAGNETOSTRICTION AND 
SATURATION ~:f\GNETIZATION 01: SmCor: SINGLE CRYSTALS 

,J 

Stanley Richard Trout 

A DISSERTATION 

in 

lvletallurgy and Materials Science 

Presented to the Graduate Faculties of the University of Pennsylvania 
in Partial Fulfillment of the Requirements for the degree of Doctor 
of Philosophy. 

Supervisor of Dissertation 

Graduate Group Cha'irman 

1979 

'(\{\ I ('>. __ ~.~t \ \~ .I ",--t. 
\foQUCVhY' ·4o/rD- '6 



ACKNOWLEDGEMENTS 

This work was supported by the National Science Foundation 

through the Laboratory for Research on the Structure of Matter 

under contract LRS;vl-MRL-NSF76-80994. I am fortunate to have 

had the wise counsel of Professor C. D. Graham, Jr. as my advisor. 

I am grateful to Drs. T. Egami, D. P. Pope and F. Rothwarf for 

serving on my thesis committee and for their constructive review 

of this work. My thanks to P. J. Flanders and L. Cheskis for their 

assistance in the High Field Magnet Laboratory and helpful discussions. 

J. Khaimovich allo~qed me to use his equipment to measure the saturation 

magnetization above room temperature. I acknowledge my wife, Ellen, 

for her constant encouragement and cooperation, especially for 

preparing this manuscript. FinallY, I want to thank all those who, 

by voicing their confidence in me during difficult times, made 

reaching this goal a reality. 

ii 



TABLE OF CONTENTS 

ii 
ACKNOWLEDGEMENTS 

iv 
LIST OI~ FIGURES 

vi 
LIST OF TABLES AND PROGRAMS 

1 
CHAPTER I INTRODUCTION 

11 
CHAPTER I I SAtvlPLES 

CHAPTER III SATURATION IvtAGNETIZATION 13 
Theory 13 
Experiment 15 
Results 17 
Comparison of Results to Theory 23 
Discussion and Comparison to Earlier Experiments 25 

Cr~PTER IV tvlAGNETOCRYSTALLINE ANISOTROPY 29 
Introduction 29 
Experiment 37 
Results 47 

CHAPTER V ~~GNETOSTRICTION 
Theory 
Measurements 
Results 

CHAPTER VI SUMMARY AND DISCUSSION 

REFERENCES 

INDEX 

BIBLIOGRAPHY 

54 
54 
56 
65 

72 

80 

83 

85 



LIST OF FIGURES 

FIGURE 

1 Crystal structure of SmCo
S

' 

2 Defini tions of some important peI1nanent magnet 
parameters. 

3 Second quadrant B vs. H curves for common permanent 

PAGE 

2 

3 

magnet materials. 6 

4 Vibrating sample magnetometer. 16 

5 Saturation magnetization plotted against tempera-
ture, C; vs. T. 21 

6 Saturation magnetization plott::::d against tempera-
ture, Ms vs. T. 22 

7 Theoretical temperature dependence of the satura-
tion magnetization compared to experimental results. 24 

8 Temperature dependence of the saturation magneti-

9 

10 

11 

12 

13 

14 

15 

zation compared to other experiments. 26 

Easy directions for combinations of Kl and Kr 

Easy directions for combinations of k 2 
and k4' 

Zener model for the temperature dependence of 
the anisotropy, 

Approach to saturation method, magnetization 
curves parallel and perpendicular to the c-axis 
for SmCo

S
' 

Relationship of c-axis, M and applied field 
when the magnetization issmeasured perpendicular 
to the c-axis. 

Relationship of the sample c-axis, the applied 
field and the rotated saturation magnetization 
in the torque sample. 

Torque magnetometer. 

iv 

31 

32 

35 

38 

39 

42 

43 



FIGURE 

16 

17 

18 

Torque measuring circuit. 

Typical torque curve for Smeo single crystal, 
I-I = 65.6 kOe and T = 302 K. 5 

Anisotropy vs. temperature data for this work 
and other studies. 

19 Specifications for the strain gages used to 
measure magnetostriction. 

20 Mounted sample and dummy gages on brass dewar 
insert. 

21 

22 

23 

24 

25 

26 

Magnetostriction measuring circuit. 

Typical strain vs. field curve for ~A' 

Magnetostriction vs. temperature, constants 
from eq. (26) and reference 42. 

Magnetostriction vs. temperature, constants 
from eq. (27) and reference 32. 

Magnetization curves of thermally demagnetized 
samples showing a domain nucleation material 
(upper curve) and a domain pinning material 
(lower curve). 

Normalized (AA/Ms), Kl and Hci vs. temperature. 

v 

PAGE 

44 

46 

50 

59 

60 

62 

64 

69 

70 

76 

79 



TABLE I 

TABLE II 

TABLE III 

PROGRAM I 

TABLE IV 

PROGRAM II 

LIST OF TABLES AND PROGRAlvlS 

Properties of RCo S Compounds 

Saturation Magnetization Data 

Saturation Magnetization of SmCo 
5 

Program to Handle Torque Data 

Magnetostriction Measurements 

Program to Handle Magnetostriction 

vi 

Data 

4 

18 

28 

48 

57 

66 



· CHAPTER I 

INTRODUCTION 

The history of rare earth-cobalt (hereafter referred to as RECo) 

permanent magnets can be traced back to 1935 when Urbain, Weiss and 

Trombel discovered that gadolinium is ferromagnetic. At that time, it 

was difficult to study the magnetic properties of otller Lanthanide 

series elements due to the unavailability of pure rare earth metals. 

Rare earth ores generally contain several rare earth oxides mixed 

together. A program sponsored by the Atomic Energy Commission 

developed the ion-exchange method for separating rare earths from each 

other in 1947. 2 Isolated rare earth elements were made available in 

small quantities at reasonable cost. 

Nassau, Cherry and Wallace 3, in 1960, used x-ray diffraction to 

determine the crystal structures of the RCo S compounds where R 

represents yttrium or a rare earth. They found all RCo S compounds have 

the CaCu
S 

crystal structure, which is sho\,ffi in Fig. 1 for SmCo S' Also, 

in 1960, Hubbard, Adams and Gilfrich4 reported the permanent magnet 

properties of GdCoS ' (Permanent magnet properties are defined in Fig. 

2.) They found that the c-axis is the easy magnetic aXlS and single 

crystal particle alignment by an externally applied field was used to 

increase the remanent magnetization. They concluded that the huge 

coercivity (H .=8kOe) is due to the large magnetocrystalline aniostropy 
Cl 

of GdCo
S

' Initially their work was ignored due to the high cost of 

gadolinium, the low energy product of GdCo S permanent magnets and the 

1 
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Fig. 1. Crystal structure of SmCoS' 



M 

I r'--
I Ms 

_---~,---t____H-c-i ---+-----,-,-L __ J "~ H 

----------~----------~-----------~ 

B 

(BH)max 

--------~--~_+----~~-------H 
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for the ideal case, M = Mr and (BH)max = (4nMs )2/ 4 . Often the 
measured (BH)ma<c is l6wer than the ideal maximum, so generally 
(BH)max:S- (4nMs) 2/4. 
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failure to recognize that GdCoS is part of a family of RECo compounds 

with similar magnetic properties. 

Hoffer and StrnatS reported the large magneto crystalline anisot-

ropY of YCo
S 

in 1966. Their work prompted examination of the magnetic 

properties of all the RCo
S 

compounds. A sluumary of the physical and 

magnetic properties of these compounds is given in Table I, and the B 

vs. I-I demagnetizing curves of RECo and conventional permanent magnets 

are shown in Fig. 3. There are several excellent reviews of the 

development of RECo permanent magnets. 6 ,7,8,9 

Of all the RCo
S 

compounds, permanent magnets based on SmCo S have 

the best properties for two major reasons: 

1. SmCo
S 

has the highest Curie temperature, Tc=984 K.
10 

. 8/ 3 
2. SmCo

S 
has the highest anisotropy, Kl =2.4xlO erg cm at 

room temperature, and Kl is not very dependent on composition. 

However, the intrinsic properties of the RCo compounds cannot explain 
S 

why SmCo
S 

permanent magnets have the largest coercive fields, Hci/ 20 kOe. 

In practice, commercial SmCo
S 

magnets are produced by liquid 

phase sintering. ll In the most common method, two alloys, one nearly 

SmCo
s 

and the other samarium-rich SmCo S ("'36 atomic % Sm), are pre­

pared by induction melting. The two alloys are ground into powders 

with an average particle diameter of 4 microns, Generally, each 

particle is a single crystal. The two powders are loosely mixed to 

a density of about 3.4 g/cm3 and a magnetic field of 20 kOe or greater 

is applied to the mixed powder to align the c-axis of each particle 

with the field. The powder is pressed slightly to prevent particles 



TABLE I 

MAGNETIC AND PHYSICAL PROPERTIES OF SOME RCo S PHASES 

Phase T M ideal (BH) H 7 K1 3 Density T..l T 
(KT 7 3 max (kO{) (g/ cm3) (K~ (emu cm) (MGOe) (10 erg/cm) (K) 

YCo
S 

921 844 28.1 130 5.5 7.69 1635 1625 

LaCo 5 840 723 20.6 175 6.3 8.03 1490 1363 

CeCo 5 647 612 14.8 170-210 5.2-6.4 8.55 1480 1469 

PrCo5 885 955 36.0 145-210 6.9-10.0 8.34 1520 1505 

SmCo5 997 768 23.0 210-290 8.1-11.2 8.60 1600 1593 

(M:/vl) Co 5 795 708 19.8 180-195 6.4-6.9 8.35 1458 

(tvllvl) mischmetal; properties quoted are for a commercial mischmetal containing, in atomic percent, 
54.4% Ce, 26% La, 13% Nd and 5% Pro 

T = Curie temperature c 

T~ = liquidus temperature 

T = temperature of peritectic reaction 
p 

The ideal (BH) is calculated from (4nM )2/4 and is not an experimental value. 
max s 

(reference 31) 
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from rotating out of alignment when the field is removed. Then the 

powder is pressed to roughly lxl09 N/m2 and sintered at 11000e for 

about 30 minutes. The composi tioi1 of the samarium-rich alloy, some-

times called the sintering aid, is chosen so that it has a liquid 

phase component at the sintering temperature which helps to increase 

the final density of the material. Post-sintering heat treatments 

are used to increase the coercivity. CommeTcial SmCo
S 

magnets are 

produced with nearly the ideal eBH) and are used in travelling max 

wave tubes, watt-hour meters, electric motors, wrist watches, magnetic 

bearings and other applications where size 2.ndweight are important 

considerations. 

At present, the immediate future of RECo magnets is uncertain. 

Most of the free-world cobalt comes from Zaire as a by-product of 

copper mining. However, the cobalt supply was curtailed for six 

months in 1978 due to the pOlitical unrest in that part of Africa. 

The decrease in the cobalt supply has caused the price of cobalt to 

triple over the past year. While current supplies are returning to 

the previous levels, the present forecast is that the price of cobalt 

will fall, but not to previous levels. 

The cobalt shortage has had an unsettling effect on the permanent 

magnet industry. Since the design of a magnetic circuit requires a 

substantial capital investment, users of permanent magnets have been 

reluctant to redesign a product to use SmCoS magnets. Consequently, 

Alnico magnets are used in many products where SmCoS magnets would 

cost less. However, Slnce cobalt is a major component of Alnico 
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magnets, there is pressure on users to change to either oxide magnets, 

barium or strontium ferrite, which are cobalt-free or to RECo magnets 

which use cobalt more efficiently than Alnico magnets. 

The long range future for RECo permanent magnets is encouraging. 

In time, SmCo
S 

and other RECo permanent magnets will replace Alnico 

or ferrite magnets in many applications and become a significant pro-

portion of the permanent magnet industry. In these applications, 

RECo magnets will be used because they do the job more effectively 

than their competitors, considering size, weight or cost. There is 

also an interesting future for RECo magnets in new applications where 

they are uniquely suited because of their high energy product or large 

coercivity. There have already been some successful human implant 

applications of SmCoS magnets. 

Future developments in RECo magnets will probably concentrate in 

three areas. First, it is desirable to increase the saturation magneti-
2 

zation since it limits the energy product, (BH) ~ (4nMs ) /4. To max -

achieve this goal, there are several possibilities such as R2C0 7 and 

R
2

Co
17 

compounds, or additions of iron to an RECo compound.12 , 13,14 

Unfortunately, work in this area has produced permanent magnets with 

substantially lower coercive fields than SmCo S magnets. Future 

research may improve the coercive fields in these compounds. Second, 

it is desirable to decrease the cost of RECo magnets to make them 

more competitive with other permanent magnet materials. Work in this 

area has concentrated In substituting less expensive mischmetal for 

samarium. 1S ,16,17 Since removing the samarium lowers Ms' (BH)max and 
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H ., there have been several studies to determine the trade-offs 
C1 

between cost and magnetic properties. This work is also important 

if there is a sudden increase in the demand for samari"Lun because of 

the present limitations on refining facilities. New research may 

be in the area of finding other substitutions of this type for 

either samarium or cobalt since cobalt is now more expensive than 

samarium. In fact, a scientist from the General Motors Research 

Laboratories has remarked that their goal is to make samarium-cobalt 

permanent magnets with neither samarium nor cobalt. The cost of 

RECo magnets could also be lowered by improved production methods. 

There has been some successful work with casting RECo permanent 

magnets. IS Third, there will be further work in improving certain 

properties for specific purposes. For example, there has been research 

into the area of reducing the temperature dependence of the saturation 

magnetization around room temperature for RECo magnets to be used in 

microwave applications. 19 

Even though SmCoS is an extensively used permanent magnet, data 

on the intrinsic properties of the material is incomplete. In part, 

the deficiency is due to its large magnetocrystalline anisotropy. 

Consequently, the anisotropy constants and magnetostriction constants 

are difficult to measure with the limited magnetic fields available 

1n most laboratories. Therefore, high field magnet facilities such 

as the High Field Magnet Laboratory at the University of Pennsylvania 

are required to measure some intrinsic properties of SmCoS' 

A complete knowledge of the temperature dependence of the intrinsic 
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properties (magnetocrystalline anisotropy, magnetostriction and 

saturation magnetization), is necessary since they ultimately 

determine the potential of a material as a permanent magnet. In 

this work, the saturation magnetization, magnetocrystalline anisotropy 

and magnetostriction of SmCo
S 

single crystals have been measured as 

a function of temperature from 4.2 K to room temperature and above. 

This experiment overcomes the three major problems that beset earlier 

experiments: low magnetic fields, powder samples and off-stoichiometric 

compositions, by using a set of high quality single cIystal samples 

cut from the same ingot, and by using large magnetic fields. 



CHAPTER II 

SAMPLES 

A bulk SmCoS single crystal was prepared by the Bridgman 

method by A. E. Austin and J. F. Miller at the Battelle Columbus 

Laboratory for the Air Force Materials Laboratory, Wright-Patterson 

Air Force Base, Ohio. 20 The lattice parameters measured by Austin 
(;> ¢ 0 

and Miller were a=4.999 A and c=3.972 A with an error of + 0.002 A 

measured by Debye-Schel'1.'er x-ray diffraction patterns. This single 

crystal was made available to D. A. Doane of this laboratory by 

H. J. Garrett of the Air Force Materials Laboratory. 

Before the samples were cut from the single crystal, Doane6 

did an extensive Laue x-ray study of the crystal to verify single 

crystallinity and to orient the crystal for subsequent spark cutting. 

Discs 9.0 mm in diameter and 1.5 mm thick were spark cut from the 

bulk single crystal for the orientations needed to measure magneto-

striction and elastic constants. This size was determined to be thin 

enough so the form effect could be ignored and thick enough so the 

unbonded surface of the sample could deform freely.6 Some surface 

cracks were observed by Doane at the time the crystals were cut. 

Later, the cracks caused chipping in the Doane experiments and catas-

trophic shattering and twisting of some samples in this study. After 

spark cutting, Doane mechanically polished and electropolished the 

samples to remove any residual surface stress. Laue photographs were 

used to verify that the sample surfaces were indeed stress-free. 

11 
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The density of a large piece of scrap single crystal was 

measured by finding its mass in air and in water. The measured 

density of SmCo
5 

at 23°C was 8.559 g/cm3. This result agrees within 

0.5 96 of the three published values. Buschow and Velge21 give 

8.53 g/cm3, Haszko22 gives 8.58 g/cm3 and Searle et a1. 23 give 

the density as 8.60 g/cm3 . The measured density also agrees with 

the density calculated from the lattice parameters given for this 

single CTystal, 8.596 g/cm3. 



CHAPTER III 

SATURATION MAGNETIZATION 

Theory 

In a ferromagnetic substance, the maximum magnetic moment of the 

bulk material is the saturation magnetization. This corresponds to the 

complete alignment of all the atomic magnetic moments along the direc-

. tion of measurement. There are two measures of the saturation magneti-

zation in a sample, the moment/mass, ~s' (emu/g in CGS units) and the 

moment/volume, M , (emu/cm3 in CGS units). The moment/mass and the 
s 

moment/volume are related to the density by 

(1) M/ crs = density. 

The moment/volume, Ms has greater practical importance and is used in 

fundamental theory such as Maxwell's equations. " However, when the sat-

uration magnetization is measured as a function of temperature, 0- is s 

generally used since the volume of the sample is a function of tempera-

ture while the mass is not. 

In SmCo
S

' the magnitude of the saturation magnetization is due al­

most entirely to the magnetic moment of the cobalt atoms. A simple es-

timate of the saturation magnetization at T = 0 K can be made by assuming 

that only cobalt atoms contribute to the magnetization and that the 

moment of a cobalt atom is the same in SmCoS as it is in pure cobalt 

(2) 0:= o 
(5 Co atoms/lmit cell)(1.71s~/Co.atom)(0.927xl0-20 emu/~B) 

(7.389x10- 22-g/unlt cell) 

= 107.6 emu/g 

13 
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or MO == 932 emu/ cm3. Streever, 49 using NMR, finds an Sm moment of 0.39 

JAB. and estimates the Co moment as 1.63 Ae to make the total moment 

consistent with saturation magnetization measurements at 0 K, 0-0 == 107.1 

emu/g. However, this estimate for the Sm moment may be too large since 

Klein and Menth find almost no difference between the saturation magnet­

ization of SmCo
S 

and YCo S' where the y+3 ion has no magnetic moment. 29 

TIle temperature dependence of the saturation magnetization is due 

to the thermal vibrations of the spin moments. The contribution of 

each moment to the net magnetization is lowered by the vibrations. 

As the temperature increases, the moments deviate further from the 

saturation direction and the saturation magnetization decreases to 

zero at the Curie temperature. At that point, the thermal energy is 

roughly twice the exchange energy. 

Information about the temperature dependence of the saturation 

magnetization is important from a theoretical point of view. TIle 

Callen and'Callen single-ion theory predicts the temperature depen­

dence of the magnetocrystalline anisotropy and the magnetostriction 

based onthe temperature dependence of Ms . 24 

For a permanent magnet material, the saturation magnetization and 

its temperature dependence are important considerations. First, Ms is 

the upper limit of the remanent magnetization, Mr' Commercial SmCo S 

magnets have a remanence that is at least 90% of the saturation magneti­

zation. Second, in a high coercivity material such as SmCo S' (Hc~4nMs)' 

the maximum energy that can be stored in the material (BH)max' is 

limited by (41fMs) 2/4 . Therefore, it is desirable to have a large Ms 

and to have it change as little as possible over the working temperature 



range of the magnet since a 5% 

15 

decrease in JvI 
s 

can cause a 10% de-

crease in eBB) . In practice these criteria are simplified to call max 

for a high Curie temperature and a large saturation magnetization. 

Experiment 

Th.e saturation magnetization was measured using a vibrating sample 

magnetometer (VSJvI) and a conventional iron-core electromagnet. The 

complete experimental apparatus is shown in Fig. 4. An iron sample was 

used as a calibration standard at room temperature and at 77 K. A 

single crystal of SmCoS was mounted in the VSJvI with its easy axis 

parallel to the field. The electromagnet produced a maximum field of 

about 8 kOe which was sufficient to saturate the sample. The magneti-

zation was detected by four pick-up coils mounted on the magnet pole 

pieces. Their signal was amplified and converted by the lock-in 

amplifier into a d.c. signal proportional to the magnetization. TI1e 

output signal was recorded as the Y axis on the X-Y recorder. 

A copper-constantan thermocouple was attached directly to the 

sample by copper paint. The thermocouple voltage was fed to the X axis 

of the X-Y recorder. 

The sample was enclosed by a small glass dewar. After the satura-

tion magnetization was measured at 77 K, the liquid nitrogen was allowed 

to boil off. The saturation magnetization was recorded as the sample 

warmed up. The sample could warm up from 77 K to 220 K in about 30 

minutes. TI1is time was fast enough to avoid output drift in the lock-in 

amplifier and slow enough to assure that the thermocouple and the sample 

were at substantially the same temperature. Above room temperature, the 
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sample was enclosed in a heater and warmed from 300 K to nearly 900 K, 

again in about 30 minutes. 111e sample was protected from oxidation by 

a high temperature alumina cement. On cooling, the curve was rever-

sible. 

Results 

The saturation magnetization results are shown in Table II and 

plotted in Figs. Sand 6. 

The 0;; vs. T results were obtained directly from the e:x.'}Jerimental 

curves, while the M vs. T data were derived from the 0- vs. T data 
s s 

using the density of SmCoS at the temperature in question and eq. (1). 

The density of SmCo measured at 23 0 C was 8.SS9 g/cm3. TI1ere are no 
S 

data on the temperature dependence of the density of SmCo
S

' However, 

this information can be derived from the x-ray data of Martin, Benz 

and Rockwood2S on the variation of the unit cell volume in sintered 

SmCo S magnets. Their data show the variation to be linear over the 

range of measurement, 77 to 300 K, and that the temperature dependence 

is not sensitive to small changes in composition around SmCoS' There­

fore, these data are used to calculate M from ~ , using the fact s s 

that the volume of the unit cell is inversely proportional to the 

density. This means, 

so that 

(3) PCT) = ~(T=296K) VCT=296K) 
VCT) 

(4) = 0- (T) f> CT=296K) V(T=296K) 
-s • VeT) 

From the Martin, Benz and Rockwood data, 



TABLE II 

SATURATION MAGNETIZATION DATA 

T T TITe is 6/dQ M M/MO CM/MO) 3 41\M Mest 

C°e) 
s (emul em3) (kG} 

(K) (emul g) 
Cemu/em3) 

0 -273 0 108 1 932 1 1 11.71 932 

77 -196 .078 106.7 .988 919 .986 .960 11.55 919 

87 -186 .088 106.3 .984 916 .982 .948 11. 51 916 

113 -160 .115 105.5 .977 908 .974 .924 11.41 909 

136 -137 .138 104.8 .970 901 .967 .904 11.32 901 

156 -117 .159 103.9 .962 893 .958 .879 11. 22 894 

174 -99 .177 103.4 .957 888 .953 .865 11.16 887 

191 -82 .194 102.6 .950 881 .946 .846 11. 08 881 

208 -65 .221 101. 6 .941 872 .936 .820 10.96 874 

220 -53 .224 101. 2 .937 868 .932 .809 10.91 869 

295 +22 .300 98.8 .915 846 .907 .747 10.63 833 

345 72 .351 96.5 .894 825 .885 .694 10.37 807 

388 115 .394 95.9 .888 819 .879 .679 10.29 783 

429 156 .436 94.9 .879 809 .868 .655 10.17 759 

486 213 .494 92.3 .854 785 .843 .599 9.87 724 



TABLE II 
( continued) 

SATURATION MAGNETIZATION DATA 

T T TIT OS 6/60 M M/MO (M/MO) 3 411M} Mest 

(K) (oe) 
c (emu/ g) (emu! cm3) (kG (emu! cm3) 

516 243 .524 91. 0 .843 774 .831 .574 9.73 704 

569 296 .578 88.6 .820 752 .807 .526 9.46 668 

592 319 .602 86.8 .803 736 .790 ~493 9.25 652 

619 346 .629 85.5 .792 725 .778 .472 9.12 633 

672 399 .683 81. 5 .754 690 .740 .406 8.67 593 

728 455 .740 76.4 .707 646 .693 .333 8.11 550 

768 495 . 780 70.8 .655 598 .641 .264 7.51 518 

793 520 .806 67.7 .627 571 .613 .231 7.18 498 

813 540 .826 65.3 .604 551 .591 .206 6.92 481 

823 550 .836 62.6 .580 528 .567 .182 6.64 473 

838 565 .852 59.8 .553 504 .541 .158 6.33 460 

843 570 .857 57.7 .535 487 .522 .142 6.11 456 

848 570 .862 55.5 .514 468 .502 .126 5.88 452 

868 595 .882 51. 4 .472 433 .465 .100 5.44 435 

883 610 .897 49.0 .454 412 .442 .087 5.18 422 



T = 984 K from reference 10. 

TABLE II 
( continued) 

SATURATION MAGNETIZATION DATA 

c 
Mest is calculated using eq. (4) and eq. (8) with B=O.644. 

The saturation magnetization at T = 0 K 'was calculated using eq. (8). 
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(5) VCT) (i\3) , ::: 85.33 + 0.002491 T (K) 

range 77 to 300 K. The M data given in Table II is calcu­
s 

lated using eq. (4) and assuming that eq. (5) is reasonably accurate 

over the entire temperature range of the experiment. 

Comparison of the Results to Theory 

The temperature dependence of the saturation magnetization can 

be examined theoretically by considering either the molecular field 

or spin-waves. 

Briefly, the molecular field, proposed by Weiss in 1907,26 is 

the field experienced by a single atomic spin due to its neighbors. 

If one assumes the classical view that the spins can have any orienta-

tion, the temperature dependence of the saturation magnetization is 

given by the Langevin function, 

(6) 0100::: L(a) ::: coth(a) - l/a 

where a::: (er/o-O) (3Tc/T), CJ'::: o;(T) and CO::: ~(T::: 0 K). The classical 

J::: cO ~curve is generated by this equation and is plotted in Fig. 7. 

Quantum theory modifies the classical argument by requiring that 

the angular momentum be quantized. The relative magnetization is given 

by the Brillouin function, 

- (~) coth(~) 
2J 2J 

where a' ::: (0-/00) (3J/J + 1) (Tc/T). Note that as J becomes large, 

eq. (7) approaches the classical case, eq. (6). If the magnetic mo-

ment is due entirely to spin, J :::~. The relative saturation magneti-

zation curves for J ::: ~ and J ::: 1 are shown in Fig. 7. 

The experimental results of relative saturation vs. relative 
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temperature are also shown in Fig. 7. The Curie temperature for SmCoS 

was taken as 984 K from reference 10. Other measurements of the Curie 

temperature are within 20 K of this value and the data from this work 

indicates that the Curie temperature is in this range. 

Fig. 7 shows that the experimental points are all greater than 

the J =00 curve and are less than the J = ~2 and J = 1. curves. Data for 

iron, nickel and cobalt show much better agreement with the J = ~ and 

J = 1 curves than do these results for SmCoS ' This behavior indicates 

that samarium may have a small moment in SmCo S which drops off much 

faster than the cobalt moment with increasing temperature. 

TIle theory of spin-waves, proposed by Bloch in 1930,27 considers 

the collective precession of spins. At low temperatures, Bloch found 

that the temperature dependence of the saturation magnetization is 

given by 

(8) o-(T)/cr{T=O) = 1 - B(T/Tc)3/2 

where B is a constant of the material. Since the saturation magneti...; 

zation was not measured at T = 0 K, the values Ms = 932 emu/cm3 and 

B = 0.644 were estimated using eq. (8), eq. (4) and the data from 77 

to 220 K.This behavior was also observed in SmCo S by Kutterer et al. 48 

but with B = 0.4. 

In a highly anisotropic material, the frequency of the spin-wave 

is modified. Considered by Niira,SO the temperature dependence of the 

saturation magnetization of Dy was explained using the concept of the 

spin-wave gap. Niira modified eq. (8) to predict that the saturation 

magnetization should vary as B e- ,l)/kT T3/ 2 where l::>.is the spin-wave 

"I 

iii 



Fig. 8. Temperature dependence of the saturation magnetization 
compared to other experiments. 
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gap, 6= 2k 2(T = O)/spin. For SmC0 5 , ~". 50 K, so that the temperature 

dependence of the saturation magnetization may not follow T3/ 2 below 

77 K. 

Discussion and Comparison to Earlier Experiments 

The results of four other saturation magnetization vs. temperature 

studies and this work are plotted in Fig. 8 as reduced magnetization vs. 

reduced temperature. All the results show good agreement. The only 

area where there is some disagreement is around T/Tc = 0.3, near room 

temperature. Here the data from this work are slightly lower than the 

other experiments. Since the disagreement is less than 3%, it is felt 

that the difference is not significant. 

The absolute values of the saturation magnetization experiments 

are swmnarized in Table III. This work agrees best with the Klein and 

Menth29 and Ermolenk0 30 results. Also, the estimated value at T = 0 K, 

108 emu/g, agrees very well with the calculated estimate 107.6 emu/g. 

The Tatsumoto et al. 10 and Buschow and Velge21 values are about 10% 

lower and the Searle et al. 23 values is 6% higher than this work. 

Buschow and Velge used a 100,Mm powder, aligned at 40 kOe, for their 

measurement while the others used single crystal spheres, 1-20 mm in 

diameter. Tatsumoto et al. used a magnetic balance to measure the 

moment while the others used vibrating sample magnetometers. The 

applied fields ranged from 16 to 25 ](Oe. The disagreement with 

TatslUnoto et al. and Buschow and Velge may be due to variations in 

composition, alignment problems or an inaccurate magnetic balance. 



TABLE III 

SATURATION MAGNETIZATION OF SmCo5 

STUDY TEMPERATURE 

Buschow and Velge21 90 emu/g 300 K 

Tatsumoto et al. 1O 96.0 emu/g o K 

Searle et al. 23 971 emu/cm3 4.2 K 
894 emu/cm3 300 K 

_Klein and Menth29 937 emu/cm3 0 K 

Ermolenko 30 109 emu/g 0 K 
102 emu/g 300 K 

Calculated Estimate 107.6 emu/g o K 
932 emu/cm3 

This Work 108 emu/g o K 
932 emu/cm3 

98.8 emu/g 3 295 K 
845 emu/cm 



CHAPTER IV 

MAGNETOCRYSTALLINE ANISOTROPY 

Introduction 

The magnitude of the magneto crystalline anisotropy (hereafter 

referred to as anisotropy) is measured by the anisotropy energy, 

which is the work required to rotate the magnetization from the easy 

crystallographic direction to the hard direction. For a hexagonal 

material such as SmCoS' the anisotropy can be expressed in terms of 

anisotropy constants in either of two ways, 

(9) E f • 2 K . 4g "A = KO + Kl Sln 9 + 2 Sln + ... 

and 

where 9 is the angle between the c-axis and the saturated moment, 0 

is the angle between an a-axis and the saturated moment and y..Q(g ,0) 

are normalized spherical harmonics. Eq. (9) is based on a series of 

even powers of sinG and is used commonly because of its mathematical 

simplicity. Eq. (10) more nearly reflects the true physical picture 

since spherical harmonics are the appropriate function to describe 

the energy density on the surface of a sphere. Eq. (10) is generally 

used in any theoretical consideration of anisotropy. The relationships 

between the two types of anisotropy constants are 

(11) KO = k2 + k4 + k6 

KI -(I.Sk2 + 8k
4 

+ 10.Sk
6

) 

4.37Sk
4 

+ 23.62Sk
6 

29 

(reference 32). 
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The terms listed in eqs. (9) and (10) are independent of .0 and, 

therefore, represent cylindrical sY11lmetry, not hexagonal symmetry. 

m 
In general, any Y.t(G,,0) where m=O is independent of.0. Basal plane 

anisotropy is given by higher order terms in eqs. (9) and (10), but 

basal plane anisotropy is not relevant to this discussion. For most 

Reos compOlmds, the anisotI'opy can be completely described by the terms 

listed in eqs, (9) and (10). 

The rel~,tive and absolute values of the anisotI'oPY constants can 

predict certain types of magnetic behavioI'. For example, by finding 

the minima of the anisotropy energy with respect to angle G, the easy 

direction(s) can be determined. The results of this calculation 

are shown In Fig. 9 for Kl and K2 and in Fig. 10 for k2 and k4 . 

positive (_108 erg/cm3) and K = 0, therefore, the 
2 

c-axis is the easy direction. 

In 

A good permanent magnet mateI'ial has an easy axis rather than 

an easy cone or easy plane. A material with an easy axis has the 

potential for a large coercivity since a large amount of work, in 

the form of a large reverse magnetic field, is required to rotate the 

magnetization through 1800 . This is not the case for an easy plane 

material where little or no work is required to rotate the magnetiza-

tion in the plane. The easy cone is an intermediate case. Less 

work is required to reverse the magnetization in an easy cone material 

than in an easy axis material. Therefore, easy plane materials and 

most easy cone materials are not suitable permanent magnet materials. 

For a material to show anisotropy or magnetostriction, the atomic 
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moments must interact with the crystal lattice. However, the spins 

do not interact directly with the lattice. A mechanism to couple 

spin moments to the lattice is spin-orbit coupling in a crystal elec­

tric field. In ferromagnetic materials, there are partially filled 

inner electron shells. rn1ese are 3d electrons in transition metals 

and 4f electrons in rare earth metals. The unfilled shells produce 

nonspherical electron clouds. The orbiting of the inner shell elec­

trons around the nucleus at relativistic speeds causes the coupling 

of the electron spin moment to the electron orbital moment. Spin-orbit 

coupling is generally stronger in rare earth metals since the 4f elec­

trons are closer to the nucleus and orbit at a faster rate. The 

crystal electric field, arising from the neighboring ions, tends to 

align the orbital moment, and the spin moment by spin-orbit coupling, 

along a favored crystallographic direction. When a magnetic field is 

applied to a ferromagnetic material, the moments and the electron 

clouds rotate to orient themselves with the field. The work required 

to rotate the moments is the anisotropy. The dimensional change that 

accompanies the rotation of nonspherical electron clouds is the 

magnetostriction. In transition metals, ,the anisotropy is small, 

103-105 erg/cm3, however, in the rare earth metals and compounds, 

the anisotropy can be quite large, 106-10 8 erg/cm3. 

A simple model to explain the temperature dependence of the 

anisotropy was proposed by Zener. 33 This model was partially suc­

cessful in explaining the temperature dependence of the anisotropy 

by considering the effect of thermal vibrations on each moment and 
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treating the model as a random walk problem. There are two main 

assumptions in Zener's approach. First, the sole effec-t of tempera-

ture is to introduce fluctuations in the direction of the local 

moment. Furthermore, the magnitude of the local moment is independ-

ent of temperature and eqs. (9) and (10) are assU1Iled to represent 

- the local anisotropy energy density. Second, the deviation in the 

direction of the local moment from the easy axis is the result of a 

large number of very small deviations having independent random 

directions. The effect of temperature on the anisotropy is sche-

matically represented in Fig. 11. The solid curve represents the 

intrinsic anisotropy energy which is also the macroscopic anisotropy 

energy at T = 0 K. The dotted curve represents the macroscopic 

anisotropy energy at a temperature above 0 K. The thermal energy 

causes the moment to vibrate, increasing the anisotropy energy 

parallel to the easy aXlS and decreasing the anisotropy energy 

perpendicular to the easy axis. Thus as the temperature increases, 

the anisotropy decreases. Using this model, Zener predicted that 

the anisotropy constants (k,.e from eq. (10) where ;.. = 2, 4, 6, ... ) 

should vary as the !z IJ.. (>Z + 1) power of the reduced saturation magnet-

ization, M (T)/M (T=O) = meT), 
s s 

(12) kJ- (T) = k9-(T=O) m (T) !z~(.R. + 1). 

The implicit assU1Ilption of the Zener model is that each atomic 

moment is localized; that is, each moment behaves like a single-ion 

in the lattice. The present understanding of the temperature depend-

ence of the anisotropy and the magnetostriction based on the single-












































































































	ThesisI.pdf
	ThesisII
	ThesisIII

