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ANISO TROPIE E T MA GNE TOS TRIC TION 

MAGNETOCRY S T A L L N  AM SOTROPY IN RARE EARTHS AND THEIR ALLOYS 

S. CHIKAZUMI, K. TAJIMA (*) and K. T ~ Y A M A  (**) 
Institute for Solid State Physics, University of Tokyo, Roppongi, Tokyo, Japan 

RCsumC. - L'anisotropie magn6tocristalline d'impuretes de terres rares dopant du Gd a kt6 mesurke par la methods 
du couple dans la garnme de tempbatures 4,2-200 OK. Un calcul bad sur le modele a un ion donne un accord raison- 
nable avec l'expkience pour les impuretts de terres rares lourdes, contrairement au cas de la plupart des terres rares 
lkgkres. La dkpendance en temperature de la constante d'anisotropie est tres bien explicable en supposant que les moments 
des impuretks se comportent paramagnktiquement dans le champ d'echange produit par les spins des Gd environnants. 
La dependance en temperature anormale pour I'impuretk de Sm a 6tk interpret* en terme de melange de Yetat de haut J 
excite par l'interaction d'echange avec le spin de Gd. Le metal Gd pur ne presente qu'une anisotropie relativement faible, 
qui, toutefois, a une dkpendance en temperature compliquee. L'origine de cette anisotropie devrait btre entierement diffk- 
rente de celle des autres terres rares, car le Gd n'a pas de moment orbital. Par addition d'Y non magnktique un changement 
trks important dans la dependance en tempkrature de l'anisotropie de Gd a kt6 observe. Un effet similaire a aussi Btk pro- 
duit par l'application d'une forte pression hydrostatique. 

Abstract. - Magnetocrystalline anisotropy of rare earth impurities doped in Gd metal was measured by torque 
method in a temperature range of 4.2 to 200 OK. Calculation based on the one-ion model agrees with experiment reaso- 
nably well for heavy rare earth impurities, while it does not for most of light rare earth impurities. Temperature depen- 
dence of the anisotropy constant can be explained fairly well by assuming that impurity moments behave paramagnetically 
in the exchange field produced by the surrounding Gd spins. Anomalous temperature dependence for Sm impurity was 
interpreted in terms of the mixing of the high J state excited by the exchange interaction with Gd spin. Pure Gd metal 
exhibits a relatively small anisotropy, which, however, exhibits rather complicated temperature dependence. The origin 
of this anisotropy should be entirely different from other rare earths, because Gd has no orbital magnetic moment. It 
was found that the addition of non-magnetic Y causes a drastic change in the temperature dependence of the anisotropy 
of Gd. A similar effect was also caused by the application of hydrostatic high pressure. 

I. Introduction. - Rare earth metals exhibit an 
anomalously large magneto-crystalline anisotropy 
10' to lo4 times larger than 3 d transition metals, 
since their atomic magnetic moments are associated 
with more or less some orbital magnetic moment 
which has anisotropic wave functions in 4 f electron 
shell. The determination of the anisotropy constants 
of rare earth metals was first attempted by Liu and 
al. [I] for Dy through the observation of magnetization 
curves by using a field up to 18 kOe, which, 
however, was too weak to magnetize the specimen 
to a considerable extent. Rhyne and al. [2] 
and Belov and al. [3] measured torque curves 
for Tb, Dy and other rare earth metals in a 
field of about 150 kOe. It was found by Rhyne and al. 
[4] and also confirmed by Chikazumi and al. [5], howe- 
ver, that the application of the field higher than 150 kOe 
causes a permanent set of the crystal lattice as a result 
of the rotation of highly anisotropic moment, thus 
preventing the accurate determination of the aniso- 
tropy constants. 

In the present experiments, one species of rare 
earth metals are intentionally introduced to Gd metals 
in a dilute form and a change in anisotropy was mea- 
sured. Since Gd has no orbital magnetic moment, 
and accordingly exhibits only a small anisotropy, 
an introduction of an anisotropic rare earth ions 
changes the anisotropy dramatically, even if the content 
of the impurity metals is only a few per cent, thus 
allows the accurate measurement. Moreover, Gd has 
the maximum spin value S = 712, so that the exchange 

field of the host Gd metals is estimated to be as strong 
as 2 000 kOe, which is strong enough to rotate the 
anisotropic impurity moment in the crystal. The 
results were basically interpreted in terms of the 
interaction between 4 f orbitals and the crystalline 
field in Gd lattice. 

Nature of the magnetocrystalline anisotropy in 
Gd metal itself is entirely different, since it has no 
orbital magnetic moment. I t  shows a relatively weak 
anisotropy but its temperature dependence is fairly 
complicated as has been studie by Graham [6], Corner 
and al. 171, Rodbell and Moore [8], and Ftron and Pau- 
thenet [9]. It  was found that the application of a 
hydrostatic pressure and the introduction of non- 
magnetic Y modified these characters appreciably. 

11. Experimental procedure. - All the rare earth 
alloys used in this experiment were prepared by mel- 
ting low materials of 99.9 % purity by the argon arc. 
Single crystals were grown by the recrystallization, 
as described by Nigh [lo], and were ground to a form 
of a sphere, 2.5 to 3.5 mm in diameter. The magne- 
tocrystalline anisotropy was measured in the tempe- 
rature range from. 4.2 to about 200 OK by means 
of a simple bearing-less torque magnetometer in 
which the torque was detected by paper strain gages 
attached to a part of the supporting rod. The field 
of 31 kOe was applied by a. large rotatable electro- 
magnet in the plane which contains the c-axis. The 
torque were recorded by X-Y recorder as a function 
of the rotation angle of the magnet. 

(*) Present address : Department of Physics, Tohoku Uni- 
versity, Sendai. 

(* *) A visiting investigator from Department of Engineering 
Science, Osaka University, Osaka. 

111. Magnetocrystalline anisotropy of dilute rare 
earth-Gd alloys. - Figure 1 shows a torque curve 
measured at 4.20K for 1.8 % Tb-Gd alloys. It  is 
seen that the anisotropy is quite large as compared 
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is in good agreement with the measurement of pure 
12 -  'lo6 ERG/cc 

18 % Tb-Gd Tb by Rhyne and al. [2]. The shape of the curve is 

T = 4 2 O ~  
almost uniaxial, reflecting the symmetry of the hexa- 
gonal crystal. Sometimes the torque curve contains 
appreciable higher order harmonics as seen in figure 2 
for 1.3 % Ho-Gd alloys. More complicated torque 
curves were observed for 1 % Pr-Gd (cf. Fig. 3) and 
for 1 % Nd-Gd (cf. Fig. 4). Sharp jumps of the torque 

~10' ERG/cc 
40 r 

I %  Pr -Gd 

-2 - 

-4  - 

10- 

-6 - 

0 
-8 - 

-800 

-10 - 
-10 - 
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FIG. 1. -Torque as a function of the angle of the external -20 - 
field, 0, from the c-axis for the 1.8 % Tb-Gd alloy. The broken 
curve is for pure Gd. Both were measured at 4.2 OK in a field 

of 31 kOe. 
- 3 0  - 

with pure Gd (broken curve in figure I ) ,  although the 
content of Tb is only 1.8 %. This means that the 
anisotropy of Tb is about 5.5 x 10' erg/cc which -40 - 

FIG. 3. - Torque curve for the 1 % Pr-Gd alloy. 
3r xlo6 ERG/c.c. 

1.3 % Ho -Gd x1o5 ERG/cc 

I %  Nd -Gd 

T = 4.2"~ 
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-2 - 

-40 - 
-3- 

FIG. 2. - Torque curve for the 1.3 % Ho-Gd alloy. FIG. 4. - Torque curve for the 1 % Nd-Gd alloy. 
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are seen to occur at  8 = 370 and 230, respectively. 
Apparently, such jumps are caused by the cross-over 
of the two descrete energy levels as the impurity J 
rotates from the c-axis. A similar effect was observed 
by Dillon and al. [Ill, Pearson and al. [12] for rare-earth 
doped YIG and theoretically interpreted by Kit- 
tel [13]. Actually such jumps were quickly smeared 
out as the temperature is raised up from 4.2 O K .  

These torque curves were plotted as a function of 
the direction of the external field which is not neces- 
sarily the same as the direction of the impurity J. 
When the external field H makes the angle 8 with 
the c-axis, it causes the rotation of the Gd spin, SGd, 
which makes the angle, Oh, with the c-axis. Impurity 
moment, J, may also be rotated through the exchange 
interaction with S,,, thus makes the angle Oi with 
the c-axis. Then the total energy of the system is 
given by 

where c is the concentration of the impurity atoms, 
pB the Bohr magneton, g the gyromagnetic factor, 
HE the exchange field and ca the anisotropy energy 
which acts on the impurity atom. Equilibrium condi- 
tions for 6, and Bi are given by 

- aE - - 2(1 - c)  pB SM H sin (8, - 6 )  
86, 

- 2 cpB(g - 1) JHE sin (Oi - 8,) = 0 ,  (2) 
and 

dE --  - cgpB JH sin (Oi - 8) + 2 cp,(g - 1)  
do, 

aca x JHE sin (Oi - 0,) + c - = 0 , 
138, (3) 

where - dca/dOi is given by the torque reduced to 
per one impurity atom. Solving (2) and (3) with res- 
pect to Bi, we have the deviation angle Oi - 6 as a 
function of the torque. In figure 5, the solid curve 
represents the torque curve reduced to per one impu- 
rity Tb atom which is obtained after subtracting the 
torque curve for pure Gd from that for 1.8 % Tb-Gd 
alloy (cf. Fig. 1). After correcting the angle from 8 
to Bi, the curve is sheared to the broken curve (Fig. 5). 
Maximum angle of correction in this case was 160. 
Corresponding deviation of S,, from H, or 0, - 8 
was 60. Exactly speaking, we have to take into consi- 
deration this correction for the torque curve for pure 
Gd before subtraction, but this effect is small, since 
the torque for Gd itself is very small. Figure 6 shows 
another example of angle correction for Tm. In this 
case, the maximum correction angle was 40° and the 
maximum (8, - 6) was 50. Effect of formation of 
spin transition layer around the impurity atoms was 
also neglected, because this effect is small in most 
cases. 

After getting corrected torque curves, harmonic 
components were calculated by Fourier analysis. 
For uniaxial crystals, the magnetocrystalline ani- 
sotropy are expressed by 

---- corrected 

- uncorrected 

RG. 5. -Torque curves reduced per one Tb atom as a func- 
tion of the direction of external field (solid curve) and as a 

function of the direction of Tb moment (broken curve). 

corrected 

- uncorrected 60 I- ---- 

FIG. 6. - Torque curves for Tm atom as functions of the direc- 
tion of the external field (solid curve) and of the direction of 
Tm moment (broken curve). Circles are calculated by eq. (4). 

where P,, P, and P, are Legendre polynomials and 
D, E, and F are the anisotropy constant per single 
atom. These values are tabulated in table I for various 
rare earth impurities. Values of D are also plotted 
as a function of the number of 4 f electrons in figure 7. 

IV. Comparison with the calculation based on one- 
ion model. - The magnetocrystalline anisotropy 
of a rare earth impurity atom is caused by the inter- 
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FIG. 7. - Values of the anisotropy constant D of doped rare 
earth atoms as a function of the number of 4 f electrons of the 
doped atoms. Solid lines represent the theoretical values, while 
crosses represent the experimental values. Some parameter 

was adjusted to fit both the values for Tb. 

action of the anisotropically spreading 4 f orbitals 
with the non-zero crystalline field which is produced 
by the surrounding Gd ions. The shapes of the 4 f 
orbitals are schematically shown in figure 8. In the 
case of Tb which has eight 4 f electrons, the first 
seven electrons forms a half-filled spherical charge 
distribution and the last one with 1, = 3 has a pan- 
cake like charge distribution spreading perpendicular 
to the z-axis. As the electrons are added to Tb, as 
in the case of Dy, Ho, Er and Tm, the resultant charge 
distribution tends to be isotropic and then finally 

FIG. 8. - Shape of the 4 f orbitals for various I,. Left hand 
figure indicates the order of occupation of 4 f electrons accor- 

ding to the Hund's rule. 

extends its charge distribution along the z-axis, since 
1, = 0 has a charge distribution along the z-axis 
(cf. Fig. 8). On the other hand, the crystalline field 
in Gd metal has a field gradient at each lattice site 
in such a way that it tends to attract the electron cloud 
along the c-axis, since c/a = 1.599 which is less than 
the ideal value 1.633. In the case of Tb, such a crys- 
talline field rotates the pan-cake like orbitals so as 
to aline its z-axis perpendicular to the c-axis. In other 
words, the easy axis is in the c-plane ; that is D > 0. 

According to the exact treatment along this line 
by Stevens 1141, the anisotropy constants are driven 
as the formula 

where a, p, y are Stevens factors [14] relating to the 
shape of the 4 f orbitals, < rn >'s are the average 
of the radial part of 4 f wave function, and A:'S are 
the field gradients. According to the point charge 
approximation on nearest neighbours, 

where z is the electric charges of the atom in the 
unit of e. 

The radial part of the 4 f wave functions was calcu- 
lated by Freeman and Watson [15] using a Hartree- 
Fock approximation for free ions. In metals, the 4 f 
wave function is expected to expand by various rea- 
sons as discussed by Kasuya [16]. We have chosen 

so as to have the best fit for D of Tb and also for the 
basal plane anisotropy of Tb (cf. [2]). Values of D, 
E, and F calculated by (5) with (6) and (7) using the 
c[a = 1.599 for host Gd at 4.2 OK and are tabulated 
in table I. Values of D are in excellent agreement 
with the observed values except for Ce, Pr, Sm and 
Tm. General tendency of the change in D with the 
number of 4 f electrons are more clearly seen in 
figure 7. Repetetion of the characteristic change from 
La to Gd, and Gd to Lu are well understood by the 
change in 4 f electron clouds as described above. 
Relatively large amplitude of D for light rare earths 
is due to the expansion of the 4 f shell, or the large 
< rn >. Large deviation of D for Ce and Pr may be 
at least partly due to a large contribution of the crys- 
talline field splitting relative to the exchange field. 
As for the disagreement of D for Sm we shall discuss 
in the next chapter. 
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Anisotropy constants for various rare earth impurities doped in gadolinium 

D (cm-') E (cm-I) F (cm-l) 
Impurity Observed Theory Observed Theory Observed Theory 

(*) Two values in Ho were deduced from two specimens with different composition. 

The reason for the poor agreement between theory D(TI - EXPERIMENT 
and experiment for E and F may be due to i) neglec- 1 0  
tion of the formation of spin transition regions about 
the impurity atoms, and also ii) the neglection of 
magnetostrictive deformation about the impurity 
atoms. 

V. Temperature dependence of D of impurity rare 
earths. - Temperature dependences of anisotropy 
constants of rare earth impurities in Gd are generally 
monotonic as shown in figures 9 and 10 for D of 

D(T) 
D(0) EXPERIMENT 0 5 0  100 150 O K  

1 0 -  

0 5 -  

D .u r n ( ~ ) ~  THEORY 
- 

Tb 0 Tm Er Ho DY 0 5  l o -  

I I I 

0 5 0  100 150 O K  

D(T) - m(T1 0 5 0  100 150 
m-(t?l(O)r THEORY K 

11; FIG. 10. - Temperature dependence of D for light rare earth 
impurities doped in Gd. 

temperature dependence of magnetization of an 
~b impurity atom is given by the Brillouin function 
DY 

Ho 
m(T) - =, (Z p.(g - 1) . 

kT m(O> 
(8) 

Tm 
Er 

I I I In this formula, HE is the exchange field given by 
0 5 0  100 150 'K 

3 kOGd 
FIG. 9. - Temperature dependence of D for heavy rare earth HE = --- < M G ~  > T ,  

impurities doped in Gd.  id (9) 

where OG, is the Curie point of Gd and MGd and 
heavy and light rare earths. This behaviour can be < MGd >, are the magnetic moment of Gd at 0 OK 
interpreted by regarding impurity rare earth moments and thermal average of the moment at TOK, respec- 
as if they are paramagnetic ions under the action tively. Since the n-th order anisotropy constant changes 
of the exchange field produced by host Gd. Then the with temperature as 
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as shown by Zener [17] and Keffer [IS], we can calcu- 
late it with the aid of (8) and (9), where we use the 
experimental values for < MGd > measured by 
Graham [19]. The calculated temperature dependence 
agree with experiment as seen in figures 9 and 10, 
for all the impurity atoms except for Ce and Sm. In 
the case of Sm, there is a tendency that D decreases 
with an approach to 0 OK. This may be due to a contri- 
bution of the excited state with J = $ which is higher 
than the ground state with J = by only 
A E  = 900 cm-l. As the temperature decreases the 
mixing of the excited state will be increased through 
the increase of the exchange interaction which is 
about 300 cm-l. 

More details should be referred to ref. 1201 and [21]. 

VI. Magnetocrystalline anisotropy of Gd and Gd-Y 
alloys. - Magnetocrystalline anisotropy of pure 
Gd is relatively small (about 0.2 % of Tb), since it 
has no orbital magnetic moment. Its temperature 
dependence is fairly complicated as shown by one 
of the curves in figure 11. It was found that the addi- 

FIG. 11. -Temperature dependence of K; (values of D per 
unit volume) for Y-Gd alloys. 

tion of non-magnetic Y changed its character comple- 
tely (Fig. 11). As first discovered by Thoburn and al. 
[22], introduction of Y to Gd increases the magnetic 
moment per Gd. Figure 12 shows the recent experi- 
ment showing the changes in the saturation and effec- 
tive moments with an increase of Y content in Gd 
(cf. [23]). From the inclination of this curve, we can 
figure out that some part, possibly conductive 5 d 
electrons of Y, may be polarized by 0.18 pB. Drastic 
change in the anisotropy may possibly come from 
such a polarization of 5 d electron. 

Pressure dependence of the anisotropy constants 
of pure Gd was measured at 77 OK (Fig. 13). It is 
interesting to note that the pressure dependence of 
the anisotropy constants are quite similar to their 
temperature dependences. This applies also to K: 
and K:. These changes may be due to a modification 
of the polarization in 5 d electrons of Gd which is 
usually believed to be a cause of the deviation of 
saturation moment from 7 pB, that is 0.55 ,uB (cf. 
Fig. 12). 

FIG. 12. -Change of magnetic moments per Gd atom with 
the concentration of Y in Gd-Y alloys. ps, perm and 2 J repre- 
sent the saturation moment, effective moment and the value 

of 2 J deduced from the effective moment. 

PRESSURE ( k bar 
0 I 2 3 4 5  

-PRESSURE 
DEPENDENCE 
(at 77°K 1 

-+--+-TEMPERATURE 
DEPENDENCE 

I I I I , I I 

77 90 100 110 120 130 
TEMPERATURE (OK) 

FIG. 13. -Pressure temperature dependences of K,O, K,O 
and Kg (values of D, E and F per unit volume) for pure Gd 

(cf. ref. [23]). 
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