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We measured the magnetization of single-crystal terbium in the easy-magnetization direction (basal plane 
of the crystal) in a pulsed magnetic field of intensity up to 380 kOe and duration 0.01 sec, and in the 
interval 80-380"K. It is shown that the equal-magnetization lines of terbium differ qualitatively from the 
equal-magnetization lines of the alloys Fe6S(Nil_xMnxb in a wide range of fields and temperatures. This is 
attributed to the difference between the types of the statistical distributions that describe the carriers of the 
magnetic moment in the indicated substances. It is proposed that the observed difference in the behavior of 
the equal-magnetization lines exists not only between terbium and iron-nickel-manganese alloys, but also 
between ferromagnetic-metal groups 4f and 3d. It is shown that from the equal-magnetization lines of 
terbium it is possible to determine the molecular field as a function of the magnetization. The molecular 
field of terbium at magnetization values on the order of 300 G-cm3/g reaches 900 kOe. 

PACS numbers: 75.50.Cc 

In spite of the intensive investigations of the magnetic 
properties of rare-earth metals, there are not enough 
published detailed experimental data on the dependence 
of their magnetization on the field and temperature at 
large field values, where the field dependence of the 
magnetization is determined by the change of the mag
netic -order parameter (the paraprocess region). The 
change of the magnetization of a ferromagnet in the 
paraprocess region is directly connected with the ex
change interaction, and an investigation of the field and 
temperature dependences of the magnetization in the 
region of the paraprocess yields information on the mag
nitude of the exchange interaction and on the mechanism 
whereby ferromagnetic order sets in. 

The magnetization of terbium in fields that are strong 
enough for the observation of the paraprocess was inves
tigated by a number of workers, but the measurements 
were performed by them only near liquid nitrogen or 
helium temperatures. The magnetization of terbium in 
a wide temperature interval was investigated in [5J , but 
the fields used there (up to 18 kOe) were not high enough 
to be able to measure reliably the change of the magne
tization as a result of the paraprocess in the ferromag
netic region. 

In connection with the foregOing, it is expedient to 
measure the magnetization of terbium in a wide tempera
ture interval in fields on the order of 300-400 kOe. We 
have measured the magnetization of a single-crystal 
sample of terbium in the basal plane, which is the easy
magnetization plane. We investigated a terbium sample 
in the form of a rectangular parallelepiped 10 mm long 
and 1 x 1 mm in cross section. The long side of the sam
pIe coincided with the basal plane of the crystal. The 
deviation from the basal plane, according to x-ray data, 
did not exceed 10. The orientation in the basal plane was 
arbitrary. The measurements were performed by an 
induction method [6J in a pulsed magnetic field of inten
sity up to 380 kOe and duration 0.01 sec, in the tempera
ture interval from 80 to 3000 K. 

The temperature interval in which a canted antiferro
magnetic structure exists in terbium is relatively small, 
from 219 to 230° K, [7J and the magnetic field that des
troys the antiferromagnetism does not exceed 0.2 kOe. 
There was therefore no antiferromagnetism in prac-
tic ally the entire field and temperature interval investi
gated by us. 

690 SOy. Phys.-JETP, Vol. 42, No.4 

100 ZOO 300 qOO 
H,kOe 

FIG. I. Magnetization adiabats of terbium single crystal in the basal 
plane for different initial sample temperatures To: a) curve 1-80, 2-130, 
3-155,4-174.5,5-194.5,6-210.5,7-224.5,8-250.5, 9-293, 10-
321,11-372 K; b) curve 1-80,2-91,3-108,4-119.5,5-133.5,6-
138,7-148,8-155,9-168.5,10-174.5 K. 

Figure 1 shows some of the obtained magnetization 
adiabats of terbium at different values of the initial sam
pIe temperature To. Adiabats 8-11 on Fig. 1 describe 
the behavior of the magnetization of terbium in the para
magnetic region (the temperature of the magnetic order
ing of terbium is ® = 2300 K[7J )_ The remaining curves 
in Figs. 1 a and lb were measured in the ferromagnetic 
region. Figure 1 b shows the magnetization adiabats 
measured close to liquid-nitrogen temperature. The 
magnetization scale on Fig. 1 b is four times larger than 
in Fig. la. 

The increase of the magnetization with increaSing 
field is due to the paraprocess in almost the entire field 
interval. The influence of the sixth-order magnetocrys
tal anisotropy in the basal plane can be neglected, since 
the effective field of this anisotropy does not exceed 
10 kOe at liquid-nitrogen temperature and decreases 
rapidly with rising temperature. 

The curves of Figs. 1 a and 1 b thus describe the 
magnetization of a one-domain sample with a magnetiza
tion vector parallel to the external field. It is seen that 
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an increase of the field from zero to 380 kOe leads to a 
noticeable increase of the magnetization as a result of 
the paraprocess up to 90oK. In the paramagnetic region 
at T = 250.5°K, i.e., 20 0 K above the magnetic-ordering 
temperature (curve 8 on Fig. 1a), an external magnetic 
field of intensity 380 kOe produces a magnetization ex
ceeding 200 G-cm 3/ g, equal in magnitude to the spon
taneous magnetization at 194.5°K (curve 5 on Fig. 1a), 
i.e., more than 30"K below the magnetic-ordering tem
perature. Thus, the influence of the external magnetic 
field on the degree of the ferromagnetic order is com
parable in this case with the exchange-interaction effect. 

The experimental adiabatic -magnetization lines, after 
taking the magnetocaloric effect into account, were used 
to plot the equal-magnetization lines of terbium in the 
(T, H) plane at different values of the magnetization. 
The change of the sample temperature as a result of the 
magnetocaloric effect was ~T = T - To, where To is the 
temperature prior to turning on the pulsed magnetic 
field, while T, the real temperature of the sample during 
the adiabatic-magnetization process, amounts to 7°K at 
To = 800 K and 600 K at To = 230u K in a field of 380 kOe. 
In the calculation of the magnetocaloric effect it was as
sumed that the heat capacity of terbium Co at constant 
magnetization is constant in the investigated temperature 
interval and is equal to the high-temperature value Co 
(T > ®n) = 7 cal/mole-deg. (8J The nebye temperature 
for terbium is ®n = 144°K. r9J 

The temperature dependence of the heat capacity 
Co(T) of terbium was investigated in [9J. Allowance for 
this dependence introduces a correction ~ (2-4tK to the 
values of the magnetocaloric effect. The corresponding 
correction to the slopes and the initial ordinates of the 
equal-magnetization lines does not exceed 4%. Figure 2 
shows some of the obtained equal-magnetization lines. 
It is seen that, within the limits of errors, they are 
straight lines in the entire investigated field and tem
perature interval and can be described by the relation 

H.(T) =b(cr)T-Hm (cr). (1) 

Here Ho(T) is the temperature dependence of the field at 
a specified fixed value of the magnetization 0, while 
b(o) and -Hm(o) are the slope and the initial ordinate of 
the equal-magnetization line. 

The fact that the experimental equal-magnetization 
lines are straight means that the temperature and field 
dependences of the magnetization of terbium are des
cribed by the relation 

cr(H, T) (H+Hm(cr) ] ( --=/ a =/ x). 
cr, T 

(2) 

Here o(H, T) is the magnetization at given values of the 
field H and temperature T, 00 is the magnetization at 
H = 0 and T = OOK, f(x) is a certain unknown function, 
and a is a constant. An important factor in relation (2) 
is that the argument of the function f(x) constitutes, apart 
from the constant factor a, the ratio of the sum of the 
external field H and a certain value Hm(o) to the tem
perature T. If we put o(H, T = 0 = const in (2), then we 
obtain from (2) Eq. (1), with 

b(cr)=( aH) =~/_t (~), 
aT • a cr, (3) 

where 1 1(0/00) is the reciprocal of f(x). The function 
f(x) can be obtained from the experimental dependence 
of the slopes b(o) on the magnetization with the aid of 
relation (3), if the values of 00 and a are known. 
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FIG. 2. Equal-magnetization lines 
of single-crystal terbium in the basal 
plane after allowance for the magneto
caloric effect, at different fixed yalues 
of the magnetization a (in G-cm 3 /g); 
l-a=25,2-5~3-75,4-10~5-

ISO, 6-175, 7 -220, 8-250, 9-270, 
10-295, 11-305. The straight lines 
were drawn by least squares. 
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FIG. 3. Dependence of the modulus of the initial ordinate of the 
equal-magnetization lines of terbium on the magnetization. Straight 
lines- theoretical plots of the molecular field of terbium against the 
magnetization. Solid line-'Y=3.22X 103 Gm/cm3, dashed line--'Y= 
3.lOX 103 g/cm3. 

The functions b(o) and Hm (a) were obtained by a linear 
least -sq uares fit of the experimental equal-magnetiza
tion lines Ho(T) (Fig. 2) to relation (1) for various fixed 
value s of the magnetization o. Figure 3 shows the de
pendence of the modulus of the initial ordinate Hm(o) on 
the magnetization. It is seen that this relation is mono
tonic within the limits of the experimental error. 

It is of interest to compare the behavior of the equal
magnetization lines of terbium and of the iron-nickel
manganese alloy system Fess(Ni1_xMnx)as. It was shown 
experimentally in [10J that the equal-magnetization lines 
of these alloys in the (T, H) plane are parabolas whose 
initial ordinates depend on the magnetization in non
monotonic fashion and reverse sign at 0 = 00. 

lt was thus established experimentally that there are 
distinct qualitative differences in the behaviors of the 
magnetic properties of terbium and iron-nickel-mangan
ese alloys, as revealed by the following attributes: 

1. The shapes of the equal-magnetization lines in the 
(T, H) plane: a) straight line in the case of terbium, 
b) a parabola in the case of the iron-nickel-manganese 
alloy. 

2. The dependence of the initial ordinate of the equal
magnetization line on the magnetization: a) monotonic 
for terbium, nonmonotonic with sign reversal for the 
iron- nickel-manganese alloys. 

The foregOing experimental facts can be explained in 
the molecular-field approximation as being due to the 
fact that the carriers of the magnetic moment in 4f and 
3d metals are described by different statistical distribu -' 
tions. At the present time, the universally accepted 
point of view is that in rare-earth ferromagnets the 
magnetic moments are localized in the crystal-lattice 
sites, since the magnetoactive 4f electrons are screened 
against any external action by the 5s and 5p elec-
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trons. [7,11J Owing to the strong coupling between the 
magnetoactive 4f electrons and the lattice sites, the en
semble of the magnetic moments in rare-earth ferro
magnets is described with good accuracy by a statistical 
Maxwell-Boltzmann distribution. In this case the 
molecular-field approximation yields for the field and 
temperature dependences of the magnetization the ex
pression 

(4) 

(5) 

Here k is the Boltzmann constant, BJ is the Brillouin 
function, J is the total quantum number, J-Ls = gJJ-LB is 
the maximum projection of the magnetic moment of the 
ion on the quantization axis, J-LB is the Bohr magneton, 
Hm(O) is the molecular field, and y is the molecular
field constant per unit mass. 

If we put O(H, T) = const in (4), then (4) leads to (1), 
with 

(6) 

where B;}(olao) is the reciprocal of the Brillouin func
tion. Thus, the linear character of the equal magnetiza
tion lines and the monotonic dependence of their initial 
ordinate on the magnetization, which were observed by 
us experimentally on terbium, follow from the molecular
field theory for a ferromagnet in which the magnetic
moment carriers are described by a Maxwell-Boltzmann 
distribution. The modulus of the initial ordinate of the 
equal-magnetization lines has in this case the physical 
meaning of the molecular field, and the constant a in re
lations (2) and (3) is equal to a = J-Lglk. 

It follows therefore that the construction of the equal
magnetization lines in the region of the paraprocess can 
be used as a method of experimentally determining the 
molecular field in ferromagnets of the indicated type. It 
is seen from Fig. 3 that the molecular field of terbium 
at large values of the magnetization reaches 900 kOe. In 
ferromagnets of the iron group, the magnetoactive 3d 
electrons are on the periphery are subject to a strong 
action of the crystal-line environment, and are much 
more weakly coupledto the lattice sites than the 4f elec
trons in rare-earth ferromagnets. The magnetic proper
ties of ferromagnets of the iron group can therefore, 
generally speaking, be subject to the effect of formation 
of energy bands by the 3d electrons. The statistical 
properties of such an ensemble of magnetic moments 
must be described by a Fermi-Dirac distribution. 
In [12,13 J, in the molecular field approximation, they con
sidered the behavior of a band ferromagnet in the limit
ing case when the exchange interaction is weak in com
parison with the width of the energy band made up by the 
magnetic-moment carriers, meaning the case of very 
weak collectivized ferromagnetism. It was shown that 
for a very weak collectivized ferromagnet, in the mole
cular field approximation, the temperature and field de
pendences of the magnetization are described by the re
lation 

[ v(8, T) l' 
0) j 

rJlj/'/2[1 .(~)2] = 2X,H. 
lin Tc 0'0 

It followo therefo!'\.) [',.ll lIll' t)qual-magnetization lines 
in the (H, T) plane are parabolas whose initial ordinate 
depends on the magnetization nonmonotonically. At 
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FIG. 4. Temperature dependences of the magnetization of single
crystal terbium in the basal plane at different values of the field H: 
6) O,.A.) 18 kOe,.) 40 kOe, 0) 100 kOe, e) 250 kOe, '") 1350 kOe. 
The values of the magnetization at H=O were obtained from the inter
cepts of the equal-magnetization lines with the temperature axis. 0) 
experimental data from (5), H=18 kOe. The curves were calculated with 
the aid of relations (4), (5), and (8): I) H=O; 2) H=18 kOe; 3) H=40 
kOe; 4) H=IOO kOe; 5) H=250 kOe; 6) H=350 kOe. Solid curves-
8=8p=239 K, -y=3.22X 103 g/cm3; dashed-8=Tc=230 K, -y=3.!OX 
103 g/cm3• 

a = 00/3112 there is an extremum, and at a = 00 the sign 
of the initial ordinate is reversed. 

The behavior of the equal-magnetization lines of iron
nickel-manganese alloys, experimentally investigated 
in r10J, agrees well with the conclusions of the theory of 
very weak collectivized ferromagnetism. [12,13J 

Taking all the foregOing into account, it can be stated 
that the difference in the behavior of the magnetic prop
erties of terbium and the iron-nickel-manganese alloys 
is due to the fact that in terbium the carriers of the 
magnetic moment in the investigated temperature inter
val are described by a Maxwell-Boltzmann distribution, 
as against a Fermi-Dirac distribution for the iron
nickel-manganese alloys. It can also be assumed that 
the indicated difference exists not only between terbium 
and the iron-nickel-manganese alloys, but also between 
the groups of the rare-earth ferromagnets and 3d ferro
magnets. 

. Figure 4 shows the experimental temperature depend
ences of the magnetization of terbium in the basal plane 
for different fixed values of the field, obtained in the 
present study after taking the magnetocaloric effect into 
account. The values of the spontaneous magnetization 
were determined from the intercepts of the equal-mag
netization lines with the temperature axis. For com
paris on, we show the experimental temperature depend
ence of the magnetization of terbium as measured in [5J 

along the b axis in the basal plane in an 18-kOe field 
(light circles). It is seen that our results for H 0= 18 kOe 
(dark triangles) agree well with the results of [5J. The 
spontaneous magnetization in Fig. 4 vanishes at Tc 
= 230 ± 4° K. This value of the temperature differs from 
81 = 219° K, at which the spontaneous magnetization of 
terbium in a zero external field vanishes, owing to the 
ferromagnetism -antiferromagnetism transition. The 
reason for the difference is that the values of the spon~ 
taneous magnetization 0S(T) (Fig. 4) were obtaiued b) 
extrapolating the equal-magnetization lines until lI,,,·. 
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cross the temperature axis from the region of fields that 
exceed the critical antiferromagnetism-destruction field 
in terbium Hc :5 0.2 kOe. [7J The temperature Tc = 230 
± 4° K should be regarded as the ferromagnetic Curie 
point of terbium, which is not realized, however, since 
in the absence of a magnetic field the antiferromagnetic 
structure in terbium turns out to be more stable than the 
ferromagnetic one in the temperature interval ®l = 219°K 
< T < ®2 = 2300 K. 

The curves in Fig. 4 were calculated with the aid of 
relations (4) and (5) of molecular field theory. In the 
calculation we used the quantities fJ.S = gJfJ.B = 9fJ.B and 
Uo = nJl = 316 G-cm 3/g. The values g = 3/2 and J = 6 
were ta~en for the free trivalent terbium ion, [7,l1J and 
n = 3.79 X 1021 g-l is the number of atoms per gram of 
terbium. The molecular-field constant y was obtained 
from the relation 

'Y=3k8Ing'IlB'/(/+l) . (8) 

In the molecular field theory, the quantity e is simul
taneously the temperature at which magnetic order 
vanishes and the point where the linear plot of the re
ciprocal susceptibility against temperature, l/X(T), 
crosses the temperature axis. In a real ferromagnet the 
vanishing of the magnetic order takes place at a tem
perature Tc (ferromagnetic Curie point), and lower than 
the temperature ®p (paramagnetic Curie point) at which 

the straight line l/x (T) crosses the temperature axis. 
The calculation was therefore performed for two values 
of the molecular-field constant y. The solid curves were 
calculated for y = 3.22 X 103 g/cm3, which corresponds 
to 8 = ®p = 239°K. The dashed curves were obtained at 
y = 3.10 X 103 g/cm3 and 8 = Tc = 2300 K. It is seen that 
in both cases the calculated plots deviate noticeably from 
the experimental ones. The smallest discrepancy be
tween theory and experiment is observed at low values 
of the magnetization (curves 2 and 3). 

In connection with the foregoing, it is advantageous to 
compare the experimental functions Hm(U) and f(x), which 
enter in relation (2), with the corresponding theoretical 
relations (5) and (4). The theoretical Hm (u) are shown in 
Fig. 3. They were obtained from (5) for the values 
y = 3.22 X 103 g/cm3 (solid line) and y = 3.10 X 103 g/cm 3 

(dashed). At low magnetization values, the experimental 
Hm (u) agree equally well, within the limits of experimen
tal error, with both theoretical curves, so that it is im
possible to give preference to any of the obtained values 
of the molecular field constant y. At large magnetiza
tions, a systematic deviation of the experimental values 
of Hm (u) from the two theoretical lines is observed. 

The experimental function f(x) from relation (2) is 
shown in Fig. 5. It was obtained from the experimental 
b (u) with the aid of relation (3), where a = fJ.s!k. We 
used the same values of fJ.S and Uo as for the calculation 
of the theoretical plots of the magnetization on Fig. 4. 
The solid curve shows the Brillouin function B J(x) for 
J = 6. At low values of x, good agreement is oBserved 
between theory and experiment, and at large values of x 
the experimental pOints lie systematically above the 
Brillouin curve. Thus, the experimental Hm (u) and f(x) 
from relation (2) agree best, just as the experimental 
temperature dependence of the magnetization, with the 
molecular-field theory at low values of the magnetiza
tion (high-temperatures). 

Various authors [5, 14J have indicated that the dis-
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FIG. 5. Plot of f(x) for terbium in accord with relation (2): points
experiment, solid curve-Brillouin function Bix). 

FIG. 6. Gain in the terbium free energy AF(T) due to the onset of 
ferromagnetic order: points-experiment, the solid curve was calculated 
from relations (4), (5), and (9). 

crepancy between theory and experiment at large values 
of the terbium magnetization (low temperatures) can be 
attributed to polarization of the conduction electrons, 
which leads to higher experimental values of the magne
tization than predicted by the molecular field theory. It 
can be demonstrated by the results of our measurements 
that the deviation of the experimental temperature de
pendence of the magnetization of terbium from the pre
dictions of the molecular field theory is connected not 
only with the polarization of the conduction electrons, 
but also with the magnetoelastic contribution made to the 
free energy by the ferromagnetic state. The magneto
elastic deformations in terbium at nitrogen temperature 
reach values on the order of 10-2. [7J The magnetoelastic 
energy connected with these deformations is of the order 
of 107 erg/g. It is easy to show thermodynamically that 
the free-energy gain connected with the onset of mag
netic order is described by the relation 

Te as{T'} 

M(T)=-S[ S (::) da]dT'. 
TO' 

(9) 

Here US(T) is the spontaneous magnetization and Tc is 
the magnetic-ordering temperature. 

The experimental temperature dependence of AF(T) 
of terbium, obtained by us from measurements of the 
magnetization with the aid of relation (9), is shown in 
Fig. 6. The solid curve shows the theoretical AF(T) 
calculated with the aid of relations (4), (5), and (9). The 
calculation was carried out at JlS = 9MB' UO = 316 G-cm}'g, 
and T c = 230° K. It is seen that at nitrogen temperature 
the experimental AF(T) exceed in absolute magnitude 
the calculation results by 2 x 107 erg/g, Le., by an amount 
of the same order as the magnetoelastic energy. This 
means that ailowance for the magnetoelastic energy is 
imperative when an analysis is made of the deviations of 
the experimental data for terbium from the molecular
field theory. 

The Callens have shown [15J that the magnetoelastic 
deformations in heavy rare earths at low magnetizations 
are proportional to the square of the magnetization, and 
at high magnetization to the cube of the magnetization. 
The magnetoelasitc energy is in turn proportional to the. 
square of the magnetoelastic deformations. This circum
stance can qualitatively explain why the experimental 
uH(T), Hm(U), and f(x) at low values of the magnetization 
agree with the molecular field theory much better than at 
large magnetizations (Figs. 3, 4, 5). The cause of the 
deviation of the experimental data from the molecular 
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field theory can also be the ordering influence of the 
magnetic uniaxial anisotropy, the energy of which in ter
bium is very high and reaches ~4 x 107 erg/g at nitrogen 
temperatures. [lJ This value is comparable in order of 
magnitude with the free-energy gain calculated in the 
molecular-field approximation with the aid of relation 
(9), which amounts to 6 x 107 erg/g for terbium at liquid
nitrogen temperature (see Fig. 6). The uniaxial-aniso
tropy energy can therefore make a noticeable contribu
tion to the effective magnetic -ordering field. The aniso
tropy energy depends on the magnetization in a more 
complicated manner than the exchange -interaction energy 
in the molecular-field approximation. [16J Consequently, 
the contribution of the anisotropy to the effective field 
depends on the magnetization in a different manner than 
the molecular field (5), and this can lead to deviations of 
the experimental data from the theory. 

From the results of our measurements we can find 
the magnetic contribution to the heat capacity of terbium. 
It is of interest to compare it with the published data. 
The magnetic contribution to the heat capacity was ob
tained from the experimental values of (BH/BT}a and 
(Ba/BT}H for the case of a zero external field with the 
aid of the relation 

C,.(T) =C,,(T) -C.(T) =-T(8HI8T).(8aI8T)". (10) 

The results are shown in Fig. 7. The solid curve is the 
temperature dependence of the magnetic contribution to 
the heat capacity in accord with the data of [8, 9J. In [8J 
they measured the heat capacity CH(T} in the absence of 
an external field. In [9J they calculated the heat capacity 
Ca(T} of terbium at constant magnetization, on the basis 
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of data on inelastic neutron scattering. The solid curve 
of Fig. 7 is the difference CM(T} = CH(T} - Ca(T} be
tween the indicated functions. It is seen that our results 
agree well with the data of [s, 9J . 
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