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The paramagnetic susceptibility of DYxGd1_ x alloys is measured in the basal plane and along the
hexagonal axis (c axis) of the crystal. It is shown that the susceptibility obeys the Curie- Weiss law,
the effective magnetic moment being the same in both directions and the paramagnetic Curie temperatures being different. In this case L1®p = ®pbp - ®pc > 0 and increases on increase of the dysprosium content in the alloy. An expression for the paramagnetic susceptibility of a two-component
alloy is obtained in the molecular-field approximation, which takes into account, along with exchange
energy, also the Single-ion anisotropy and anisotropy due to exchange interaction. A comparison of
the experimental dependence of L1®p on the composition of the alloys with the theoretical dependence
shows that the alloy anisotropy is Single-ion and is due to interaction between the anisotropic 4f-electron charge cloud and crystalline field of the lattice.
THE question of the nature of the magnetic anisotropy
of heavy rare-earth metals (HREM) has not yet been
completely answered. According to theoretical estimates, there are two mechanisms capable of explaining
the tremendous value of the uniaxial magnetic anisotropy
of HREM, namely single-ion anisotrO~y[l-4J and anisotropy due to exchange interaction [5-11 •
In an earlier article [12J we investigated the magnetic
anisotropy of dysprosium- gadolinium alloys in a magnetically-ordered state, and concluded that uniaxial
magnetic anisotropy of the dysprosium and its alloys
with gadolinium is mainly of the single-ion type. However, owing to the large value of the anisotropy, we
were unable to investigate alloys that contain more than
50 at.% of dysprosium. In addition, we were unable to
take exact account of the magnetoelastic effects, the influence of which on the anisotropy at low temperature is
quite large[13J. A number of workers[3,4,1O,1i] have
shown that the uniaxial magnetic anisotropy of HREM in
the magnetically-ordered state, and the anisotropy of
the paramagnetic susceptibility of these substances, are
interrelated and that information concerning the magnetic anisotropy can be obtained by investigating the
parametric susceptibility of HREM single crystals along
different crystallographic directions.
We present here the results of the measurement of
the paramagnetic susceptibility of single crystals of
dysprosium-gadolinium alloys. These measurements
were made to obtain additional information on the nature
of the uniaxial magnetic anisotropy of HREM.
SAMPLES. EXPERIMENTAL PROCEDURE
We investigated the magnetic properties of single
crystals of DYxGd1_x alloys (x = 0.046, 0.103, 0.189,
0.296,0.378,0.49,0.70, and 1.0). The samples were
grown by crucibleless zone melting in the Laboratory
for Rare-Metal Alloys of the Metallurgy Institute of the
USSR Academy of Sciences. The measurements were
made on samples in the form of spheres 2.5-3 mm in
diameter. The samples were oriented in the basal plane
742

and along the hexagonal axis by a magnetic method at
room temperature. This is made possible by the large
anisotropy of the paramagnetic susceptibility of the investigated alloys. A check by an x-ray method has
shown the orientation accuracy to be 1-2%.
A magnetometer of the Dominicali-pendulum type
was used to measure the magnetization of single crystals of the alloys in the basal plane in fields up to
15 kOe and in the temperature interval 78-500° K.
These data were used to determine the temperature dependence of the susceptibility in the basal plane (Xbp)'
and also to determine the magnetic-ordering temperature (®2) and the temperature of the transition from the
antiferromagnetic to the ferromagnetic states (® 1). In
addition, an Akulov anisometer was used to measure the
torque acting on the single-crystals of the alloy in fields
up to 19 kOe and in the temperature interval 273-390° K.
In the magnetic region, the torque is equal to
L = '/'(Xbp - X,)H' sin 2rp,

(1)

where Xc is the susceptibility along the hexagonal axis
and qJ is the angle between the field direction and the
hexagonal axis. Thus, measurement of the torque makes
it possible to find the susceptibility difference L1X = Xbp
- Xc and to determine Xc with the aid of the measured
magnetization Xbp in the basal plane.
Both in the susceptibility measurements and in the
determination of L1X it is necessary to take into account
the demagnetizing factor. Simple calculations lead to
the following relations between the measured and true
values of X and L1X (per cm 3):
1 / x = 1 ! xmeas

-

N,

,LlX=LlXmeas/(1-4Nx),

(2)
(3)

where the demagnetizing factor N is equal to 47T/3 for a
sphere.
EXPERIMENTAL RESULTS
Figure 1 shows the temperatures ®1 and ®2 determined by us for the dysprosium-gadolinium alloys. It
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susceptibility along both directions follows the CurieWeiss law and is given by (per atom)

x=
FIG. 1. Magnetic phase diagram of DYxGd"x alloys. CirclesEl 2 , squares-El" Light symbolsour data, dark symbols-data of
[ 14-16].
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Figure 3 shows the characteristic properties of the
dysprosium-gadolinium alloys in the paramagnetic region. It is seen from Fig. 3a that ®p decreases with increasing dysprosium content in the alloy, with ®p.bp
> ®pc' As shown in Fig. 3b, t.®p = ®p.bp - ®pc increases with increasing x. Figure 3c shows a plot of
®p.polycr = (2/3)®p.bp + (l/3)®pc against the dysprosium content. As follows from[3,4J , this quantity characterizes the paramagnetic Curie temperature of the polycrystal and is not affected by the anisotropy. Figure 3d
shows the dependence of the effective magnetic moment
of the alloy !lalloy.eff on the composition. We note that
!lalloy.eff is independent of the measurement direction
within the limits of the experimental error (~ 4%).
DISCUSSION OF RESULTS

T, oK

FIG. 2. Temperatult: dependence of the reciprocal paramagnetic
susceptibility of single crystal DYxGd"x alloys: crosses-Xbp' circlesXc' The concentrations for the different curves are as follows: 1-0.046,
2-0.103,3-0.183; 4-0.296,5-0.378,6-0.49,7-0.70,8-1.0. The
temperature scales are shifted for the different samples.
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As shown in numerous studies (see, for example, the
review[19J ), the magnetic properties of HREM are well
described by the model of localized moments. This
model was used to investigate in detail the properties
of the HREM in the paramagnetic region with allowance
for the exchange and magnetic interactions[3,4,18J.
There has been much less theoretical study of the
properties of solid solutions of REM with one another
at temperatures below ®p' We know of only one investigation [20J in which the influence of the one- ion anisotropy on the paramagnetic susceptibility of holmiumerbium alloys is analyzed. However, as shown by analysis, the theoretical relations obtained in that paper are
valid only when T »®p, and can therefore not be used
to interpret our datal).
We consider below the paramagnetic properties of
REM alloys in the molecular- field approximation. We
first perform the calculation for the isotropic case, and
then take into account the influence of the magnetic
anisotropy on the paramagnetic susceptibility.

d

A. Isotropic Case

o
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FIG. 3. Properties of DYxGdl-X alloys in the paramagnetic region.
a-Paramagnetic Curie temperatures; I-Elp.bp, 2-Elpc' Points: ., Xour data; \1, 0-[ 17], 0, X-[ 18]. b-Difference of the paramagnetic
Curie temperatures llElp =Elp.bp-El pc . c-Paramagnetic Curie point
Elp.polycr. = (2/3)Elp.bp + (I/3)El pc ; dark circles-experimental data,
curve-theoretical plot based on (14). d-Effective magnetic moment
Ilalloy. eff of the alloy in units of IlB(per atom). Points-experimental
data, dashed curve-theoretical plot according to (IS).

shows also data obtained from measurements on polycrystalline samples in [14-l6 J . It is seen that the experimental values obtained by different workers are in good
agreement.
Figure 2 shows the temperature dependences of the
reciprocal paramagnetic susceptibility of dysprosiumgadolinium alloys in the basal plane and along the hexagonal axis. In the investigated temperature interval, the

For an isotropic two-component alloy, the magnetic
point of the energy takes the form
E= -

+

~ c,cl,/f.!'f.!; -

H

~ C'f.!'.

(5)

()

The first term in (5) describe the isotropic exchange
interaction2), and the second term represents the
Zeeman energy; !li and !lj are the magnetic moments
of the dysprosium atoms (i, j = 1) and gadolinium atoms
(i, j '" 2) at the given temperature, and ci is the concentration of the alloy components:
Cl

=

X,

C2.

= 1 - x.

(6)

l)For the same reason, the interpretation of the experimental data
given in [20] is also incorrect, since these data were obtained at temperatures relatively close to El p .
2)This form of the expression is valid for an alloy that is fully disordered structurally ['9].
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In the molecular-field approximation, the magnetic
moment of the alloy (per atom) is

ep=D=

l1alloyerr

(7)
= (c

where /J.io = giJi is the magnetic moment of the i-th
component of the alloy at 0° K, and the effective field
HLeff is equal to
(8)

In the paramagnetic temperature region, the argument of the Brillouin function in (8) is small, the expanding the functions BJ. in a series, we can easily obI
tain, after straightforward but cumbersome transformations, the following expression for the paramagnetic susceptibility of the alloy (per atom):
( dl1allOY)

dB

where
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The effective magnetic moments /J.Leff of the alloy
components are equal to
l1!efr

=

gi[/,(/,

+ 1) 1"'.

(11)

Formula (9) for the paramagnetic susceptibility differs from the Curie- Weiss law and represents a more
general relation, the Neellaw for the paramagnetic
susceptibility of ferrimagnets (see, for examplepl]).
The reason is that the alloy contains different magnetic
atoms, the exchange interactions between which are not
equal.
The general expression for the susceptibility becomes Simpler for HREM alloys. As shown by numerous experimental and theoretical studies (for example,
the review[4]), the exchange interaction constant 10 between the spins of the rare- earth ions is approximately
constant in the series of rare-earth elements (with an
accuracy on the order of 10%). This circumstance leads
to the following connection between the coefficients Iij:
II;'

=

I,(gi - f) (g, - f) I g,g,.

(12)

When these relations are taken into account, we find
that F = 0 and the susceptibility of the REM alloys can
be represented in the form
X =A(f-B I TA) I (T -D).

It also follows from (12) that B/ AT

(13)

«

1 for REM
alloys in the paramagnetic temperature region, and that
the susceptibility of these alloys near the magneticordering temperature can be approximated by the CurieWeiss law (4)3), where
3)Our estimates show that the error due to approximating the paramagnetic susceptiblity of dysprosium-gadolinium alloys by the CurieWeiss law in the temperature interval from Elp to SOOoK does not exceed 4%.
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Let us compare the theoretical relations (14) and
(15) with the experimental data for dysprosium-gadolinium alloys. It must be recognized here that the theoretical relations were obtained for the isotropic case, while
the experimental data were determined from measurements on Single crystals, Le., they are influenced by
the anisotropy. We have therefore compared the theoretical plot of ®p(x) with the theoretical plot of
®p.polycr(x). These data are shown in Fig. 3c. For the
theoretical calculations we used for the parameter 10 a
value determined from the paramagnetic Curie temperature of pure dysprosium. It is seen that the experimental points are close to the theoretical curve, with
the exception of the gadolinium-rich compositions
(x::s 0.3). This circumstance can be explained by assuming that the gadolinium-gadolinium exchange interaction in the alloys is somewhat smaller (by 5%) than
follows from (12).
Figure 3b shows a theoretical plot of /J.alloy.eff
against x in accordance with formula (15). In this case
we can disregard the correction for the anisotropy.
This follows from our experimental data, since the
values of /J.alloy.eff determined from the measurements
along different crystallographic directions are close to
one another, and also from theoretical estimates (see
below).
As seen from Fig. 3d, there is good agreement between the theoretical and experimental plots of
/J.alloy.eff' The experimental values /J.Dy.eff
= (10.9 ± 0.4)/J. Band /J.Gd.eff = (8.2 ± 0.3)/J. B are close
to the theoretical oneS for free trivalent ions (/J.Dy.eff
= 10.6/J.B' /J.Gd.eff = 7.94/J.B)· Thus, a comparison of the
theoretical and experimental data shows that the assumed theoretical model describes satisfactorily the
properties of dysprosium- gadolinium alloys in the paramagnetic region.
B. Allowance for Anisotropy
Let us examine the influence exerted on the paramagnetic properties of REM alloys by the magnetic
anisotropy. The energy of uniaxial magnetic anisotropy
(per atom of the alloy) can be represented in the form
EA =

+

~ CICj(2:' (3 cos O,cos 0; -f)++ ~ cIK,,'(3cos' 8, -f). (16)
~,i

The first term, which is quadratic in the concentrations
of the components, describes here the anisotropy due to
the exchange interaction, while the second term, linear
in the concentrations, describes the Single-ion anisotropy; ei is the angle between the direction of the magnetic moment of the i- th component and the hexagonal
axis of the crystal, and ~ stands for the first anisotropy coefficients in the expansion of the anisotropy energy in harmonic polynomials.
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In the paramagnetic temperature region the constant
~ depends quadratically on the magnetization both for

single-ion anisotropy and for anisotropy due to exchange
interaction [22J :
(17)

In addition, it is easy to show that at T > ® the magnetic moments of the alloy components are griented
parallel to the field even in weak fields. Then the anisotropy energy can be written in the form
EA =

+LE

C,Cjliif!if!j+

~ c,b'f!"] (3eos'<p -i),

t,J

where (jJ is the angle between the direction of the field
and the hexagonal axis.
Comparing the formula for the energy of the magnetic anisotropy (18) with the expression for the isotropic exchange energy (5), we easily see that the anisotropy can be accounted for by replacing the coefficients
Iii in (5) by coefficients Iii that depend on the field
direction:
(aii+ b,/ C,) (3eos' cp -1).

FIG. 4. Dependence of ®pll.®p on the composition of the DyxGd I.x
alloys. Circles-experimental data. Solid curve-Theoretical plot for
single-ion model. Dashed-theoretical plot for single-ion model with allowance for the dependence of the crystal-field parameters on the composition of the alloy.

(18)

J

I;; =1;;0 -

I

Ix

(19)

Consequently, in the presence of anisotropy, the paramagnetic susceptibility of the alloy is also described by
formula (10), in which Iii are replaced by the quantities
Iii' which take the anisotropy into account.
Expression (10) for the paramagnetic susceptibility
of an anisotropic alloy can be simplified if it is recognized that the energy of uniaxial anisotropy in an alloy
is much less than the isotropic exchange energy. Then,
as shown by straightforward but cumbersome calculations, the paramagnetic susceptibility of the anisotropic
alloy will follow the Curie-Weiss law (4), with the paramagnetic Curie point and the effective magnetic moment
of the alloy dependent on the direction of the measurements:

linear function of the concentration components. Figure
4 shows an experimental plot of ®p ll.®p against the compositions of dysprosium-gadolinium alloys. It shows
also the theoretical plot of ®pll.®p against x, constructed under the assumption that the anisotropy of the
alloys is of the one-ion type. In the plotting of the theoretical curve we used the value ll.®pDy = 58 OK, which we
obtained in our work, and the value ll.®pGd =-0.7°K
from [23 J 4). The theoretical and experimental plots are
close to each other. A certain difference between the
experimental and theoretical plots of ®p,6,®p against x,
which is particularly noticeable at small x, can be attributed to the change of the parameter of the crystal
field acting on the dysprosium when the alloy composition is changed (for more details, see [12 J ). The theoretical plot, constructed with allowance for this circumstance, gives better agreement with the experimental
data (Fig. 4). Thus, an investigation of the dependence
of the anisotropy of the paramagnetic Curie temperature on the composition of dysprosium-gadolinium alloys
confirms the previously drawn conclusion[12J that the
anisotropy of these alloys is of the single- ion type.
From the data on the paramagnetic susceptibility we
can estimate the coefficient of uniaxial anisotropy Jg(O)
at OOK. For Single-ion anisotropy[22J we have
K,O(O), =

Elp(<p) = El p - 1/3(3 cos'cp -

(20)

1)~Elp,

'/,bif!o.'.

(24)

It follows from our measurements of the anisotropy of
f!alloy.eff

<CP) =

i) L1 f!eff,

f!alloy.eff _1/3(3 eos'<p -

(21)

where ®p and Malloy.eff are given by formulas (14) and
(16), while ll.®p and ll.Meff are equal to
t.El p
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(gi gi

the paramagnetic Curie temperature that b
cm -11M for dysprosium, from which we obtain
K~(O) = 59 cm-t, in good agreement with estimates obtained by others[lB,23J from measurements in the paramagnetic region. This value, however, is smaller by an
approximate factor of 1.5 than the value determined
from measurements of the anisotropy of dysprosium in
the magnetically ordered state[12 J . The reasons for this

= 0.35

i)2b )]
I

.

au)
(23)

The derived relations enable us to determine from
the experimental data the contributions of the different
mechanisms to the anisotropy of REM alloys. It follows
from (22) that if the anisotropy of the alloy is due to
exchange interaction, then ®pll.®p is a quadratic function of the component concentrations, and if the anisotropy is of the single- ion type, then this quantity is a

4)We call attention to the fact that in the discussion of the properties of dysprosium-gadolinium alloys in the paramagnetic region one
must not neglect the anisotropy of the gadolinium (as was done in the
interpretation of the results of the measurement of these alloys in the
magnetically-ordered state [12]. The reason is that the uniaxial anisotropy of gadolinium has an anomalous temperature dependence and goes
through a maximum near the temperature 8 2 [23]. We note also that,
since ll.8pDy jl> ll.8 p Gd' the theoretical plot constructed under the assumption that the gadolinium has single-ion anisotropy is close to the
plot obtained under the assumption that the anisotropy of gadolinium is
due to exchange interaction.
SlThe anisotropy of Ilalloy.eff of dysprosium-gadolinium alloys is
small (theoretical estimates show that it does not exceed 3-4%), and is
therefore not observed at our measurement accuracy.
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difference are not yet clear. It is possible that this difference is due in part to the influence of magnetoelastic
effects, the contribution of which was not taken into account in the derivation of (24).
The authors thank Professor K. P. Belov and A. S.
Pakhomov for a useful discussion of the results, and
Professor E. M. Savitskil and V. F. Terekhov for supplying the single crystals of the alloys.
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