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The paramagnetic susceptibility of DyyGd, _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 tem-

peratures being different. In this case A®p = ®ppp ~

®pc > 0 and increases on increase of the dys-

prosium 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 A®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-elec-

tron 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 esti-
mates, there are two mechanisms capable of explaining
the tremendous value of the uniaxial magnetic anisotropy
of HREM, namely single-ion anisotrog;y[‘"‘] and aniso-
tropy due to exchange interaction %1,

In an earlier article'**? we investigated the magnetic
anisotropy of dysprosium-gadolinium alloys in a mag-
netically-ordered state, and concluded that uniaxial
magnetic anisotropy of the dysprosium and its alloys
with gadolinium is mainly of the single-ion type. How-
ever, 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 in-
fluence of which on the anisotropy at low temperature is
quite large'*”. A number of workers!®**!1] 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 mag-
netic 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 Dy,Gd, _, 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
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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 in-
vestigated alloys. A check by an x-ray method has
shown the orientation accuracy to be 1—29.

A magnetometer of the Dominicali-pendulum type
was used to measure the magnetization of single crys-
tals 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 de
pendence of the susceptibility in the basal plane ( xbp),
and also to determine the magnetic-ordering tempera-
ture (®:) and the temperature of the transition from the
antiferromagnetic to the ferromagnetic states (®,). 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 = /s (xpp — xe) H* sin 29, (1)

where y . is the susceptibility along the hexagonal axis
and ¢ is the angle between the field direction and the
hexagonal axis. Thus, measurement of the torque makes
it possible to find the susceptibility difference Ay = Xbp
— X and to determine x, with the aid of the measured
magnetization Xp in the basal plane.

Both in the susceptibility measurements and in the
determination of Ay 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 Ay (per cm®):

1/X=1/Xmeas‘N‘ (2)
Ax = AX meas / (1 — 4NY), (3)
where the demagnetizing factor N is equal to 47/3 for a
sphere.

EXPERIMENTAL RESULTS

Figure 1 shows the temperatures ®, and ®: deter-
mined by us for the dysprosium-gadolinium alloys. It
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FIG. 2. Temperatwi¢ dependence of the reciprocal paramagnetic
susceptibility of single crystal DyxGd,.x alloys: Crosses—Xpp: circles—
X 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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FIG. 3. Properties of DyxGd,.x alloys in the paramagnetic region.
a—Paramagnetic Curie temperatures; | -0 pn, 2—0pc. Points: @, X—
our data; V, O—['"], O, X—['®]. b—Difference of the paramagnetic
Curie temperatures AG)p = Op.bp—Opc. c—Paramagnetic Curie point
®p.polycr. =(2/ 3)9p.bp + (1/3)@p; dark circles—experimental data,
curve—theoretical plot based on (Ip4). d—Effective magnetic moment
Kalloy. eff Of the alloy in units of ug (per atom). Points—experimental
data, dashed curve—theoretical plot according to (15).

shows also data obtained from measurements on poly-
crystalline samples int'7%), It is seen that the experi-
mental values obtained by different workers are in good
agreement.

Figure 2 shows the temperature dependences of the
reciprocal paramagnetic susceptibility of dysprosium-
gadolinium alloys in the basal plane and along the hexa-
gonal axis. In the investigated temperature interval, the

susceptibility along both directions follows the Curie-
Weiss law and is given by (per atom)

X = palloy.eff [ 3k(T — ©,). (4)

Figure 3 shows the characteristic properties of the
dysprosium-gadolinium alloys in the paramagnetic reg-
ion. It is seen from Fig. 3a that @ , decreases with in-
creasing dysprosium content in the alloy, with p.bp
> ®pe: As shown in Fig. 3b, A@, = @ pp — @ pc increa-
ses with increasing x. Figure 3c shows a plot of
®5.polyer = (2/3)®p.bp + (1/3)@pc against the dyspros-
ium content. As follows from[®*] this quantity charac-
terizes the paramagnetic Curie temperature of the poly-
crystal and is not affected by the anisotropy. Figure 3d
shows the dependence of the effective magnetic moment
of the alloy Malloy.eff o0 the composition. We note that

Halloy.eff is independent of the measurement direction
within the limits of the experimental error (~ 4%).

DISCUSSION OF RESULTS

As shown in numerous studies (see, for example, the
review !®)), 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 interactionst®’*%%J,
There has been much less theoretical study of the
properties of solid solutions of REM with one another
at temperatures below Op We know of only one investi-

gationt?°) in which the influence of the one-ion aniso-
tropy on the paramagnetic susceptibility of holmium-
erbium alloys is analyzed. However, as shown by analy-
sis, the theoretical relations obtained in that paper are
valid only when T > ®ps and can therefore not be used
to interpret our data®.

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.

A, Isotropic Case

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

E=— %Z cicili'mp; — H Zcep..'. (5)

The first term in (5) describe the isotropic exchange
interaction®’, and the second term represents the
Zeeman energy; u; and pj are the magnetic moments
of the dysprosium atoms (i, j = 1) and gadolinium atoms
(i, j = 2) at the given temperature, and c; is the concen-
tration of the alloy components:

c;=1—z. (6)

¢ =z,

DFor the same reason, the interpretation of the experimental data
given in [2°] is also incorrect, since these data were obtained at tem-
peratures relatively close to Gp.

AThis form of the expression is valid for an alloy that is fully dis-
ordered structurally ['°].
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In the molecular-field approximation, the magnetic
moment of the alloy (per atom) is

Walloy = ZciuioBJ’(% Hi.eff) , (N
s

where By, = giJi is the magnetic moment of the i-th
component of the alloy at 0°K, and the effective field
Hj eff is equal to

Hieft= —dE | dp.. (8)

In the paramagnetic temperature region, the argu-
ment of the Brillouin function in (8) is small, the ex-
panding the functions By, in a series, we can easily ob-
tain, after straightforward but cumbersome trans-
formations, the following expression for the paramag-
netic susceptibility of the alloy (per atom):

(dllalloy) ——e AT - B (9)
dH Jueo X" T_DI+F’

1
where A= 3—k(c:ufefr + Cahaett)

(10)
CiCalbiefrlha eff
p=SGketbbaell ) o 40— 2L,
9k?
D =t (el + oo e )
3% 1 eff 44y 22 effd22 ),
[ : ffll'3 ff
F ='”u£9%(luolun —1,,");
The effective magnetic moments uj o of the alloy
components are equal to
pieft = gi[J:(J: + 1) 1%, (11)

Formula (9) for the paramagnetic susceptibility dif-
fers from the Curie- Weiss law and represents a more
general relation, the Néel law for the paramagnetic
susceptibility of ferrimagnets (see, for example,[“]).
The reason is that the alloy contains different magnetic
atoms, the exchange interactions between which are not
equal.

The general expression for the susceptibility be-
comes simpler for HREM alloys. As shown by numer-
ous experimental and theoretical studies (for example,
the reviewE‘]), the exchange interaction constant I, be-
tween 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 I‘i’j:

L =1I,(g.—1)(g;— 1)/ ggs (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(1—B/TA) (T —D). (13)

It also follows from (12) that B/AT < 1 for REM
alloys in the paramagnetic temperature region, and that
the susceptibility of these alloys near the magnetic-
ordering temperature can be approximated by the Curie-
Weiss law (4)*’, where

30ur estimates show that the error due to approximating the para-
magnetic susceptiblity of dysprosium-gadolinium alloys by the Curie-
Weiss law in the temperature interval from ©p to 500°K does not ex-
ceed 4%.
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Let us compare the theoretical relations (14) and
(15) with the experimental data for dysprosium-gadolin-
ium alloys. It must be recognized here that the theoreti-
cal relations were obtained for the isotropic case, while
the experimental data were determined from measure-
ments on single crystals, i.e., they are influenced by
the anisotropy. We have therefore compared the theor-
etical 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 I, a
value determined from the paramagnetic Curie tem-
perature of pure dysprosium. It is seen that the experi-
mental points are close to the theoretical curve, with
the exception of the gadolinium-rich compositions
(x = 0.3). This circumstance can be explained by as-
suming that the gadolinium-gadolinium exchange inter-
action in the alloys is somewhat smaller (by 5%) than
follows from (12).

Figure 3b shows a theoretical plot of wajjoy.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 K 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 be-
tween the theoretical and experimental plots of
Kalloy.eff- The experimental values L Dy.eff

= (10.9 £ 0.4)uB and LGq.eff = (8.2 + 0.3)u g are close
to the theoretical ones for free trivalent ions (upy,eff

=10.6up, L Gq.eff = 7-94np). Thus, a comparison of the
theoretical and experimental data shows that the as-
sumed theoretical model describes satisfactorily the
properties of dysprosium-gadolinium alloys in the para-
magnetic region.

B. Allowance for Anisotropy

Let us examine the influence exerted on the para-
magnetic 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

i

1 1
E.= FZM;K;,-(S cos 0; cos 0; — 1)+7Z ¢:K,"(3cos*0; —1). (16)

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 aniso-
tropy; 6; is the angle between the direction of the mag-
netic moment of the i-th component and the hexagonal
axis of the crystal, and K stands for the first aniso-
tropy coefficients in the expansion of the anisotropy en-
ergy in harmonic polynomials.
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In the paramagnetic temperature region the constant
K? depends quadratically on the magnetization both for
single-ion anisotropy and for anisotropy due to exchange
interaction(??J;

Koy=agup;, K.®=bp?. (17)

In addition, it is easy to show that at T > @ _ the mag-
netic moments of the alloy components are oriented
parallel to the field even in weak fields. Then the aniso-
tropy energy can be written in the form

E,= —15—[2 CiC il +Z c,-b.-u,»’] (3cos’@—1),

where ¢ is the angle between the direction of the field
and the hexagonal axis.

Comparing the formula for the energy of the mag-
netic anisotropy (18) with the expression for the iso-
tropic exchange energy (5), we easily see that the aniso-
tropy can be accounted for by replacing the coefficients
I‘i’j in (5) by coefficients I;; that depend on the field
direction:

(18)

Iy=1/—a;@3cos’@—1), i7j;

ILi=1I— (ai + b:/¢:) (Bcos* ¢ — 1). (19)

Consequently, in the presence of anisotropy, the para-
magnetic susceptibility of the alloy is also described by
formula (10), in which If; are replaced by the quantities
L, which take the anisotropy into account.

Expression (10) for the paramagnetic susceptibility
of an anisotropic alloy can be simplified if it is recog-
nized that the energy of uniaxial anisotropy in an alloy
is much less than the isotropic exchange energy. Then,
as shown by straightforward but cumbersome calcula-
tions, the paramagnetic susceptibility of the anisotropic
alloy will follow the Curie-Weiss law (4), with the para-
magnetic Curie point and the effective magnetic moment
of the alloy dependent on the direction of the measure-
ments:

B,(p) = 0, —*/3(3cos’ ¢ — 1)AB,, (20)

Ralloy.eff (®) = Waoy.eft — '/5(3 cos® @ — 1) A, (21)

where 8y and Kalloy.eff 3T given by formulas (14) and

(16), while A®,, and Ap ¢ are equal to

p

I i—1 i—1
A, = ° [ 2 mc,.w Qs off Ly eff
i

BLACH g€

+ Zc;%hu?m], (22)

i

10T or U3 eff [ < Woalloy.eff (g; — 1) (g5— 1)
Apeff = — 020 11— ' aij) -
2k(‘)"’I'Lzalloy.eff i 3k®p 8i8;

Hiloy. s — 1\°
b3 (1 e (B2 1)) 2y
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 ® ,A®, is a quadratic func-
tion of the component concentrations, and if the aniso-
tropyis of the single-ion type, then this quantity is a
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FIG. 4. Dependence of ®pA®p on the composition of the DyxGd ,.x
alloys. Circles—experimental data. Solid curve—Theoretical plot for
single-ion model. Dashed—theoretical plot for single-ion model with al-
lowance for the dependence of the crystal-field parameters on the com-
position of the alloy.

linear function of the concentration components. Figure
4 shows an experimental plot of @)pA@p against the com-
positions of dysprosium-gadolinium alloys. It shows
also the theoretical plot of ®pA® against x, construc-
ted under the assumption that the anisotropy of the
alloys is of the one-ion type. In the plotting of the theor-
etical curve we used the value A®pr = 58°K, which we

obtained in our work, and the value A@)de =—-0.7°K

from'?*3%’. The theoretical and experimental plots are
close to each other. A certain difference between the
experimental and theoretical plots of ®pA®p against x,

which is particularly noticeable at small x, can be at-
tributed to the change of the parameter of the crystal
field acting on the dysprosium when the alloy composi-
tion is changed (for more details, see[m). The theor-
etical plot, constructed with allowance for this circum-
stance, gives better agreement with the experimental
data (Fig. 4). Thus, an investigation of the dependence
of the anisotropy of the paramagnetic Curie tempera-
ture on the composition of dysprosium-gadolinium alloys
confirms the previously drawn conclusiont 7 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 J5(0)
at 0°K. For single-ion anisotropy-**- we have

K2(0): = *fabunod. (24)

It follows from our measurements of the anisotropy of
the paramagnetic Curie temperature that b
= 0.35 cm™/ug for dysprosium, from which we obtain

K2(0) = 59 cm™, in good agreement with estimates ob-
tained by otherst!®**] from measurements in the para-
magnetic 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[lzj. The reasons for this

“We call attention to the fact that in the discussion of the proper-
ties 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 [ '2]. The reason is that the uniaxial anisot-
ropy of gadolinium has an anomalous temperature dependence and goes
through a maximum near the temperature ®, [}]. We note also that,
since A®pDy > ABp g, the theoretical plot constructed under the as-
sumption 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.

9The anisotropy of KMalloy.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 dif-
ference is due in part to the influence of magnetoelastic
effects, the contribution of which was not taken into ac-
count 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. Savitskii and V. F. Terekhov for sup-
plying the single crystals of the alloys.
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