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The magnetic susceptibility of single-crystal dysprosium-yttrium alloys was measured in the basal plane 
and along the hexagonal axis. It is shown that the susceptibility of these alloys obeys the Curie-Weiss 
law, the effective magnetic moments along the different directions are equal, and the paramagnetic Curie 
temperatures are different. The difference between the paramagnetic Curie temperatures in the basal 
plane and along the hexagonal axis does not depend on the dysprosium concentration in the alloys. This, 
as revealed by comparison with the theoretical models of magnetic anisotropy demonstrates that the 
magnetic anisotropy of dysprosium-yttrium alloys is of the one-ion type. 

PACS numbers; 75.30.Cr, 75.30.Gw 

INTRODUCTION 

Important information on the contribution of the two 
principal mechanisms (one-ion anisotropy and exchange 
anisotropy) to the magnetic anisotropy of heavy rare 
earth metals (HREM) can be obtained by investigating 
alloys of HREM with one another. If the magnetic an
isotropy is of one-ion origin, then it is made up addi
tively of the anisotropies of the individual atoms and is 
a linear function of the alloy-component concentrations. 
But if the magnetic anisotropy is due to anisotropic ex
change, then its magnitude is proportional to the num
ber of pair interactions, i. e., it depends quadratically 
on the concentration of the alloy components. 

The anisotropy of HREM depends strongly on the de
viations of the real crystal structure from the ideal hcp 
structure: in the point-charge model, the coefficient of 
uniaxial anisotropy (when the anisotropy energy is ex
panded in harmonic polynomials) is for both anisotropy 
mechanismsU ,2J 

k,o CET)=a-' (1.633-c!a). (1) 

To discuss the experimental result it is therefore neces
sary to take into account the change of the crystal lat
tices parameters a and c with changing alloy composi
tion. 

Starting with the premises set forth above, we have 
reduced in[3,4J the experimental data on the magnetic 
anisotropy of dysprosium-gadolinium alloys in the mag
netically ordered state and in the paramagnetic region, 
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and have shown that the concentration dependence of k ~ 
of these alloys can be described within the framework 
of the single-ion model. It was therefore concluded in 
those papers that the magnetic anisotropy of dysprosium 
is single-ion and is due to the interaction of the aniso
tropic cloud of 4f electrons with the crystal lattice field. 
Recently, however, Boutron,rz,5J using essentially the 
same concept, analyzed the experimental data on the 
anisotropy of dilute HREM alloys in gadolinium[SJ and 
of pure HREM, [7-9J and arrived at the opposite conclu
Sion, that a substantial contribution to the magnetic 
anisotropy of HREM (and, in particular, dysprosium) 
is made by the anisotropy due to exchange interaction: 
according to his calculations, it amounts to more than 
50% of the one-ion anisotropy. 

To determine more accurately the roles played by the 
various mechanisms in the magnetic anisotropy of dys
prosium, and to ascertain the cause of the fundamental 
difference between our conclusions concerning the na
ture of the anisotropy of this metal and those of Boutron, 
we have investigated the magnetic anisotropy of dys
prosium-yttrium alloys in the paramagnetic state. 
yttrium has a zero magnetic moment and is a Pauli 
paramagnet. Therefore its susceptibility in the alloy 
can be regarded as an additive increment to the suscep
tibility due to the dysprosium, and this facilitates the 
calculation of the magnetic anisotropy of the alloy from 
the experimental anisotropy of the paramagnetic sus
ceptibility. In addition, in dysprosium-yttrium alloys 
the coefficient 1), which characterizes the deviation of 
the crystal structure of the alloy from the ideal hcp lat-
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TABLE 1. 

:parameter\---.----.----.------.-----.----
0.10 0.30 0.50 0.70 1.0 

a,A 3.646 3.645 3.633 3.621 3.609 3.5fl2 
c, A 5.741 5.732 5.714 5.696 5.678 5.550 
c/a 1.573 1.573 1.573 1.573 1.573 1.573 
10'T], A-' -1.25 -1.25 -1.2iJ -1.27 -1.28 -1.2H 
abp·10' 5.9 5.9 5.5 5.5 5.8 5.0 
(Xc .106 20.5 20.0 20.5 20.3 20.0 20.0 
~.!O' ~398 -385 -408 -402 -390 -410 

tice, is practically independent of the composition. 
Therefore, in contrast to dysprosium-gadolinium alloys, 
there is no need for introducing a correction for the 
change in the crystal structure in the theoretical analy
sis of the concentration dependence of the magnetic 
anisotropy of dysprosium-yttrium alloys. 

SAMPLES AND MEASUREMENT PROCEDURE 

Single crystals of the alloys DYxY l_x (x=0.10; 0.30; 
0.50; 0.70; 1. 0) were grown by the crucibleless zone 
melting method with induction heating in an atmosphere 
of helium in the laboratory for rare metals and alloys of 
the Metallurgy Institute of the USSR Academy of Sciences. 
The composition of the alloys and their homogeneity were 
monitored with the aid of an atomic-absorption analysis 
and by the electric probe method. 

The coefficients of the thermal expansion of the alloys 
in the basal plane (O'bP) and along the hexagonal axis (O'e) 
were measured in the temperature range 300-900 OK 
with the aid of the quartz dilatometer of the "Metallurgy 
combine" installation developed at the Metallurgy Insti
tute. [10] Measurements of the paramagnetic susceptibili
ty of the single crystals of the alloys in the basal plane 
(XbP) and along the hexagonal axis (Xc) were made with a 
vibration magnetometer in fields up to 15 kOe in the 
temperature interval 78-400 OK, on samples in the form 
of spheres of 2.5-3 mm diameter. The orientation of 
the samples was effected by a magnetic method and was 
monitored by an x-ray method. The experimental sus
ceptibility was represented in the form 

(2) 

where Xy is the susceptibility of the yttrium and XDy is 
the susceptibility due to the presence of dysprosium in 

fix per mole 

JOOr 

ZOO I 
fDO 

100 

FIG. 1. Dependence of the reciprocal paramagnetic suscepti
bility of Single-crystal DYxYI-x alloys on the temperature: 
dashed lines-in the basal plane, solid lines-along the hex
agonal axis. 1) x = 0.10, 2) x = 0.30, 3) x = 0. 50, 4) x = 0.70, 
5) x=1. 0. 
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the alloy. By using the values of Xy from lll ] we ob
tained XDy' 1) 

EXPERIMENTAL RESULTS 

Table I lists the parameters of the crystal lattice of 
the dysprosium-yttrium alloys in accordance with the 
data of Markova and Finkel', m,13] and also the coeffi
cients of the thermal expansion of these alloysYO] The 
table shows also the ratio cia and the parameter 1) that 
characterizes the deviation of the real crystal structure 
of the alloy from the ideal hexagonal structure. Al
though the lattice constants a and c vary somewhat with 
changing alloy concentration, the ratio cia is almost 
independent of x, so that the parameter 1) remains un
changed when the alloy composition changes. This pa
rameter does depend, however, on the temperature. 
This dependence can be characterized by a temperature 
coefficient f3 equal to 

R = _~~ = (a,-abp) c/a _ 3a 
~ 1'] dT 1.633-c/ a bp . 

(3) 

The values of f3 for dysprosium-yttrium alloys, calcu
lated from the experimental values of the lattice param
eters and the thermal-expansion coefficients, are given 
in Table I, and likewise depend little on the alloy concen
tration. 

Figure 1 shows the temperature dependences of the 
paramagnetic susceptibility XDy' It is seen that the sus
ceptibility obeys the Curie-Weiss law and can be repre
sented in the form (per dysprosium atom) 

XOy = Kffallo/3k (T -8.), (4) 

where /J. eff a!1oY is the effective magnetic moment of the 
alloy due to the dysprosium, and 8 p is the paramagnetic 
Curie temperature. Table II gives the values of the 
paramagnetic Curie temperatures and the effective mag
netic moments of the investigated alloys in the basal 
plane and along the hexagonal axis. Plots of 8 pbp and 
8 pe on the alloy concentration are also shown in Fig. 2. 

As follows from our data, the paramagnetic Curie 
temperatures in the basal plane and along the hexagonal 
axis increase with increasing dysprosium content, and 
for all the alloys we have 8 p bP> 8 pe , while the difference 
':'8p = 8 p bp - 8 pe is independent of the concentration within 
the limits of experimental error. The effective mag
netic moment of the alloy in the basal plane and along 

TABLE II. 

Parameter 
0.1 0.3 0.5 I 0.7 1.0 

Bpbp' K 33±2 65±2 82±2 116±2 164±2 

Bp" K -30±2 0±2 20±2 51±2 107±2 

dBp = Bpbp - 8 p,' K iJ3±4 65±4 62±4 65±4 57±4 

fLoff bp/fL B 10.6±0.3 112±0.3 10.6±O.3 10.8±0.3 10.6±O.3 

fLeff ,/fL B 10.8±O.3 11.5±O.3 1U±O.3 11.3±O3 10.9±O.3 

fL;ff C 1 ) dep ~ 3k X; - Xbp . K 49±5 52±5 44±5 47±5 46±5 

(at 300 K) 
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FIG. 2. Dependence of the p 
paramagnetic Curie tempera
tures of single crystal DyxY I-x 
alloys on the dysprosium con
centration x: 1) ®p bo' 2) ®po. 
3) ®pc. 

the hexagonal axis is approximately the same and does 
not depend on the dysprosium content. 

DISCUSSION OF RESULTS 

In the molecular-field approximation, the paramag
netic susceptibility of a two-compolnent rare-earth al
loy, with account taken of the magnetic anisotropy, was 
calculated by us earlier. (4) It was shown that the sus
ceptibility of such an alloy obeys the Curie-Weiss law, 
and the effect of the anisotropy reduces to making the 
paramagnetic Curie temperature dependent on the orien
tation of the field relative to the hexagonal axis. Thus, 
the formula for the magnetic susceptibility of a two
component anisotropy alloy can be represented in the 
form (4), where ap, and consequently also X, are func
tions of the angle <p between the hexagonal axis of the 
crystal and the field direction. 

The effective magnetic moment and the magnetic 
Curie temperature depend on the properties of the alloy 
components. In the case of dysprosium-yttrium alloys, 
when one of the alloy components (yttrium) has a zero 
magnetic moment, the expressions given in[4J for 
/leu alloy and ap. become much Simpler and can be. repre
sented in the form 

Ileffalloy=)!eff Dy, 8 p ('1') =8 po-'/,(3 cos' '1'-1) ~8p, 

I, ,(gD,-1)' 1 , e., = 3k Ilerr Dy ---g;;;- x. ~ep = T(aD,.x+bDy) f'eff 0,. (5) 

)!eff Dy=g",{Io,.(JD1+l) 1"'. 

Here 10 is the dysprosium-dysprosium exchange-inter
action coefficient, while the coefficients aDy and bDy 

characterize respectively the exchange magnetic anisot
ropy and the one-ion anisotropy, and are connected with 
the coefficient of the magnetic anisotropy of the alloy kg 
by the relation[14] 

(6) 

where /lODy=gDyJDy is the saturation moment of the 
dysprosium in the alloy. It follows from formulas (5) 
that 

(7) 

We note that relations (7) were obtained under the as
sumption that the constants aDy and bDy do not depend on 
the temperature. This is not the actual case, inasmuch 
as the parameter 7J varies with temperature as a result 
of thermal expansion. This leads to a temperature de
pendence of ~ap, so that the values of apo and ~ap ob-
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tained from the experimental data differ somewhat from 
the theoretical ones determined from formulas (5). 
Estimates show, however, that this difference is small: 
the thermal expansion increases the experimental values 
of ~ap by not more than 3-4 OK, and the experimental 
values of apo by less than 2 OK in comparison with the 
theoretical values determined by relations (5) and (7). 
Since these systematic errors are less than the random 
measurement errors, we introduced no corrections for 
the thermal expansion. 

In addition, we have calculated (see Table II) ~ap from 
the data on anisotropy of the paramagnetic susceptibility 
of the alloys at 300 OK by the method proposed by Bou
tron[SJ 

~ep = .... ~ffaIlOy(~ __ 1_). 
3k X' Xbp 

(8) 

The quantities ~ap obtained by this method are deter
mined by the values of aDy and bDy at room temperature 
and are somewhat smaller than the values ~ap calcu
lated from the difference of the paramagnetic Curie tem
peratures and characterizing these parameters at 0 OK 
as a result of the temperature dependence of aDy and bDy' 

The experimental data on the paramagnetic suscepti
bility of the dysprosium-yttrium alloys agree well with 
the theoretical relations (5) and (7): the /leu alloy are 
independent, within the limits of errors, of the compo
sition of the alloy and are close to the theoretical value 
of the effective magnetic moment of dysprosium (10.65 
/l B), while apo increases linearly with increasing con
centration of the dysprosium in the alloy (see Table II 
and Figure 2). 

Of greatest interest is the concentration dependence 
of the difference of the paramagnetic Curie tempera
tures ~ap, inasmuch as from this dependence we can 
draw conclusions concerning the nature of the magnetic 
anisotropy of the dysprosium in dysprosium-yttrium al
loys. It can be assumed that in dysprosium-yttrium al
loys the parameters aDy and b Dy do not depend on the 
dysprosium concentration, since the coefficient 7J hardly 
changes with the concentration (see Table I). Conse
quently, as seen from formula (5), if ~ap is constant in 
the alloys, then the magnetic anisotropy is determined 
by the parameter bDy and is of the one-ion type, and if 
~ap - x, then the magnetic anisotropy depends on the pa
rameter aDy and is due to the anisotropic exchange in
teraction. 

It is seen from Table II that, with an error not exceed
ing 8-10%, the quantity ~ap (whether determined from 
(7) or from (8» does not depend on the concentration of 
the alloy. Consequently, it can be concluded from our 
data that in dysprosium-yttrium alloys the magnetic 
anisotropy is of the one-ion type. Thus, measurements 
of the anisotropy of the paramagnetic susceptibility of 
dysprosium-yttrium alloys confirm the conclusion that 
the anisotropy of the dysprosium is of the one-ion type; 
this conclusion was drawn by us earlier[3.4) in a study 
of dysprosium-gadolinium alloys. 

Knowing ~8p, we calculated from formulas (5) and (6) 
the value of the coefficient of uniaxial anisotropy of the 
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TABLE III. 

Element I 
k~ at OOK (lO" ergJcm3 ) 

I hom -m=e=.s"'ur"'e=me=n"'ts-:oTf 7.:thC:-e -
From measurements in the anisotropy of the paramag. 
magnetically ordered state* ____ ~etic susceptibility 

( 4.1 ± 1.() [1,,_t7] ** a) 3.3±O.G ["] 

Dy 1 !)}i±1.2 ['8] b) 3.2±0.3 ["] 
5.5±1.1 [19,2.0] a) ~t!l ['] 

l 4.9 ["] a) 3.7±0.3 our data 
3.3*1.3 [15-- 111 ** a) 2.9±0.3 ["] 
S.G±L2 r "] b) 3.17 ['I 

Tb 5.S6±1.1 [19, 2°1 a) 
5.3±O.5 ["] c) 
3.1±O.5 [" ] 

~l 4.5 [" ] 

{ 1.5±O.2 ["] .. a) 0.95±0.18 ["] 
Ho 2 [" J a) 

4.16±1.1 [19,20] a) 
Dy in the alloy 

3.13±0.5 ['I a) 2.2±0.4 ['I DY o,046 GdO•954 

*Obtained from magnetization measurements (a), from torque mea
surements (b), and from ferromagnetic-resonance measurements (c). 
*'Extrapolation from the region of nitrogen temperatures. 

dysprosium k~ at 0 oK. It is given in Table III. The 
same table gives the values of the coefficient of uniaxial 
anisotropy of dysprosium, terbium, holmium, and the 
alloy DYO.046Gdo.954, calculated from the published data 
on the anisotropy of the paramagnetic susceptibility, 
and also measured directly in the magnetically ordered 
state by various methods. We call attention to the fact 
that, as already noted earlier, [4) the values of kg at 0 OK, 
determined from the paramagnetic susceptibility, are 
smaller by an approximate factor 1. 5 than those mea
sured directly at this temperature. The reason for this 
large difference is still not clear. It cannot be attributed 
to a change in the parameter bHREM with changing tem
perature as a result of thermal expansion, since esti
mates show that in the temperature interval 0-300 OK 
the parameter 1] decreases for pure HREM by only 15-
20%, while for the alloy of dysprosium with gadolinium 
it even increases (the coefficient (3 for this alloy is posi
tive). It is possible that this difference is due to the 
approximate character of the theory of the temperature 
dependence of magnetic anisotropy, [14) from which for
mula (6) was deduced, and also to the fact that formulas 
(1) and (3), which describe in the point-charge approxi
mation the influence exerted on the magnetic anisotropy 
of HREM by the thermal expansion, are not exact. 

Be it as it may, the difference between the coeffi
cients of single-ion anisotropy (or, equivalently, the 
crystal-field parameters) of HREM, obtained from mea
surements in the paramagnetic state and in the mag
netically-ordered region, must be taken into account 
when reducing the experimental data, inasmuch as ne
glect of this difference can lead to incorrect conclusions. 
This was exactly the case in Boutron's comparison[z.5) 
of the anisotropy of dilute alloys of HREM in gadolinium 
in the magnetically ordered state (at 0 OK) with the an
isotropy of pure HREM in the paramagnetic region, 
namely, he neglected this difference and assumed that 
the one-ion anisotropy calculated from these measure
ments is the same in alloys as in pure HREM (with al
lowance for the change of the crystal-lattice param
eters), and the difference between the anisotropy of pure 
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HREM and the anisotropy of the alloys is due to the con
tribution made to the anisotropy by the anisotropic ex
change interaction. In fact, this difference, as shown 
by the foregoing data, is due to the difference between 
the coefficients of the one-ion anisotropy calculated 
from measurements in the magnetically ordered and in 
the paramagnetic states. 

u 
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1 )The susceptibility of yttrium is many times smaller than the 
susceptibility of dysprosium. Therefore Xy need by taken 
into account only in alloys with low dysprosium content. 
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