Magnetic anisotropy of alloys of terbium with yttrium and

gadolinium
S. A. Nikitin and N. P. Arutyunian

Moscow State University
(Submitted 15 May 1979)
Zh. Eksp. Teor. Fiz. 77, 2018-2027 (November 1979)

The nature of the magnetic anisotropy of terbium-yttrium and terbium-gadolinium alloys is investigated.
The single-ion magnetic anisotropy constant K J at 4.2 K and the magnetic anisotropy constant in the
basal plane K ¢ of these alloys are measured in the temperature interval 78-190 K. Anomalies are

observed in the concentration dependence of K J in Tb,Y,

-x

alloys in the interval x =0.3-0.5, and a

nonlinear concentration dependence of K 9 is observed in the Tb,Gd,_, alloys. An analysis of the
experimental data indicates predominance of the single-ion crystal anisotropy and the presence of a

smaller contribution due to anisotropic exchange. It is established that the dependence of K § on the
relative magnetization and on the concentration can be described by the single-ion mechanism of the
interaction of the orbital angular momentum with the crystal lattice field.

PACS numbers: 75.30.Gw, 75.50.Cc

INTRODUCTION

The gigantic magnetic anisotropy of rare-earth metals
(REM) is presently attributed to two competing mechan-
isms: the interaction of the orbital angular momentum
of the 4f subshell of the rare earth ion with the crystal-
lattice field (single-ion model), or anisotropic indirect
two-ion exchange interaction.’”®* The relative role of
these mechanism is not clear to this day, and the pub-
lished data lead to contradictory conclusions.?* Furth-
er theoretical and experimental investigations of the
magnetic anisotropy of REM alloys are therefore nec-
essary.

The purpose of the present study was to determine the
nature of the magnetic anisotropy of alloys of terbium
with yttrium and gadolinium, in which the magnetic
anisotropies of the components differ greatly. Terbium
has a gigantic magnetic anisotropy,*® whereas the mag-
netic anisotropy of gadolinium is smaller by two orders
of magnitude.” This difference is due to the singularit-
ies of the electronic structures of terbium and gadolin-
ium. Whereas the trivalent gadolinium ion is in the S
state (L=0) and has a spherical 4f electron shell, the
trivalent terbium ion, which has one more 4f electron,
has an oblate 4f electron shell because an additional
‘electron is added to the spherical 4f subshell of the
gadolinium ion, resulting in an orbital angular momen-
tum L=3.

As for yttrium, it is a Pauli paramagnet and assumes
in REM alloys the role of an ideal magnetic solvent® be-
cause the external electron shells of yttrium and the
REM are similar, while the crystal-lattice constants of
yttrium and heavy REM are quité close. Alloys of heavy
REM with each other and with yttrium have hep lat-
tices.®

Results of studies of the anisotropy of the paramag-
netic Curie points in terbium-yttrium and terbium-
gadolinium alloys were reported earlier.'®!' These
data, however, are insufficient for a final elucidation
of the nature of the magnetic anisotropy in alloys, be-
cause the magnetic anisotropy can differ greatly in the
paramagnetic and magnetically ordered states.
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EXPERIMENTAL PROCEDURE

The technology of growing single crystals of the
alloys Tb,Y,., and Tb,Gd,_, and of the control of their
quality were described in earlier papers.'®>'? The uni-
axial magnetic anisotropy constants were determined
by us from the magnetization curves measured at 4.2 K
along the hexagonal c axis (the difficult magnetization
axis) and is the basal plane along the easy-magnetiza-
tion axis. The magnetization was measured with a vi-
bration magnetometer in a superconducting solenoid in
magnetic fields up to 70 kOe, and in the case of some
samples in a pulsed magnetic field up to 150-200 kOQe,
using a previously described procedure.!®* The magne-
tic-anisotropy constant in the basal plane was measur-
ed by the torque method with an anisometer whose de-
sign was similar to that proposed by Bryukhatov and
Kirenskii.'

To measure the magnetization in the superconducting
solenoid, the samples were cut in the form of rectangu-
lar rods measuring 1X1X2 mm. The samples used in
the torque measurements were disks of 4 mm diameter
and 1 mm thickness. After cutting, the samples were
chemically etched and annealed. The single-crystal
samples were oriented along the crystallographic direc-
tions by the Laue method using the URS-60 apparatus.
The orientation accuracy was not worse than +3°. The
error in the measurement of the magnetization with the
vibration magnetometer was 3%, in pulsed fields 8%,
and in torque determination 3%.

EXPERIMENTAL RESULTS

Figures la and 1b show the magnetization curves of
the alloys Tb,Y,., and Tb,Gd,.,, measured with a vibra-
tion magnetometer at a temperature 4.2 K. The magne-
tization along the b axis saturates rapidly, but is rela-
tively small along the ¢ axis, which is the difficult
magnetization axis. A linear growth of the magnetiza-
tion o is observed for all the Tb,Y,., alloys, and a non-
linear o(H) dependence is obtained for the Tb,Gd,_, al-
loys at a high gadolinium concentration (curve 5 of Fig.
1b).
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FIG. 1. Dependence of magnetization on the true magnetic
field: a) for the alloys Th,Y,_, along the b axis, curves 1)
x=1, 2) x=0.91, 3) x=0.835, and along the ¢ axis, 4) x=1, 5)
x=0.835; b) for the alloys Tb,Gd,_,, curves 1) x=0.94, H|| b,
2) x=0.94, Hll a, 3) x=0.09, H|| b, 4) x=0.09, H|l a, 5) x=0.09,
Hllc, 6) x=0.94, Hl|c.

Figure 2 shows, for the alloys Tb,Y,., and Tb,Gd,.,,
the concentration dependences of the specific absolute
saturation magnetization o, and of the magnetization in
a field along the c axis at 4.2 K in magnetic fields 50
and 70 kOe; the value of 0, was determined from the
magnetization curves measured at 4.2 K along the b
axis (easy magnetization axis), by extrapolating the
0 =(1/H) curve to H -~«. The magnetic moment j, per
terbium atom in the Tb,Y,_, alloys exceeds noticeably
the magnetic moment of the free trivalent terbium ion,
owing to the polarization of the conduction electrons on
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FIG. 2. Concentration dependence of the absolute-saturation
magnetization o, and of the magnetization o in a field along the
c axis at 4.2 K. For the alloys Th,Y,_,: 1—for ¢); ® — mea-
surement in static magnetic fields, A—in pulsed fields; 2, 3,
—magnetization along the ¢ axis at 70 and 50 kOe, respec-
tively. For the alloys Th,Gd;_,: 4—for gy, 5—magnetization
along the ¢ axis at 50 kOe.
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account of the s —f interaction (for example, in these al-
loys 1y=9.45up at x=0.835 and §1y=9.9, at x=0.1). The
average magnetic moment per rare-earth ion in the
Tb,Gd,_, alloys decreases monotonically (within the

limit of errors) with decreasing terbium concentration:
P 1 0.94 0.7 0.5 039 0.09 0
no/ps: 9.3 9.2 8.8 8.2 85 7.8 75

The free energy of a single-domain ferromagnet, with
account taken of the magnetic anisotropy, can be writ-
ten in the case of a hexagonal crystal lattice in the form

F 1=K, sin’ 0+K, sin' 0-+K, sin® 0+K,* sin’® 0 cos 69—HI, cos 8, (1)
where 6 is the angle between the vector of the spontane-
ous magnetizationl; and the hexagonal ¢ axis, K; are
the magnetic~anisotropy constants, and ¢ is the angle
between the magnetization projection and the a axis.

From the condition that the free energy %, be a mini-
mum as a function of angle, we get
(2K, +4K,) —4K,I/I,=—HI /I, 2)

where I =1, cos6 is the projection of the magnetic mo-
ment on the ¢ axis. If the magnetic data are used to
plot —HIZ/I againstI/I,, then the slope of the line
yields —4K,, and the intercept on the ordinate axis is
equal to 2K,+4K,. The determination of the magnetic-
anistropy constant from the magnetization curves
measured along the difficult magnetization axis was
used to determine the magnetic anisotropy constants of
REM.*'® Quantum mechanical calculations have proved
the validity of this method.'®

This method can be used for the ferromagnetic Tb,Y,.,
alloys without restrictions, since these alloys contain
magnetoactive ions of only one type—terbium. When
magnetized along the ¢ axis, the magnetic moments of
the terbium ions in a single-domain sample are parallel
to one another and their angle with the ¢ axis is the
same as that of the resultant magnetization. The same
angle is made by the ¢ axis and the magnetic moments
of the terbium ions also in the antiferromagnetic Th,Y,_,
alloys with helicoidal structure, except that the mag-
netic moments of neighboring basal planes are at some
angle with one another.!” In the experiment, a linear
growth of the magnetization with increasing field is ob-
served in both cases in fields up to 70 kOe. The mag-
netic-anisotropy constant determined for the antiferro-
magnetic Tbh,Y,., alloys must be corrected to allow for
the change of the energy of the exchange interaction be-
tween the layers when the antiferromagnetic helicoidal
structure is destroyed. As a result, the magnetic an-
isotropy constant K" determined from the magnetiza-
tion curves contains a contribution that takes into ac-
count the “helicoidality energy”:

K =K +He L, 3)

where H, is the critical magnetic field at which the
helicoidal structure collapses.

A reduction of the magnetization curves in accord
with Eq. (2) has shown that |K,|« |K,| and can be disre-
garded in first-order approximation. This agrees with
the results of Ref. 18, where it was shown that in pure
terbium |K,/K,|~0.1. It is seen from Fig. 3, which
shows a plot of the constant K, of the Th,Y,_, alloys a
against the terbium concentration, that the magnetic-
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FIG. 3. Dependence of the magnetic-anisotropy constants on
the terbium concentration for terbium-yttrium alloys: curves
1—for KJ__, 2—for K37, 3—for K|, 4—K{T. The dashed
curve is the result of extrapolation to a concentration at which

Hy= 0.

anisotropy constant reaches the gigantic values (3-5)
%108 erg/cm?® in alloys with high terbium concentration
(x>0.5). The value of K, obtained for terbium by the
method described above is quite close to the value K,
=-4.95. 10 erg/cm? previously determined by Levitin
and Ponomarev.5

The Tb,Y,_, alloys with x < 0.63 have an antiferromag-
netic helicoidal structure, so that the method based on
Eq. (2) leads in this case to a determination of K¢
(curve 3 of Fig. 3). The values of K, (curve 4 of Fig. 3)
were calculated for antiferromagnetic alloys with the
aid of Eq. (3) and of the previously determined'® values
of H;. The most noticeable difference between K, and
K takes place in the region x=0.5-0.8, where H; is
quite large, 50-80 kOe. When the terbium content is
decreased the absolute values of K, and K¢ are greatly
reduced.

Antiferromagnetism exists in the Tbh,Gd,_, alloys only
at x>0.94, and in this case H;<10® Oe, as a result of
which the anisotropy-constant correction that takes into
account the energy lost to the collapse of the antiferro-
magnetic structure is quite small. The magnetic-aniso-
tropy constants KJ=-2K, calculated by the method de-
scribed below and shown in Fig. 4 are noticeably non-
linear functions of the terbium concentration.

The mechanical torques L were measured in fields up
to 22 kOe for the alloys Tb,Y,_, and Tb,Gd,., in the tem-
perature interval 78-190 K on disks whose planes
coincided with the basal plane. Measurements of L as
functions of the magnetic field have shown that the val-
ues L, obtained by extrapolating L=L(1/H) to H ~« dif-
fer from the value of L at H=22 kQOe by not more than
5% in the most unfavorable case (at 78 K in alloys con-
taining a large amount of terbium). The mechanical

FIG. 4. Dependence of the
magnetic anisotropy con-
stant K at 4.2 K on the ter-
bium concentration for
Th,Gd, _, alloys.
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FIG. 5. Dependence of the magnetic anisotropy constant in the
basal plane K§,_ on the relative magnetization o/¢, for

Th,Y, _, alloys (the solid curve was calculated on the basis of
the theory of Ref. 20): O—x=1, O—x=0.91, A—x=0.835,
®—x=0.63.

torque is a periodic function of the angle between the
field, which rotates in the basal plane, and the b axis
(its period is 60°). It follows from (1) that the torque
in the basal plane is

L(q) =—0F 4/ 0p=6K’ sin 6¢. (4)

Expansion in a Fourier series made it possible to de-
termine K¢ from the L.=L.(¢) curves are shown in
Figs. 5 and 6 as functions of the relative magnetization.

DISCUSSION OF RESULTS

The magnetic-anisotropy energy of a ferromagnet with
helicoidal crystal lattice can be expressed by an expan-
sion in Legendre polynomials

F 4=K,"P,(cos 0) +K.°P.(cos 0) +K,"P,(cos 6) +K," sin® 6 cos 6p, (5)

where K? is the anisotropy constant, P,(cos6) is a Le-
gendre polynomial, and 6 is the polar angle between the
magnetization vector and the ¢ axis. The magnetic an-
isotropy constants K, [in Eq. (1)] and K¢ [in Eq. (5)] are
interrelated.?® The use of the constants K { is prefer-
able in a theoretical investigation of the magnetic aniso-
tropy and in a comparison of theory with experiment,
since the temperature dependences of the constants K;
and of the atomic constants are more complicated than
that of KS. On the other hand, K; is easier to deter-
mine from experiment.

In first-order approximation, which can be used for
terbium and its alloys because |K,|>>|K,|, the magnetic-
anisotropy constant per ion K3, is connected with the
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FIG. 6. Dependence of the relative constant of the magnetic
anisotropy in the basal plane KGS(T)/KGG(O) on the relative mag-
netization ¢/0, for the alloys Th,Gd, _,: ®—x=0.7, O—x=0.5,
O—x=0.39, A—x=0.2, X—x=0.09.
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constant K, by the relation

Klion=— 2 KA (8)
3 Nzxp

where A is the molecular weight, N is Avogadro’s num-
ber, p is the density, and K, is expressed in erg/cm®.
For the alloys Tb,Y,., the values of KJ ;,, calculated by
us from Eq. (6) are shown in Fig. 3 (curve 1), It is
seen that the plot of K, against the terbium concen-
tration has a maximum in the region x=0.4-0.5. The
concentration dependence of the anisotropy constant
K2 with account taken for the correction for the
helicoidal-structure collapse energy (curve 2 in Fig.
3), has a minimum at x<0.3. These results cannot be
explained on the basis of the simple single-ion theory,?!
according to which the contributions made to the mag-
netic anisotropy by the individual ions are additive, as
a result of which the constant K must be proportional
to the terbium-ion concentration, while the magnetic-
anisotropy constant per ion K2;,,~ KY/x should be a con-
stant. According to the one-ion theory,2%?! the mag-
netic-anisotropy constant K is given by

a(2))! %)

K'=——— e nzZ.

2 2(27-2)!
Here ¢ is the electron charge, (r® is the mean squared
radius of the 4f orbit, J is the quantum number, Z is
the valence of the REM ion, and the factor 7
=(1.633 —c/a)a"? takes into account the deviation of the
crystal structure from an ideal hexagonal one (c and a
are the lattice parameters). Estimates made by us on
the basis of measurements of Belovol, Finkel’, and
Sivokon’® of the lattice parameters in Th,Y,., alloys
have shown that the factor n changes monotonically
from 1.11.10% A for terbium to 1.26.10" A3 for the
alloy Tb, ,Y,. o, and allowance for this factor does not
explain the anomalies on the plot of K? ., against the
terbium concentration.

When the magnetic anisotropy constant of Tb,Gd,.,
alloys is determined it must be recognized that an ex-
ternal magnetic field applied along the ¢ axis rotates
the magnetic moments of the gadolinium and terbium
ions through different angles, so that a noncollinear
magnetic structure is produced. This leads to nonlin-
earity of the magnetization curve even in weak fields.

1t follows from calculations*'® based on the molecu-~
lar-field theory that the angles between the ¢ axis and
the magnetic moments of the gadolinium ions and the
terbium ions, gand 6 m,are determined from the equa-
tions
ITb-udICl-l‘rbSiﬂ (On»"eca) =M sin eud. (8)
Re=2Zprp €0S O1p+ (1—2) poa €08 Ocq, 9)

where I vGais the integral of the exchange interaction
between the terbium and gadolinium ions, p ., and pgy
are their magnetic moments, and p. is the magnetic
moment along the ¢ axis per ion. From the experimen-
tal data for the paramagnetic Curie point we calculated
I 564=1.52.10%° G?>/erg. Assuming in accord with the
experimental data that pu,=9.3ug and pge=7.5u 5 and
determining o, from the o(H) curves at H |c, we found
by simultaneously solving Egs. (8) and (9) with a com-
puter that the angles 6, and g4 differ greatly in the
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Tb,Gd,_, alloys, as is seen from the results for the al-
loy Tb, ,Gd, , at 4.2 K:

H, kOe: 4 10 168 228 305 378 445 505
Bca, deg: 855 796 740 67 608 551 449 434
O, deg: 863 817 775 715 667 618 56.1 507

The magnetic anisotropy constants for these alloys
were determined by solving an equation that follows
from the calculations of the magnetization curves by
the molecular-field theory*'®

5 35 sin 401,

3
—‘K0+—K°+~—Kg“ —_
27" 87 16 T Sin 20m B

Zry sin Ot (1—2) poa sin Oaa
. (10
sin 201 ( )

The calculations have shown that k2> K, and the de-
pendence of KJ on the terbium concentration is nonlin-
ear (see Fig. 4).

Using the theory of Irkhin and Karpenko,! we express
the magnetic-anisotropy constant of the disordered
binary alloy Tb,Gd,., in the form

K=zKn+2 K" +z (1) Kna'se, (11)
and for the Tb,Y,., alloys in the form

K=aKn+z ke (12)
where K1, is the single-ion anisotropy constantgoverned
by the crystal-field mechanism, and K%' and K
are the constants of the anisotropic exchange between
the terbium ions and between terbium and gadolinium.
We have neglected here the quantities” K& and K™ .

We estimate now the contributions made to the mag-
netic anisotropy by the different mechanisms. Accord-
ing to our experimental data, the magnetic-anisotropy
constant per ion in pure terbium is K2, =52 cm™!, while
in dilute Tb,_,Y, , alloys KJ,,, =35 cm™ and in ‘
Tbyg,09Gdo_ o1 K3 ion=65 cm™. If the anisotropy were due
only to anisotropic exchange, then upon dilution of ter-
bium by yttrium or by gadolinium one should expect in
these alloys KJ ,,,~5 cm™, which differs by one order
of magnitude from the experimental values. This indi-
cates that the predominant contribution to the anisotropy
is changed very little when the terbium is diluted by
yttrium or gadolinium. This contribution, as follows
from (11), is the single-ion anisotropy due to the inter-
action of the angular momentum of the terbium ion with
the crystal field of the lattice, inasmuch as the constant
that characterizes this anisotropy per ion, K# ion,
should remain constant in these alloys.

Allowance for the change of the lattice parameters in-
troduces only a small correction [see Eq. (7)], inas-
much as the parameters of the lattices of Tb, Gd, and Y
are close to one another (for example, in the alloys
Tb,Gd,., the factor 7 in (7) changes from 0.893x1073 to
1.12%x10° A°3),

Nonetheless, to explain the bending of the K(x) plot
of the Th,Gd,_, alloys (see Fig. 4), as well as the dif-
ference between the values of K ,, in dilute alloys and
in pure terbium, we must assume also the presence of
anisotropic exchange, which makes a noticeable con-
tribution not only on account of the constant K& but
also near the equiatomic compositions on account of
the constant Kf6%a.
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In accord with the theoretical investigations®? that
have established the connection between the magnetic
ordering in REM and the topology of the Fermi surface,
it can be assumed that the anomalous concentration de-
pendence of the magnetic-anisotropy constants in
Tb,Y,., alloys is due to a realignment of the electronic
structure when the terbium is alloyed with the yttrium;
this is indicated also by experimental data on the elec-
tric, magnetic, and magnetostriction properties, as
well as by the paramagnetic Curie points.!° In this case
one should expect a change of the contribution made to
the magnetic anisotropy by the anisotropic exchange[the
constant K57in Eq. (12)], which depends on the proper-
ties of the conduction electrons.?s

The dependence of the magnetic-anisotropy constant
in the basal plane on the relative magnetization (see
Fig. 5) for ferromagnetic Th,Y,_, alloys is satisfactor-
ily described by the theoretical formula that follows
from the single-ion with account taken of the finite spin
and of the quantization effects®:

AKA(T) . o

e KOl 24 (5,2,
where KT) and [K$(T),,, are the anisotropy constants
in the basal plane per unit volume and per ion, respec-
tively, K3(0) are their values at T=0 K, %, is a function
of the spin S and of the relative magnetization o(T)/o,,
which is tabulated in Ref. 20. The value [K§(0)], , cal-
culated by the theoretical formula (13) at 7=0 K from
the experimental data shown in Fig. 5 is equal to 0.52
cm™! for the Th,Y,., alloys.

[Ke*(T) Jion=

(13)

When comparing the experimental data on K§ of
Tb,Gd,., alloys with the theory it must be recognized
that it is necessary to substitute in (13) the magnetiza-
tion of the terbium sublattice, and not the total magneti-
zation.

The temperature dependences of the terbium and
gadolinium sublattices are described in the molecular-
field theory by Brillouin functions. Starting from the
values of the exchange integrals obtained by us from
the paramagnetic Curie points,

Itp-1v=1.01-10" G2 Jerg , Irp—ca=1.52-10*G? [erg,
Iud-m=2.28' 10“02 /erg y

‘we calculated the magnetizations of the terbium and
gadolinium sublattices with the aid of the equations
that follow from the molecular-field theory. The de-
pendence of the relative magnetic-anisotropy constant
in the basal plane on the relative magnetization of the
terbium sublattice is in good agreement with the theo-
retical equation (13) (see Fig. 6).

We present below the values of K§ in the Tb,Gd,_, al-
loys at 77.8 and 0 K:
- 2 1 07 05 039 03 02 009
Ke*10-5 erg/cm®: 92 66 55 35 29 13 072
Ke#(0)-10-%, erg/cm3: 35 25 20 14 41 51 28

Analysis of the experimental data shows that the con-
stant K§(T') measured at the given temperatures and the
value of K§(0) extrapolated in accord with (13) to 0 K
increase in proportion to the terbium concentration, in
agreement with the single-ion mechanism of the cryst-
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al field. The mean value [K§(0)],,, calculated per terbi-
um ion amounts to 0.56 cm™ in the Th,Gd,_, alloys.

Thus, the results of the present investigation have
shown that the concentration dependence of the uniaxial
magnetic-anisotropy constant in alloys of terbium with
ytttrium and gadolinium is determined mainly by the
single-ion mechanism of the interaction of the orbital
angular momentum with the crystal field of the lattice,
while the anisotropic exchange and the change of the
electron structure make an additional contribution to
the uniaxial magnetic anisotropy. The temperature de-
pendence of the magnetic-anisotropy constant K§ in the
basal plane is satisfactorily described by the single-ion
theory when account is taken of the finite value of the
spin and of quantization effects.

In conclusion, the authors thank K. P. Belov and R. Z.
Levitin for a discussion of the result, V. I. Silant’ev for
help with the measurement in pulsed magnetic field, and
G. E. Chuprikov for supplying the alloy single crystals.
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