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Magnetic phase diagram and anisotropy of pseudoternary (Er„Dy, „)2Fet4B compounds
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A complete study of the magnetic phase diagram and magnetic anisotropy of pseudoternary
{Er Dy, )2Fe&48 compounds has been carried out by the use of 1ow-field ac magnetic susceptibili-
ty, magnetization, and singular-point detection measurements on magnetically aligned samples. A
cone magnetic structure has been observed in compounds with 0.6 ~ x &0.9, even at low tempera-
tures, and the thermal dependence of the cone angle for each concentration has been determined.
Substitution of Er by Dy gives rise to a significant modification of the magnitude and temperature
dependence of the anisotropy field H„' {i.e., the field on the basal plane), a linear dependence being
observed with Dy concentration at 293 K. The present data have been interpreted in terms of a
crystalline-electric-field —mean-field model. The inclusion of only second- and fourth-order crystal-
field terms is enough to account for the phase diagram and the cone magnetic structure. The
fourth-order terms should necessarily be included into the Hamiltonian in order to account for the
variation of angle of the cone magnetic structure, both with temperature and concentration.

I. INTRODUCTION

In addition to the outstanding permanent magnet
properties of compounds based on the well characterized
Nd2Fe, 4B tetragonal crystal structure, ' a great deal
of interesting magnetic phenomena such as spin-
reorientation transitions ' and first-order field-induced
magnetization processes (POMP) are displayed. ' It is
generally accepted that such behavior can be attributed
to the strong inAuence of the rare-earth crystalline elec-
tric field (CEF)," ' which increases at low tempera-
tures. A large insight into the microscopic behavior of
the magnetic anisotropy in these compounds can be ob-
tained by investigating the nature of strong competing
anisotropies arising from the R (rare-earth) sublattice. A
suitable choice of R ions for such an investigation are Er
and Dy, which have opposite signs of the second-order
Stevens coefficients, aJ. In Er2Fe, 4B, there exists an
easy-axis to easy-plane spin reorientation at =-322 K,
where the Fe sublattice, with axial anisotropy, overcomes
the Er planar one. However, the axial Fe anisotropy is
reinforced by the large Dy axial one in Dy2Fe&4B. ' Thus
the system (Er Dy, „)2Fe,4B is ideal for an investigation
of the strong competing anisotropies present in the
tetragonal Nd2Fe i4B structure. The evolution of the
spin-reorientation transition temperature with Er concen-
tration could be expected to be a direct consequence of
the interplay between planar and axial magnetocrystal-
line anisotropies. Previous investigations by Mossbauer'
spectroscopy' ' have shown that the spin-reorientation
temperature decreases with increasing Dy concentration.
However, some uncertainty persists in regard to the tem-

perature interval over which the transition takes place
and also the resulting final magnetic structure.

In order to clarify the inAuence of different competing
anisotropies in such compounds, measurements of the
dependence, with composition and temperature, of the
magnetocrystalline anisotropy, low-field ac susceptibility
and magnetization in (Er„Dy& „)2Fei~B compounds
have been carried out. The results are reported in addi-
tion to an interpretation in terms of a CEF—mean-field
model incorporating second- fourth-order terms.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline samples of (Er„Dyi „)2Fe,~B with
x = 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.2, and 0 were prepared
by melting pure elements in an arc furnace under Ar at-
mosphere. The resulting buttons were subsequently heat
treated at 900'C for 7 d under vacuum. Monophasicity
and homogeneity of the samples were verified by using
thermomagnetic analysis (TMA). X-ray diff'raction pat-
terns showed lines and intensities consistent with those of
the space group P42lmnm of the Nd2Fei„B structure. '
Thermomagnetic analysis was also used to measure the
Curie temperatures T, for all the samples. The values of
the spin-reorientation temperature T„ for various Dy
compositions were deduced from the temperature depen-
dence of the low-field ac susceptibility. These measure-
ments were performed using a modified mutual induc-
tance Hartshorn bridge operating at 1S Hz. Such an ap-
paratus measures the variation of the mutual inductance
produced by the sample, which is, in turn, proportional
to the real part of the magnetic susceptibility. The ap-
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H~ =(2K, +4K~+6K3)/M, ,

H~ =2K, /M, ; (2b)

both anisotropy fields can be accurately measured on our
magnetically aligned samples by mean of the cited SPD
technique. It is perhaps worthwhile to mention that the
fields, defined in the above way, are not the usual
equivalent anisotropy fields fixing the magnetization

plied ac magnetic field was =35 mOe of peak value. To
measure the magnetization, magnetically aligned magnet-
ic samples were prepared by orienting powders in a con-
stant magnetic field of 19 kOe. The powders were mixed
with epoxy resin at =100 C where all the compositions
display an easy axis. Polar plots of the magnetization
parallel to the applied field (2 kOe) direction were per-
formed on the oriented powders using both a vibrating
sample magnetometer and an extraction one. By the use
of such techniques, accurate and reliable information
about any easy-cone direction, if present, was obtained.

The unique singular point detection (SPD) tech-
nique' ' has been used to measure the anisotropy field
H~ in pulsed magnetic fields up to 300 kOe. In such a
field it is usually possible to measure anisotropy fields up
to 150 kOe with the SPD technique (Asti and Rinaldi' ).
This technique allows a fast and reliable determination to
be made of H~ in both axial' ' and planar polycrystal-
line systems. The anisotropy field H~ is defined as the
magnetic field which is required to saturate the sample in
the hard direction along which the field is applied. In the
case of uniaxial systems the anisotropy energy is given,
for a determine temperature, by

Ek(8)=K, sin 0+K2sin 0+K3sin 0,
where K, , Kz, and K3 are the phenomenological anisot-
ropy energy constants. Consequently the anisotropy field
in the basal plane (H„') and along the c axis (H„") are
given, respectively, by

along the easy direction, but applied magnetic fields along
the hard direction, which overcome the anisotropy
torques. In this sense they are (H„' and H„" ), just the re-
verse of those equivalent easy direction fields.

III. RESULTS AND DISCUSSION

The Curie temperature was found to increase linearly
in going from Er2Fe, 48 to DyzFe&48 and the values are in
good agreement with previously reported ones. ' The
temperature dependence of the low-field ac susceptibility
for all the measured compounds is displayed in Fig. 1.
There are very clear anomalies for x &0.5 and these
are associated with a spin-reorientation process. In
Er2Fe, 48, the anomaly at 322 K is related to the spin re-
orientation towards the basal plane, due to the planar
Er + sublattice anisotropy overcoming that of the Fe
sublattice. For increasing Dy concentration, the spin-
reorientation temperature decreases. The results of the
measurements of the cone angle by means of the polar
plots of the magnetization, parallel to the applied field,
are shown in Fig. 2. It is clear that, apart from pure
ErzFe, 4B and (Er09Dyo, )2Fe,4B, the spin-reorientation
transition is not complete, being from easy axis to easy
cone, the cone angle at low temperatures decreasing with
increasing Dy composition. Examples of polar plots of
the magnetization are displayed in Figs. 3(a)—3(f) for
x =0.9 and 0.8 at selected temperatures and they clearly
show the relevant minima and maxima corresponding to
the cone angle. The axis-to-cone transition observed here
is ip some contradiction with Mossbauer investigations
which implied a complete axis to plane transition. ' '
The measurements of the polar plots of the magnetization
reported here enable a precise determination to be made
of the cone angle.

A. Anisotropy Aelds

The SPD measurements have been performed on
oriented powder specimens in order to enhance the
signal-to-noise ratio. However, due to the high values of
the anisotropy field H„', it was not possible to measure it

5

U

X 4

I—

CQ 3
CL
UJ

D 2

z 1

0
0 I

50 100
I I

x 0.
~x=0.6 (

150 200 250 300
TEMPERATURE ( K )

x=1

350

I

90 ——f—-0- —~——~ ——~-
I

I

1

x= O.g
I
\ ~

\

I
8 \

I

\

t

I
I
I

TEMPERATURE ( K)

C7)
CU ~ $ ~ ~ ~60- '

~
p

~ x=o

CO

~ 3Q--T . ~
x=o.7

x =0.6
\

L I I

0 tOQ 200

~——~—-0-
x=1

I

I
I
I
I

I
I
I

I
I
I
I

I
I
I
I

I
I
I

300

FIG. 1. Thermal dependence of ac initial magnetic suscepti-
bility (in arbitrary units) in the pseudobinary compounds
(Er„Dy& „)&Fe&48 for different concentrations of the anisotrop-
ic R'+ ions.

FIG. 2. Temperature dependence of the measured cone angle
0, between the c axis and the easy direction of magnetization,
for (Er„Dy& )2Fe&&B compounds. {), experimental results;
{———) theoretical prediction.
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FICx. 3. Polar plots of the magnetization for (Er„oy, )2Fe&4B compounds for x =0.9 (a), (b), and (c), and 0.8 (d), (e), and (f) for
some selected temperatures. 0 is the angle formed by the applied magnetic field with the tetragonal c axis.
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for compositions with x & 0.5. Dysprosium substitution
has been found to greatly modify both the magnitude and
the temperature dependence of the anisotropy field. The
values of H~, measured at 293 K and reported versus Er
composition x in Fig. 4, show an almost linear depen-
dence with Dy composition, 1 —x. On the basis of an ex-
trapolation of the present data, DyzFe, 48 should have an
anisotropy field larger than 290 kOe at 293 K. In Fig. 4,
the calculated variation of the combination of anisotropy
energy constants K&+2Ez+3E3 (=HzM, /2) at 293 K
is also reported. A linear dependence of the anisotropy
constants with x would indicate that only second-order
terms in the anisotropy energy expansion are important
at 293 K. Thus the observed departure from a linear be-
havior implies the existence of non-negligible high-order
anisotropy constants. The competition between Er and
Dy anisotropies could account for these terms. ' The sat-
uration magnetization values M„used to calculate the
sum of the anisotropy constants Ki+2K~+3E3 in pseu-
doternary (Er„Dy, , )zFe, 4B compounds have been ob-
tained by extrapolating the available data on Er&Fe&48
and Dy~Fe, 48 single crystals, considering a linear corn=
position dependence of M, . This can be done with
reasonab1e confidence due to the localized character of
the contribution of the R + ions to the total magnetic
moment, i.e., p=xpE„+(1 —x )pD„. The temperature
dependence of the anisotropy field for Dy compositions
up to x =0.5, measured with the field applied in the basal
plane, H„' [Eq. (2a)] and along the c axis, H„" [Eq. 2b)]
are displayed in Figs. 5 and 6, respectively. For x =0.9,
H„' decreases with decreasing temperature (Fig. 5),
reaching zero at T„z, that is the temperature value at
which the system is easy plane. With increasing Dy con-
tent, the temperature dependence of H„' is reversed
(H„' increases with decreasing temperature for x (0.9)
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FIG. 5. Temperature dependence of the anisotropy field H~
for magnetically aligned powders of (Er Dy& )zFe&4B com-
pounds. The field is applied perpendicular to the direction of
alignment, which at 373 K is the c axis.

15—

and the slope is enhanced. Considering that
(Er„Dy, „)zFe,4B compounds with x )0.5 display a
spin-reorientation transition (K, changes sign) with de-
creasing temperature, the observed variation of H~ for
x ~ 0.8 implies that at low temperatures, high-order posi-
tive anisotropy constants become dominant with increas-
ing Dy concentration.

The temperature dependence of the anisotropy field is
altered by addition of Dy also in the hard c-axis region.
An enhancement in the slope of the H~ versus tempera-
ture curve is, in fact, observed with increasing Dy con-
tent. It should be emphasized that H~ reaches a value of
zero at T„&, i.e., the temperature at which the magnetiza-
tion vector starts to tilt away from the c axis (K& changes
sign). The calculated values of K&+2Kz+3K3 in the
hard-plane region and K& in the hard-axis region are re-
ported versus temperature for (Er, Dy, „)zFe,4B in Fig.
7. The temperature dependence of the anisotropy con-
stants confirms the conclusions, obtained from the mag-
netization measurements, concerning the final state of the
system after the spin-reorientation transition. It is partic-
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FIG. 4. Compositional dependence of the measured anisotro-
py field H& and the calculated combination of anisotropy ener-
gy constants K, +2K~+3E3 at 293 K for (Er Dy, x)pFe14B
compounds.

FIG. 6. Temperature dependence of the anisotropy field H&
for magnetically aligned powders of (Er„Dy& „),Fe,4B com-
pounds. The field is applied parallel to the direction of align-
ment, which at 373 K is the e axis.
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ularly clear that for x =0.9, a temperature T„, (where
K, =0, i.e., the reorientation starts and M, tilts away
from the c axis) and a temperature T„2 (where
El+2%2+3%3=0, which means that the system has
reached an easy-plane configuration), can be obtained.
Whilst a T„l can be defined for compounds with x =0.7
and 0.8 (K, =0), no T„z can be defined, as the spin reori-
entation takes place from easy axis to easy cone. The
complete magnetic phase diagram incorporating the re-
sults of the low-field susceptibility, magnetization and
SPD measurements is displayed iri Fig. 8.
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FIG. 7. Calculated values of the anisotropy energy constants
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K& +2K2+ 3E3, () E&,' ( A ) obtained from ac initial magnetic
susceptibility measurements.

B. Spin reorientation and CEF model

In order to account for the observed behavior in
the spin-reorientation region of the pseudoternary
(Er„Dy, „)zFe,4B compounds, a single-ion CEF model
has been used to describe the contributions from the
Er + and Dy + ions to the anisotropy energy. A two-
dimensional molecular-field approximation has been used
for the exchange interaction, where the exchange field
coupling the R + ion and the Fe sublattice is confined to
the x-z place (z corresponds to the c axis [001] and x to
the [100] direction) in order to avoid the imaginary com-
ponent of the total R + angular momentum. The free
energy is calculated for every position of the magnetic
moment in the plane' ' making an angle 0 with the c
axis. ' ' The anisotropy energy contribution from the Fe
sublattice is also included in the total free energy. An im-
portant assumption in the present method is to consider
that the exchange coupling stabilizes collinearity between
the effective magnetic moments of the Fe sublattice and
of the R one, being ferromagnetic for light R and ferri-
magnetic for heavy R ions.

The CEF Hamiltonian appropriate for the different R
ions (Er + and Dy +) having mm point symmetry has
been considered up to fourth order, in the form

HCEF —B202+B202+B404,
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= —2(gz —1)p~J.H,„
= —gJp~H „(J,cos8+J sin8), (4)

where R =Er and Dy and where B„and O„are the CEF
parameters and Stevens operators, respectively.
Remember that both Dy + and Er + ions have the same
J= —", , although we have to distinguish between different
CEF parameters. The exchange Hamiltonian is given by

R~ex gJI BHmol J

100 TABLE I. Crystal-field (CEF) parameters (in K) obtained
from the fit of the thermal dependence of the cone angle for
several concentrations of the series (Er Dy& „)2Fe&4B.
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where R =Er, Dy, and H, &
is the molecular field arising

from the Fe sublattice and is related to the exchange field
by H „=[2(gJ—1)/gJ]H, „. H,„ is the exchange field
describing the spin angular momentum 4f 3d e-xchange
which can be considered constant for a series of com-
pounds which are isostructural. The values used for the
molecular field were obtained from Ref. 15 and refined
further in the fitting process [H,&(Er +)=62 K/gJpB
and H, ~(Dy )=94 K/gJps] and the usual tempera-
ture dependence for H, ~( T) was also employed, i.e.,

H, i( T ) =H, i(0) 1 —0.5
T

TO

The free energy per R + ion can be written as

Ftt (0, T)=xFE,(0, T)+(1—x )FD„(0,T), (7)

where we have assumed that Er + and Dy + are random-
ly distributed over the two 4f and 4g sites that the R 3+

ions occupy in this crystalline structure. A further as-
sumption has been made in order to obtain the values of
the CEF parameters for the individual 4f and 4g sites
(see Table I). This assumption considers the relationships
which exist between the individual and arithmetic aver-
age CEF second-order parameters, ' B2 and Bz, in order
to obtain those individual values from our forcibly aver-
ages ones obtained in the way explained below. For that
we have taken into account the electric field gradient
(EFG) parameters for the two Gd sites in GdzFe, „B(Ref.
23) in the way already used by Rechenberg et al. ' The
total energy for the system F(0, T) =Fit (0, T)+FF,(0, T)
has been obtained by considering the contribution from
the Fe sublattice per R ion as

FF,(0, T)=K, (T)sin 0. (8)

The temperature dependence of K, (T) was obtained
from anisotropy measurements on Y2Fe]4B. The angu-

The operators J„J are those associated with the corn-
ponents of the R + angular momentum. The free energy
is obtained by diagonalization of the total Hamiltonian
H=HcE„+H, „within the ground-state manifold J and
then calculating the partition function Z(0, T). The free
energy is

F(0, T)= —Kit T lnZ(0, T) .

lar dependence of the total free energy was then evalu-
ated and the minimum in the free energy shall give the
orientation of the total magnetization vector. The calcu-
lated free energies as a function of 0, for x =0.9 and 0.8,
are displayed in Fig. 9 for some selected temperatures, in
the easy axis-easy plane and easy axis-easy cone transi-
tion regions for the two compounds, respectively. The
calculated values of the temperature dependence of the
cone angle 0 for x ~0.6 are displayed in Fig. 2 together
with the experimentally observed values. Indeed this
fitting procedure allows us to determine average (among
the random occupation 4f and 4g sites) values of B2, Bz,
and Bz, although distinguishing between both R
species. The agreement is really quite good at high Er +

concentrations (x =0.8, 0.9, 1) and it constitutes a
confirmation that CEF terms of only up to fourth order
are enough to account for the observed cone magnetic
structure in (Er, Dy, „)2Fe,4B compounds. Neverthe-
less some discrepancy has been observed for x =0.6 and
0.7 although is not possible to exactly explain the thermal
dependence of the coning angle, however, we can predict
the temperature at which the spin-reorientation transi-
tion starts.

The use of only second-order terms to describe the
CEF interaction allows us to explain the experimental
phase diagram obtained for this series (see Fig. 8), in the
sense that we can predict the existence of an intermediate
magnetic cone structure for concentrations below
x =0.8, in good agreement with the recent results ob-
tained by Boltich et ar. But nevertheless, it is not possi-
ble by using only second-order terms, to explain neither
the existence of the spin reorientation for the concentra-
tion x =0.6 nor to fit the experimental values obtained
for the cone angle of the easy magnetization direction as
a function of temperature for several concentrations. It
was necessary, however, to introduce fourth-order terms
B4 in the CEF Hamiltonian. From our point of view, the
values that we have determined for the site CEF parame-
ters for the Er + and Dy + ions in these systems, as men-
tioned before (see values on Table I), are rather accurate,
and in fact they are not far from the values given in Refs.
15 and 24. However, the refining process that we have
performed fitting the cone angle for each concentration
as a function of the temperature, constitutes a very strict
test of our CEF model and also the reliability of the
determined CEF parameters.
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