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fect of partial replacement of Nd by Dy atoms on the magneto-elastic
yzFer4C (2-14-1 type) alloys with = 0.1,0.3 and 0.5, in a temperature
temperature have been studied using magnetostriction measurement. The
rocess, FOMP, was determined by measuring the temperature dependence
usceptibility. Results show that an indicative temperature for FOMP, Tsp,
with increasing Dy content, which can be due to the non-negligible role of
-} of the crystalline field anisotropy of the rare
5 conclusion is confirmed via magnetostriction results, which show that the
Dy for Nd increases the anisotropic magnetostriction. This is attributed
-crystalline anisotropy. At T' > Tsp, Dy partial substitution also causes an
e magnetostriction, which indicates a positive exchange magnetostrictive
ferromagnetic interaction.

coercivity, as expected, due to the higher anisotropy
field of Dy compared to Nd. However, the saturation
magnetization of the substituted samples decreases
with the increase of Dy content. This is due to the
effect of anti-parallel alignment of Dy and Fe magnetic
moments [10,11].  Therefore, the Nd_ Dy.Fe;4C
compounds with small values of the substituted z are
mostly interesting for use in technological applications.

Both spin re-orientation and First Order Mag-
netic Process (FOMP), have been observed in this com-
pound [10,12]. Spin re-orientation means that the easy
magnetization direction changes from one crystallo-
graphic direction to another with temperature change.
In NdyFe;4C compounds, this kind of transition is in
the form of easy axis rotation from canted to tetragonal
c-axis with increasing temperatures beyond Tsp =
135 K. The spin re-orientation temperature, Tsg, de-
creases when Dy is partially substituted for Nd {13,14].
The first order magnetization process is defined as
the discontinuities or jumps exist in the magnetization
curve, when sufficient high external magnetic fields are
applied along a special crystallographic direction. In
the Nd,Fe;4B compound, it has been found that a
FOMP can only be observed below 7" = 200 K and in
the presence of external fields higher than H= 15°T ap-
plied parallel to a [100] crystallographic direction [15].
In the case of Nds_,Dy.Fe 4C, experimentally ob-
tained field dependent magnetization curves show that
the field dependence of FOMP is almost independent
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of the Dy content for z < 0.4 [10]. However, other
researcher’s work has indicated that all coefficients of
the magneto crystalline anisotropy energy change upon
partial substitution of Dy for Nd [4,16-18]. For the
Nd,_.Dy,Fe;4C compounds, an attempt was made to
examine the effect of partial substitution of Dy for
Nd on the temperature dependence of FOMP and on
the magnetostrictive properties. According to the ac-
magnetic susceptibility results on NdyFe;4C {12], one
expects a kind of cusp like behavior correlated to the
FOMP transition in low field ac-magnetic susceptibility
of this compound. Based on this, therefore, the ac-
susceptibility and magnetostriction of Nd;_,Dy,Fe;4,C
with z = 0.1,0.3 and 0.5 compounds were investigated.
Below, a possible unified description will be provided
for both spin re-orientation and FOMP transitions,
based on the magnetic anisotropy energy considera-
tions.

THEORETICAL ASPECTS

It is a fact that for the rare earth-iron (RE-Fe) com-
pounds, the magnetic anisotropy is mostly introduced
by crystal field effects acting on 4f-electrons of RE
atoms. The crystal electric field energy, Hcgr, in terms
of Steven’s operators, OT, is written as [19]: ‘

Hopr= Y Y 6a(rfp)ATOT, (1)

n=2,4,---m=0

The Steven'’s operators, O, as symmetric polynomials
constructed from components of the total momentum,
J, of RE atoms, are appropriately provided as a base
for symmetric expansion of Hggp, in each crystal
structure. With the modified notation of 8, = 5,0, =
Bs,86 = ~vs5,n is the appropriate Steven’s factor of n
order that represents the type of asphericity of the 4f-
charge distribution. The coefficients A™, which refer
to crystal field coefficients, describe the electrostatic
potential of the charge surrounding the 4 f-electrons.
Values for ,(rj;), where () is the mean value of the n
order power of the 4 f-radius, are the multi-pole charge
moments of the 4 f-shell.

Alternatively, the anisotropy energy is almost
approximated by some terms of the following phe-
nomenological expansion:

o0

E, = Z z Kk P (cosB) x cosme. (2)

n=2,4,- m=0

The angles 6 and ¢ are the polar and azimuthal angles
of magnetization with respect to the main symmetry
directions of the unit cell (a, b and ¢ for tetragonal, for
example). P™ is a familiar Legendre function; and
kT is the phenomenological temperature dependent

n
anisotropy coeflicient. Each term in this expansion
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will be minimum for special values of § and ¢. The
easy direction of magnetization at each temperature
will be determined by competition between various
terms to make E, minimum. In the case of RE-Fe
compounds, where magnetic anisotropy is mainly the
magneto-crystalline type, Equation 2 can be considered
as a phenomenological description of the microscopic
expansion of CEF energy (Equation 1). So, one
can define the following relation between anisotropy
coefficients and thermodynamic average of Steven’s
operators:

Ko = 0a(r3;)AR(00), n=2,4,6, (3)
and some similar relations for necessary higher order
terms. Using this terminology one can say that the
temperature and field dependence of anisotropy energy
(particularly &) are the intrinsic origins of both
spin re-orientation and FOMP transitions. These two
transitions are associated with the fact that there
is more than one non-equivalent minimum in the
magnetic free energy surface. For example, if one
plots total anisotropy and Zeeman energy, due to the
external magnetic field of the NdsFe;4C compound,
with respect to the angle between magnetization and
c-axis at temperatures lower than T = 200 K, it will
show two minima according to [100] and [001] crystal-
lographic directions, in addition to another one around
a 30°angle, according to the equilibrium state of the
easy magnetization direction at T' < Tgg temperatures.
The relative thermal and field stability of these minima
can be described based on the temperature and field
dependence of the second, forth and sixth order terms
(k3, k3, k2) in Equation 2. Therefore, the nature of the
FOMP is similar to that of the spin re-orientation. In
other words, a spin re-orientation can be considered as
a zero field FOMP.

Within the above single ion approximation, the
temperature dependence of magnetostriction, X, can
be described in terms of the reduced hyperbolic Bessel
functions, I, after Cullen’s classical theory [20,21]:

A= YN x Tup (Y), (4)

1=2,4,-

where A;’s are experimentally adjustable magneto-
elasticity coeflicients and Y is obtained from the fol-
lowing relation in terms of reduced magnetization, m,
of the RE sub-lattice:

ms(T) 1

m(T) = T = Iap(Y) = cogh(Y) = 5. (5)

Here, m,(0) and m,(T) are magnetization of rare-
earth (RE) sub-lattice at zero and 7 temperature,
respectively. Using the above unified terminology for
single ion effects on magnetic anisotropy, one can
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approximately consider each terh in magnetostriction
expansion, Equation 4, parallel with similar terms in
Equations 1 and 2. Actually, within a single-ion model,
in order to calculate the magnetoelastic coupling, the
constants in Equation 4 (A2, A4, As), will be propor-
tional to Steven’s reduced matrix elements n (multi-
poles), if one assumes that oy, ,E 7 and vy are parallel
with [ = 2,1 = 4 and [ = 6, respectively. Although
the second order term in Equation 4, (Is/2), effec-
tively describes the consistency of the magnetostriction
results with Callen’s theory, v\ariations of relatively
small fourth and sixth order tdrms with composition
are interesting enough to be considered, in order to
obtain some idea of similar variations in parallel terms
in anisotropy and CEF energiis. For this purpose,
Cullen’s model, despite its simplicity, is too flexible
to simulate experimental data with a straightforward
fitting routine [22]. Sometimes}, the following scaling
expansion, based on the low te@perature behavior of
hyperbolic Bessel functions, has| been used [18,20-22):

AXT) = Aoam®(T) + Aoam!®(T) + Aosm® (T).
. |

| ©)

In which MAg,’s, once again, anre modified magneto-
elasticity coefficients. ‘

Bellow, this terminology will be used more to
describe the experimental resulrcs on Nd;_.Dy,.Fe;4C

compounds.

EXPERIMENTAL PROCEDURE

Ndy_,Dy,.Fe14C compounds, with z = 0.1,0.3 and
0.5, were prepared by RF induction melting of the
stochiometric mixed powder of the constituent ele-
ments. Ingots were annealed udder Argon atmosphere
for more than one week at 880°C [23]. XRD pat-
terns showed that all three samples were nearly single
phase, the amount of impuritiies such as a-Fe and
2-17 phases being less than about 5%. Scanning
electron microscopy studies alto revealed a uniform
distribution of polycrystalline érains of a few microns
in the samples. |

Magnetostriction measure}hnents were performed
on disc shaped samples with| 5 mm diameter and
1.5 mm thickness. For these measurements, a strain
gauge of type SK-09-031-DE350 was mounted on the
flat surface of each sample. | The relative change
in electric resistance of these§ gauges is equal to 2
times the produced strain in them (AR/R = 2*Al/l).
Application of a magnetic field to a magnetostrictive
sample causes the dimension of the sample to change.
By this change, the mounted%gauge on the sample
undergoes strain and, therefore, its electric resistance
changes. Relative change of re#istance is measured by
a Wheatstone bridge with a sensitivity in the order of
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10~7 and then the amount of strain in the sample is
obtained. The measuring circuit is shown in Figure 1.
The dummy gauge, R4, which is mounted on a cupper
disc, is to eliminate the unwanted bridge output, due
to change of gauge resistance with temperature or
field [24].

After applying a magnetic field parallel to the
flat surface of the sample, the magnetostriction parallel
(M]) and normal (A L) to the field direction was mea-
sured, then, anisotropic magnetostriction, AX = X|| —
A L, and volume magnetostriction, Av/v = A||+2A 1,
were calculated [25]. Based on circular symmetry of
the flat surface of the samples, the demagnetization
or form effects are equal in measured A|| and A L,
so are canceled in anisotropic magnetostriction. The
quantity, A, is a representative of magnetostriction in
a constant volume and it is free from an initial demag-
netized state. In the case of isotropic polycrystalline
samples with crystallites of tetragonal symmetry, they
can be described, up to the second order magneto-
elastic terms, by [26]:

AN (/\5”2 FAT2 4 2)\5’2) , (7)

where A{’k(H ,T), the phenomenological magnetostric-
tion constants, have their usual meanings, (A\3"?) is £
ratio distortion, (A\2?) is the shear breaking of the
basal plane cylindrical symmetry, and (A®?%) is the
shear tilting of the c-axis. In the same isotropic
polycrystalline sample, the volume magnetostriction

can be described by:
w o AP0, (8)

where )\;”0 constant presents the isotropic part of
magnetostriction and does not depend on the mag-
netization direction, therefore, it does not reduce
the lattice symmetry. This means that the vol-
ume magnetostriction is only contributed to by

k@ “

Ry

Null
voltmeter

I

:
Ro 12 vore

Figure 1. Schematic of the circuit for measuring
magnetostriction. R, is an active strain gauge mounted on
the sample and Ry is the dummy gauge mounted on a
cupper disc.
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the uniform exchange-striction mode, which can be
separated out of anisotropic parts in Equation 7,
even with measurements on a polycrystalline sam-
ple [18].

Magnetic ac-susceptibility of the samples, which
is the response of magnetization to the change in the
external magnetic field, was also obtained using an ac-
susceptometer 7000, Lake-Shore. In this system, an
ac-magnetic fields with frequencies between zero up to
1000 Hz can be employed.

RESULTS AND DISCUSSIONS

It is expected that at a particular temperature, where
the two spin phases and, so, their respective minima
in free emergy, have nearly equal probability, the
anisotropy field goes through a minimum and mag-
netic susceptibility tends to maximum. Two peaks
or cusps have been observed in the real part of
the magnetic ac-susceptibility versus temperature of
Nd2Fe 4C compounds by Kou et al. [12]. The peak
at lower temperature (T = Tsg) is explained by the
spin re-orientation from the easy cone to the c-axis.
The second cusp at higher temperature (T = Tsp)
is attributed to type-1 FOMP from [001] to [100]
direction. Figure 2a shows a similarity to the later cusp
in the presented results on temperature dependence
of ac-susceptibility for Nds_,Dy,Fe;4C solid solutions.
Temperatures corresponding to the maximum of the
curves, (Tsp), are plotted versus z in Figure 2b.
Expected first peaks at Tsg should be translated to
lower than 120 K temperature, according to the usual
decreasing behavior of T'sg with Dy content, as shown
in Figure 3a [10]. From Figure 2b, it is evident that
the partial substitution of Dy causes an increase in
Tsp. Therefore, one can introduce a FOMP transition

4.8 T T T M T

4.5 4

4.24

3.9

3.6 4

X*10* (m®/kg)

3.34 J
T = 0.1
3.01 J

200 250 300
T (K)

100 150

Figure 2a. Ac-magnetic susceptibility as a function of
temperature for Nda_Dy,Fe;4C samples, with

z =0.1,0.3 and 0.5, at similar conditions (Ac-field = 50
A/m, dc-field = 0, f = 333 Hz, Temp. rate = -3 k/min).
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Figure 2b. The temperature according to the maximums

in ac-magnetic susceptibility curves (T5.) as a function of
Dy content in Nd2_,Dy,Fe;4C.
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Figure 3a. Saturation magnetization (M) and spin
re-orientation temperature (7,) as a function of Dy
content in Ndz_;DyzFe14B compounds [10].

at higher temperatures by substitution of Nd by Dy
atoms: This means that the possibility of having a
minimum in anisotropy in the [100] direction increases
by partial replacement of Nd by Dy. It is clear that the
stability of the {100] minimum can be larger than the
[001] only in the presence of large external magnetic
fields (H > 157) applied in thre [100] direction. This
indicates that, although the second order anisotropy
term in anisotropy energy (first acceptable term in
Equation 2 based on symmetry considerations, 3),
which is responsible for [001] axial anisotropy at these
temperatures, has a dominant role, the higher order
terms, kj*, kg, -+, are not negligible. Previously, a
similar beneficial effect for the role of the Dy content
on the fourth anisotropy parameter has been considered
by Kim et al. [14] using magnetization measurements.
Figure 3b shows their results for K, K, anisotropy
constants, which are proportional to &3, k3, anisotropy
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Figure 4. Linear magnetostriction parallel (a) and
perpendicular (b) to the magnetic field direction at

constant field of H = 1.4 T for Nda—Dy.Fe14C samples,
with z = 0.1,0.3 and 0.5. The curves are for eye guide.

as shown in Figure 5. Within the limits of experimental
accuracy (= 4*107°), it is possible to show that
the temperature dependence of magnetostriction is
consistent with the second order Callen’s single particle
theory (first term in Equation 4):

AX = dg X I o (Y). (9)

By assuming that the temperature dependence of the
magnetization of the RE sub-lattice does not change
appreciably by the partial replacement of Nd by Dy,
then it is possible to use magnetization results of
the RE sub-lattice in the original composition (z =
0) [27], for the samples presented here and simulate
the temperature dependence of magnetostriction in
Figure 5 from Equations 5 and 9. In order to apply
this approximation, two of the following facts for
Nd,_.Dy.Fe;4C compounds were considered. First,
partial substitution of Dy atoms does not affect the
temperature dependence of magnetization consider-
ably, as it seems in Figure 6. Actually, this substitution
yields a permanent magnet with a temperature be-
havior comparable with the original composition {2].
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Ax*108

100 150 200 250 300
T (K)
Figure 5. Anisotropic magnetostriction at selected
temperatures shown with symbols for Nd;_,Dy.Fe;4C
samples, with z =0.1,0.3 and 0.5in H = 1.4 T.
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Figure 6. Temperature dependence of magnetization of
Nd-3 Dy, Fe14B measured perpendicular to the alignment
direction in applied fields below 3.2 kA/m. Arrows
indicates spin re-orientation temperatures [14].

Secondly, only about 30% of the magnetization of
these compounds should be introduced by the RE sub-
lattice and the rest of it originates from iron sub-
lattice [2,27,28]. In each case, more than 15% error
in the results is not expected with this approximation.
Curves obtained by choosing Az(z = 0.1) = 10, \y(z =
0.3) = 25 and Xo(z = 0.5) = 40 in the above theory
are plotted in Figure 5. It can be seen that the
theoretically produced curves are in good agreement
with the experimental values. The fitting of these
curves are more pronounced at higher Dy content.
Therefore, a crystalline field, acting on the RE sub-
lattice, is the main origin of the observed magneto-
elastic coupling, which, of course, is amplified by
increasing Dy content [16,17].

In using Equation 9, relatively small higher than
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second order single-ion contributions were ignored in
magnetostriction (see Equation 4). At this moment,
in order to consider the effect of Dy substitution on
the second, forth and sixth order of that contribution,
it should be effective if the results were simulated
according to the well-known m!(*+1)/2 scaling law for
magnetostriction in Equation 6. The best values of the
Aoi constants in Equation 6, obtained after fitting with
the experimental data in Figure 5 (continuous curves
are according to the lowest order magneto-elastic the-
ory based on magnetization of 2-14-1 phase, which is
obtained by choosing, Az(z = 0.1) = 10, A2(z = 0.3) =
25 and Az(z = 0.5) = 40 in Equation 9.) is given in
Table 1. The overall agreement in each column gives
support for the previous suggestion that higher-order
terms in magneto-crystalline anisotropy can be more
important with more Dy content in Ndy_ Dy, Fe;4C
compounds.

Anisotropic magnetostriction versus external
magnetic field in the temperature range of liquid
nitrogen and room temperature are shown in Figure 7.
The saturation behavior in the compound with z =
0.1 at fields above 0.7 T, is clear, while curves for
z = 0.3 and 0.5 do not reach full saturation in the
available fields. Saturation behavior at liquid nitrogen
temperatures can be observed because the c-axial part
of the magneto-crystalline anisotropy is near to zero
(k3 — 0) until the temperature is at about the
spin re-orientation transition (Figure 3a) [10]. But,
as expected from the large axial anisotropy of this
compound at room temperature, it is preferred to
attribute the observable saturation behavior of the
anisotropic magnetostriction of the z = 0.1 sample at
room temperature to the authors’ experimental error
(=2 4*107%). From the Dy content dependence of
the spin re-orientation temperature in Figure 3a, a
decreasing behavior for k3 at T = 77 K from z = 0.1
to x = 0.5 was expected. Therefore, the increase in the
saturation field with Dy content once again confirms
that the role of higher order anisotropy coefficients
(k{*,Kkg*,--+) in magnetic behavior at around T =
200 K temperatures is amplified with Dy content.
This conclusion is important because it shows that
higher order anisotropy coefficients must be taken into
account, in addition to xJ one, in the theoretical de-

Table 1. Magneto-elastic coupling constants after fitting
anisotropic magnetostriction results in Figure 5 with
scaling model of Equation 6, based on RE sub-lattice
magnetization of Nd2Fe 4B compound.

Ag2108 | 25,108 | A%.108

Ndl,gDyo,lFel4C 9.70 -6.42 8.37

Ndj.7Dyo.3Fe14C 21.06 -13.91 18.14

Nd1,5Dyo,5Fe14C 37.39 -24.70 32.20
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was expected based on the volume magnetostriction of
NdyFe;4C and DyyFe14C alloys from [18]. Therefore,
the effect of Dy content on the room temperature
isotropic part of magnetostriction ()\?’0 in Equation 8)
was attributed to the positive magnetostrictive Dy-Fe
anti-parallel exchange interactions. At lower temper-
atures, where spins of RE and Fe atoms are aligned
according to a strong anisotropy, much higher magnetic
fields are needed to observe large magneto-volume
effects.

If one considers larger volumes of 4¢ than 4f sites
in a tetragonal unit cell of a Nd;Fe;4C compound, it
is expected that 4f sites should be preferably occupied
by Dy atoms with a smaller radius than Nd. Therefore,
it seems that a three sub-lattice model constructed by
RE (4f), RE (4¢), and Fe sub-lattices is necessary to
describe the observed effect of Dy substitution on Tsg
and Tsp temperatures in Nd»_ Dy, Fe;,C compounds.
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For some aspects of multi sub-lattice models in RE-Fe
compounds see [28].

CONCLUSIONS

1.

The real part of ac-magnetic susceptibility measure-
ments show that FOMP temperature increases with
Dy substitution in the Ndy_,Dy,Fe;4C alloy, about
40 K. This is due to an increase in the higher than
second order terms of the anisotropy energy of the
RE sub-lattice;

. Linear magnetostriction values become minima in

the FOMP temperature region, which is due to the
reduction of magnetic anisotropy in this region;

. The temperature dependence of anisotropic mag-

netostriction is consistent with Callen’s single ion
theory. This consistency is more pronounced for
samples with higher Dy content. A comparison with
the scaling model indicates an increase in fourth and
sixth order anisotropy parameters with Dy content;

The magnitude of the isotropic part of magnetostric-
tion strongly increases with increasing Dy content
after FOMP transition, which can be interpreted as
a result of a positive magnetostrictive effect of anti-
parallel RE-Fe exchange coupling.
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