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High-field magnetization process and spin reorientation in (Nd, „Dy„)2Fet4B single crystals
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The high-field magnetization process in the (Ndl „Dy )2Fel4B system has been investigated using sin-

gle crystals with x =0, 0.125, 0.2, 0.33, 0.47, 0.6, and 1. Magnetization measurements were performed
using steady magnetic fields of up to 300 kOe generated by a hybrid magnet system and pulsed magnetic
fields of up to 400 kOe. When the field was applied along the [100] direction at low temperatures, the
first-order magnetization process (POMP) was observed in the samples with x =0.125, 0.2, and 0.33 as
well as in Nd2Fel4B (x =0). The field H, where the FOMP occurred was found to increase rapidly with

increasing x, reaching 320 kOe for the sample with x =0.33 at 4.2 K. The spin-reorientation tempera-
ture (Tsa), below which the magnetic moment tilted from the [001] to the [110] direction, was deter-
mined from ac susceptibility measurements. The Ts& decreased with increasing x. The tilting angle 0 at
4.2 K also decreased gradually with increasing x. Magnetization curves of this mixed system were calcu-
lated by assuming the crystalline-electric-field parameters for the two end members. The observed con-
centration dependence of H, and 8 as well as the magnetization curves were successfully reproduced by
this simple calculation.

I. INTRODUCTION

Since the Nd-Fe-B permanent magnet was discovered, '

the magnetic and structural characteristics of the
RzFe, 4B system (where R denotes a rare-earth element)
have been extensively studied by many authors. The
R2Fe&4B compounds exhibit a variety of magnetic prop-
erties depending on R. The wide variety arises from the
competition between the R-Fe exchange interaction and
the crystalline-electric-field (CEF) interaction at the R
sites. The high-field magnetization process in various
R2Fe&4B single crystals has been studied systematically
by present authors. We have shown, for example, that
the value of the saturation magnetization, in general, de-
pends on the crystallographic direction along which the
field is applied and that, in some light-R compounds, the
hard-axis curve exhibits a jurnp in magnetization at high
fields. The latter was called the first-order magnetiza-
tion process (FOMP). All these observations have been
systematically explained by the numerical calculations
based on a simplified Hamiltonian which takes, at each R
site, the CEF and molecular field due to the R-Fe ex-
change interactions into account. The same method
proved to be applicable to RzCo, 4B system with R =Pr
and Nd, although the main CEF term A 0 turned out to
be evidently larger than that of R2Fe,48. A similar
analysis in the R2Fe, 4B system was made independently
by Cadogan and co-workers '" the CEF and exchange
parameters obtained are in good agreement with ours, al-
though there is a slight discrepancy between the two re-
sults. We have reported more recently the detailed inves-
tigation of the high-field magnetization process in diluted
systems (Nd, R„)2Fe,48 with R =Y and La. ' The di-
luted systems show a decrease in both spontaneous mag-
netization Mo and jump field H with increasing x.

In order to get further information about the CEF po-

tentials and R-Fe exchange interactions, we have extend-
ed our investigations to the (R, R '

)2Fe,4B system,
where both R and R ' are magnetic rare-earth ions. It has
already been found that the substitution of Dy or Tb for
Nd in Nd2Fe&4B results in an increase in magnetic anisot-

ropy and a decrease in magnetization. ' The latter is due
to ferrimagnetic coupling between Fe moments and Dy
or Tb moments, whereas Nd moments are ferromagneti-
cally coupled with Fe moments. On the other hand, the
most interesting are the variations of the FOMP and spin
reorientation by partial substitution of Dy for Nd, since
the occurrence of FOMP is dominated by the delicate
balance of the CEF potentials and R-Fe interactions.

In this paper we will report the experimental results of
high-field magnetization process in (Ndi Dy„)2Fe|~B
single crystals and compare them with the calculations by
extending the Hamiltonian so as to deal with the mixed
(R, R '

)2Fei4B system. Results of ac susceptibility
measurements, which were performed to determine the
spin-reorientation temperature precisely, are also present-
ed.

II. EXPERIMENT

Single crystals of (Nd, „Dy„)2Fe,~B with x =0, 0.125,
0.2, 0.33, 0.47, 0.6, and 1 were grown with a Aoating-zone
method under purified argon-gas atmosphere using an in-
frared imaging furnace. Final concentration of the sub-
stitutional element x was not traced; the value x
represents the nominal concentration. The deviation in x
is, however, supposed to be small enough since the mag-
netic properties of the single crystals are consistent with
those of polycrystalline alloys with precise values of x.
We have not checked whether there exists any site prefer-
ence of the two rare-earth elements. We expect that it is
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feature of the room-temperature curves is the concentra-
tion dependence of difference in the saturation magneti-
zation M, between the [001] and [100] directions, as
shown in Fig. 4(b), in which M, is defined as the magneti-
zation at Hz. The solid and dashed lines in Figs. 4(a) and
4(b) show the result of calculation, which will be men-
tioned later. In the case of Nd2Fe, ~B (x =0), the satura-
tion magnetization of the easy direction is about 3%%uo

larger than that of the hard direction. This is due to the
CEF interaction, which causes the contraction of Nd mo-
ment in the hard direction. A similar behavior is also ob-
served in the sample with x =0. 125, although the
difference is very small. For the x =0.33 sample, on the
other hand, the magnetization values of easy and hard
directions become equal around 140 kOe, and at higher
fields the latter value rather exceeds the former. Such an
intersection of the two curves becomes more evident for 100
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the samples with x ~0.47, as can be seen in Fig. 3. The
reason for the larger saturation value in the hard direc-
tion is the contraction of the Dy moments, which are
coupled ferrimagnetically to the Fe moments.

The temperature dependence of the ac susceptibility
for the samples with various Dy concentrations is shown
in Fig. 5. The ac field is applied along the [110]direction.
The cusp temperature of each curve corresponds to the
spin-reorientation temperature TsR, at which the
response of magnetic moment to the external field should
be maximum. Our TsR value obtained for the sample
with x =0 is 126 K, which is lower than the value of 135
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FIG. 2. Concentration dependence of (a) the jump field H~
where the FOMP occurs in the [100] direction, (b) the discon-
tinuity of magnetization hM at H, , (c) the spontaneous magneti-
zation Mo, and (d) the tilting angle 0 for (Nd& „Dy„)2Fe&4Bsin-

gle crystals at 4.2 K. Solid curves are corresponding calcula-
tions as described in text.

0 100 200 300 400 0 100 200 300 400
H (kae)

FIG. 3. Observed and calculated magnetization curves of
(Nd& Dy )2Fe&4B single crystals at 290 K. The numbers 1, 2,
and 3 in the figure denote that the external field is applied along
the [001], [100],and [110]directions, respectively.
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K originally reported by Givord, Li, and de la Bathie.
Ibarra et al. ,

' on the other hand, have given the value
126+1 K using the ac susceptibility measurement on the
polycrystalline sample, which is in accordance with our
result. The TsR is plotted against x in Fig. 6, showing a
gradual decrease with increasing x. The solid line in the
figure is the result of calculation which will be discussed
below.70—

(b)
IV. ANALYSIS AND DISCUSSION
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FIG. 4. Concentration dependence of (a) the anisotropy field

H„* and (b) the saturation magnetization M, in the easy [001]
direction (6) and hard [100] direction (0) for

(Nd& Dy )~Fe,4B single crystals at 290 K. A solid line in (a)

shows the calculated values for K&. Dashed and solid lines in

(b) show the calculated values for M, [001] and M, [100], respec-

tively.

In order to analyze the magnetization process in the
mixed (Nd, Dy„)zFe,~B system, we extend the simple
formalism of the calculation in R2Fe, ~B (Ref. 6) to this
mixed (R, „R„')zFe,4B system. It was proved to be a
good assumption that the R-R exchange interaction in

R2Fe, 4B is negligibly weak when it is compared with the
R-Fe interaction and Fe-Fe interaction. This assumption
will also be applied to the mixed (R, R„' }2Fei4B system.
Thus we assume that the total free energy at temperature
T in the external field H in the system of
2(R, „R„')2Fe,4B is simply expressed as

4 4
F(H, T)= —(1 x)k~T—g lnZ(i) xk~T g—lnZ'(i)

+28K„,(T) sin 8„,—28m„,(T).H,

x=0

p. 47 p. 33 /':

100
T (K)

200

where the last two terms are, respectively, the anisotropy
energy and Zeeman energy of the Fe sublattice, K„, is the
uniaxial anisotropy constant per Fe ion, and 0~, is the an-
gle between the e axis and direction of Fe magnetic mo-
ment II„-,. The first and second terms are contributions
from R and R' ions, respectively, where Z(i) and Z'(i)
are partition functions defined from the sth eigenvalues
E,(i) and E,'(i) of the Hamiltonians &~ (i) and &~,(i) for
the ith R and R' ions (i = 1, 2, 3, and 4, corresponding to
f„f2, g „and g2 sites, respectively):

Z(i)=g exp[ E,(i)lk&T],—

FIG. 5. Temperature dependence of the ac susceptibility of
(Nd& Dy„)&Fe&4B single crystals with the ac magnetic field ap-
plied along the [110]direction.

&„(i)=IL S+&cE„(i)+2@iiS.H (i)

+JMii(L+2S) H, (3)
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~cEF(')= A 2(i) g (3zj —rj )+ A 2 (i) g 2xjy&+
J J

+ A & (i) g (6xj yj 20xj.yj. +—6x.y ),
J

(4)

and the corresponding equation for &z(i) with X', L', S',

&cE„(i),and H' (i). Here H (i) and H' (i) are molecu-

lar fields acting on the R and R' ions at the ith site due to
the R-Fe and R'-Fe exchange interactions, respectively.
The second term of Eq. (3) is the CEF Hamiltonian ex-
pressed as

FIG. 6 Concentration dependence of the spin-reorientation
temperature for (Nd& Dy )2FeI4B single crystals. A solid
curve exhibits the calculated result.

where A„(i) is the coefficient of the CEF at the ith site of
the R ions. &CE„(i) for the R' ions is expressed by the

similar
equation with A„' (i}. Some relations such as

A2 (1}=—A~ (2), A2 (3)=—A2 (4), H (1)
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=H (2), and H (3)=H (4), etc. , hold because of the
crystal symmetry. For simplicity we further assume here
that A„ (1)=A„ (4), 3„(2)= 3„(3), H (1')=H (4),
and H (2)=H (3), etc. , neglecting the difFerence be-
tween f and g sites. Thus the molecular field H is as-
sumed to be independent of the site. The total magneti-
zation is determined from the condition that the total
free energy [Eq. (1)] should be minimum with respect to
the polar angles OF, and P„, of m„,. This procedure is re-
peated for different values of H at a given temperature T,
and finally one magnetization isotherm is obtained. The
temperature dependence of E„,and m„, ( = ~m„, l ) are as-
sumed to be similar to those in Y2F,4B with a
modification due to the difference in the Curie tempera-
ture Tc. We also assume that molecular-field vectors
H (T) and H' (T) are antiparallel and proportional to
the Fe moment vector m„,(T). Adjustable parameters
for the calculation are H and H' (the magnitude of H
and H' at 0 K) and CEF parameters A„and A„' for R
and R ' ions at the f, site.

We have calculated the magnetization curves of the
(Nd, Dy„)2Fe,4B system by setting R =Nd and
R'=Dy. For A„and H, we adopted the values of
Nd~Fe, 4B given in Ref. 6. As for the Dy2Fe, 4B parame-
ters, on the other hand, we found that H' (=145 K)
given in Ref. 6 is too small to reproduce the present mag-
netization curves in field of up to 300 kOe. We adjusted
the value of H' so as to fit these curves using the same
CEF parameters A ™as those in Ref. 6 and obtained the
value H' = 180 K. The CEF and molecular-field parame-
ters used are presented in Table I. This set of parameters
is not a unique one which reproduces the experiment.
For example, we have already pointed out' that, in the
R2Fe, 4B compounds with heavy R, magnetization curves
can be fitted without including the sixth-order CEF
terms. The 0-K value of EF, we adopted here is
ICF,(0)=0.86 K. As for mF, (0), we used the different
values for the two end members, namely, 2.20p~ for
Nd2Fe, 4B and 2.24@~ for DyzFe, 4B, which were deter-
mined independently so as to reproduce the observed
magnetization of each compound. We have then as-
sumed that the m„,(0) value in the mixed composition is
given by the linear interpolation using the two values.
The calculated magnetization curves at 4.2 and 290 K are
shown in Figs. 1 and 3, respectively, in comparison with
the observed ones. In these calculations we included the
first-excited J rnultiplet of the Nd ion in &it, while only
the ground Jmultiplet was taken into account for the Dy
ion in &i, The formulation including the excited J mul-
tiplets has been described in Ref. 6 in detail. We have

also confirmed that, in (Nd, Dy )2Fei4B, the infiuence
of the excited J multiplets appears evidently in magneti-
zation curve especially near FOMP as reported in
R2Fe, 4B compounds with R =Pr, Nd, and Sm. As seen
in Fig. 1, a general trend of the observed curves including
POMP is well reproduced by the calculation. Solid lines
in Fig. 2 indicate the calculated values of H, AM, Mo,
and 0 as a function of x. The agreement with the obser-
vations are remarkable especially for H and Mo.

As discussed in Ref. 6, the FOMP in Nd2Fe, 4B is as-
cribed to the double minimum shape of the free energy as
a function of the angle between the field and moment
direction, which is caused mainly by the higher-order
CEF potentials of the Nd ions. An effect of R-Fe ex-
change interactions is also important in FOMP. In the
field applied along the hard direction, large Fe moments
(28mF, ) with small anisotropy (28K„,) easily tend to ro-
tate to the field direction so as to gain the Zeeman ener-
gy. Through the ferromagnetic Nd-Fe interaction, this
motion will help the rotation of the Nd moment, which is
strongly confined to its easy direction owing to the CEF
interaction. As mentioned above, H decreases with in-
creasing x in the diluted systems (Nd, Y, )zFe, 4B and
(Nd, „La )2Fe,4B.' The decrease is due to the reduc-
tion of CEF and Nd-Fe exchange energy as compared
with the Zeeman energy of Fe. Namely, Nd moments ro-
tate more easily in the diluted system, reaching the criti-
cal angle of the jump at lower fields. In the
(Nd, Dy„)zFe,~B system, on the other hand, Dy mo-
ments tend to prevent the Nd moment from rotation
through the Dy-Fe and Nd-Fe interactions, since the
CEF interactions for Dy ions are much larger than those
for Nd ions in the present case. This model clearly ex-
plains the rapid increase in H with increasing x.

As shown in Fig. 2(b), the calculated value of AM as a
function of x is in good agreement with the observed one,
although the former is slightly smaller than the latter.
According to this calculation, the magnetization jump
will disappear around x =0.42, indicating that the con-
tribution from the CEF potentia1 of Nd ions is reduced
with increasing x.

At room temperature the magnetization curves for the
samples with x =0—1 are nicely reproduced by the calcu-
lation, as shown in Fig. 3. For the x = 1 sample, an inter-
section of the easy- and hard-axis curves occurs around
290 kOe. The present calculation up to the higher field
has shown that the hard-axis magnetization in DyzFe, 4B
does not exhibit a saturation behavior as seen in the sam-
ples with x &0.6, but continues to increase even in the
field range beyond 1000 kOe. The solid line in Fig. 4(a) is

TABLE I. CEF parameters A„and molecular field II at 0 K used in the present calculation, where A„ao /k& (ao. Bohr radius)
and H pz/k~ are expressed in units of Kelvin.

NdqFe14B
Dy2Fe&4B

295
302

A

—454
—467

A,'
—12.3
—12.7

A4 A 44

—1.84
—0.973

A

9.80
0

A4,

—15.9
—5.29

H

350
180
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is applied along the [100] direction, the FOMP occurs
and all moments lie in the (001) plane, as shown in Fig.
8(b); the Fe moment is parallel to the [100] direction,
while the Nd and Dy moments are not yet parallel to the
field direction owing to the contribution from the A 2

term in the CEF potential. Such a noncollinear magnetic
structure within the (001) plane in zero field has already
been proposed for R2Fel4B compounds with R =Sm, Er,
Tm, and Yb and confirmed experimentally by neutron
diffraction for the Tm compound. ' Figure 9 exhibits the
calculated temperature dependence of the magnitude of
Nd or Dy moments and the difference in tilting angle be-
tween Fe and Nd or Dy moments for the sample with
x =0.125. This result suggests that the anomalous in-
crease in total magnetization below TsR (Fig. 7) is due to
the increase in magnetic moment of the Nd ions, since
the Dy moment exhibits no anomaly. This figure also
shows that the noncollinear magnetic structure persists
up to TsR.

(e) H=o

[001]
Fe

Ol'c=27. 78'

ON, [=26.90'
ON, i

——32. ")0'

[110]

Ol) v
——] ~&0'—1 r . 10'

O)1, ——] 80'—2'1. ,'.30'

the calculated value of Hz as a function of x, which is in
good agreement with the experiment, although the form-
er is slightly larger than the latter. This result confirms
that the rapid increase in H~ yields an enhancement of
coercivity of the permanent magnet such as
(Ndi „Dy„)15Fe77Bs In Fig. 4(b) the calculated values
of saturation magnetization along the easy and hard
directions are indicated by the dashed and solid lines, re-
spectively. The two lines are intersected between x =0.2
and 0.33, well reproducing the experimental results.

As for the spin-reorientation phenomena in
(Nd, „Dy, )zFe14B, calculated values of 8 and TsR are in
excellent agreement with the observed ones, as shown in
Figs. 2(d) and 6, respectively. Both 9 and Tsa gradually
decrease with increasing x, because the spin tilting is
caused by the competition between lower- and higher-
order CEF potentials of Nd ions. The CEF potentials of
Dy ions which favor the [001] direction will modify this
balance. The calculation predicts that no spin reorienta-
tion will occur in the samples with x & 0.79.

In Fig. 7 we have given the calculated temperature
dependence of spontaneous magnetization [M [ and tilting
angle 0 for the compound with x =0.125. An anomalous
increase in magnetization occurs below TsR. This
phenomenon was first observed in the Nd2Fe&4B com-
pound by Hirosawa et al. and also reported in the
Ndz(Fe, „Al )&&B system. ' It is also revealed by the
present calculation that, in the compound with x ~0.6,
the magnetic moments of Nd, Dy, and Fe are noncol-
linear even in zero field at low temperatures. For exam-
ple, the calculated magnetic structure in the sample with
x =0.12S is schematically shown in Fig. 8. In zero field
all the moments lie in the same (110) plane. Because of
larger uniaxial magnetic anisotropy of Dy ions, Dy mo-
ments remain nearer to the [001] direction, as compared
with Nd moments. When a high field (H =200 kOe) H).J

67

66

(b) H=200 kOe
(H )) [zoo))

[010]
[110]

65
30

20bQ

10

(b)

np, ——180'—1'.).2'

n[„.= 1 l30'+],").2'

Dy

y

Nd'
—[100]

Fe

[110]

0
0 100

T (K)
200

FIG. 7. Calculated temperature dependence of (a) the spon-
taneous magnetization ~M~ and (b) the tilting angle 0 from the
[001]axis for (Nd& „Dy„)zFe&48 with x =0.125.

FIG. 8 Calculated magnetic structure for (Nd& Dy )2Fe&4B
with x =0.125 at 0 K; (a) in zero field and (b) in the field of 200
kOe applied along the [100] direction. The polar angles 8 and P
with subscripts (Fe, Nd, and Dy) represent the direction of mag-
netic moment of respective ions; Nd and Dy denote those of f &

( =gq) and Nd' and Dy' denote those of g~ ( =f2) sites.
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FIG. 9. Calculated temperature dependence of the magni-
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in tilting angle between Fe and Nd or Dy moments, bONd or
AODyp for ( Nd

& Dyx )2Fe &48 with x =0. 125.

It should be noted that the real magnetic structure
would be more complicated, since the magnitudes of A„
(A„' ) and H (H' ) are difFerent for f and g sites in
reality. We have performed, for some R2Fe,48 corn-
pounds, a detailed investigation of the effect of using
different values of the parameters in f and g sites. We
have then found that there is no appreciable difference in
the calculated magnetization, as far as the relations
A„=[A„(f)+A„(g)]/2 and H =[H (f)+H (g) jl
2 hold. We can thus specify that the calculated tilting
angles ONd and L9Nd. given in Figs. 8 and 9 represent, re-
spectively, the averages of 8Nd( f, ) and 8Nd(gz ) and those
of 8Nd( f2 ) and 8Nd(g, ). These relations are also expected
to hold for the angles of Dy moments. Our simplification
presented here is useful to understand the interplay of
CEF potentials and R-Fe interactions, since the essential
point in this system is not the difference between f and g

sites, but the difference between f, and f2 (or between g,
and gz) sites.

V. CONCLUDING REMARKS

The magnetic characteristics of Nd2Fe&4B, such as
FQMP, spontaneous magnetization, and spin reorienta-
tion, are affected by the substitution of Dy ions for Nd
ions. The high-field magnetization process in
(Nd& Dy„)2Fe,48 is successfully explained by the calcu-
lation based on the CEF theory including the molecular
field due to Nd-Fe and Dy-Fe exchange interactions. The
Nd-Dy interaction as well as the Nd-Nd and Dy-Dy in-
teractions can be ignored in this system. The rapid in-
crease in H. with increasing x is mainly due to the Dy-Fe
interaction and CEF interaction at Dy ions. A gradual
decrease in both tilting angle and Tsz with increasing Dy
concentration implies that the complex anisotropy of Nd
ions due to higher-order terms in the CEF potential is
simply diluted by Dy ions. It is concluded that the char-
acters of the Fe sublattice are almost unaffected by the
substitution of Dy ions for Nd ions.

Finally, the high reproducibility of the experimental
results by the present calculation enables us to conclude
that the magnetic properties of the (R i „R„')2Fe,48 sys-
tem can be predicted for any combination of rare-earth
elements R and R'.
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