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The critical behavior of spin-reorientation phase transitions in the hard magnetic intermetallics

(Er„R
& x )zFe]4B (R =Dy and Nd) has been studied with ac low-field susceptibility, g~, and cone-

angle measurements. A simple model for scaling the low-field susceptibility has been developed and

applied to the present series of compounds. The critical exponents for g~ have been determined for
some well-behaved compounds.

I. INTRODUCTION

The attention paid to critical behavior in spin-
reorientation (SR) phase transitions is scarce. ' In such a
transition the average magnetization rotates from an ini-
tial easy direction towards a final one; in many situations
the reorientation angle is ~/2, but in other cases the re-
orientation is incomplete. ' We present here one of the
first observations, ' to our knowledge, of critical behav-
ior in SR phase transitions, based on ac initial susceptibil-
ity measurements [see Figs. 1(a)—1(d)] done on the hard
magnetic pseudoternaries (Er„R, „)zFe,4B with R =Nd
and Dy, which are also systems of great technological im-
port. These systems crystallize in the tetragonal struc-
ture (space group P4z/mnm) and are ferromagnetically
(or ferrimagnetically for the heavy R) ordered below
T, =585 K (DyzFe&4B), T, =580 K (NdzFe&48), and
T, =550 K (ErzFe, ~B). For temperatures T) Tsa, ,
where Tsz& is the temperature at which the SR transition
starts, the magnetization lies on an easy direction along
the c axis; for T & Tsz„the magnetic structure is either
conical or planar (see Fig. 2), along the easy basal plane
of the tetragonal structure.

Although the detailed magnetic phase diagrams of
such pseudoternaries have been treated with more detail
elsewhere, ' we will discuss here those features
specifically related to the critical behavior observed at the
SR phase transitions in those materials. In the present
series of pseudoternaries it is important to distinguish be-
tween those suffering only a SR at Tsa& [that is the case
of (Er„Dy, )zFe&&B; see Figs. 1(a) and 2(a)] and those
undergoing two transitions at temperatures Ts~, and

Tsaz [the case of (Er Nd& )zFe&4B compounds, for
0.2~x ~0.6; see Figs. 1(b)—1(d) and 2(b)]. In more de-
tail, NdzFe, 48 is magnetically axial (A) for T) Tsa,
(=125.9 K), where it suffers a SR transition [see Fig.
1(b)] to a conical phase never finished (final angle at 0 K,
28 ); this transition is believed to be due to the competi-
tion of anisotropies between the Nd + sites (4f and 4g)
and the Fe sublattices, which impose an axial symme-

try. ' On the other hand Er2Fe&48 undergoes, at
Tsa& =321.8 K, a SR transition [see Fig. 1(a)] from axial
symmetry to a completely planar (P) one (for T ( Tsa, ).
Such a transition is quite sharp, taking place within an in-
terval of =-2 K, and it is believed to be due to the com-
petition between the Fe axial anisotropy and the planar
one of the Er +.

The substitution of Er by Dy in Er2Fe, 4B steadily
lowers Tsg& down to x =0.5, and induces the appearance
of a stable conical (C) phase, which evolves further to a
planar one for x & 0.8. These features have recently been
shown by means of measurements of the coning angle
[see Fig. 2(a)] and model crystal-field (CEF) calcula-
tions. " However, no anomaly in the initial susceptibility
at the C~P transition has been detected, probably be-
cause it is a continuous evolution and not a proper phase
transition. The case of the (Er Nd, „)zFe,4B series is
quite different; the substitution of Nd by Er in Nd2Fe, 4B
produces the appearance of a planar phase at Ts~& for
x )0.6 (Ref. 10), the planar anisotropy of Er + in the
CEF being responsible for such a phase. However, for
0.2 ~x ~ 0.6, as the measurements of the cone angle also
show [see Fig. 2(b)], ' and the present ac initial suscepti-
bility measurements refiect [see Figs. 1(b)—1(d)], there
likely exist two phase transitions: one at Ts~, from
A ~C& (where C& is a conical phase) and a second one at
Tsaz from C, to a second conical phase Cz (order-order
transition), where the cone angle becomes well stabilized
and therefore the SR in such a system is also incomplete.
The complex magnetic phase diagram for this series is
fully shown in Fig. 3.

II. MODEL OF SCALING IN SR PHASE TRANSITION

We will now consider the scaling behavior of the initial
low-field susceptibility, which is one of the probes avail-
able to study the critical behavior of SR transitions, '

and which has been applied to the present compounds.
Therefore we consider that the Gibbs thermodynamic po-
tential is a function 6 =G(T,H, O), where T and H, re-
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spectively, are the temperature and internal magnetic
field in the system, and 0 is the average SR angle, mea-
sured from the c axis. The field susceptibility can be writ-
ten as

8 6
+H

which can also be developed as

(2)

If we admit that we are relatively far enough from TsR&
so that the critical fluctuations of 0 are weak enough to
apply equilibrium thermodynamics, then (BG/BO) T H =O.
Introducing now the magnetization along the applied
field direction given by M = —(BG/BH) T s, Eq. (2) can be
transformed to

where ps= (BO/BH) T is the natural susceptibility in this
kind of transition, inasmuch as 6I, the SR angle, is the
natural order parameter. ' Considering that the applied
magnetic field is along the easy initial c axis, then
M =M, cos8, where M, =M, ( T) is the spontaneous mag-
netization. Since 0 is the order parameter we will restrict
ourselves to regions where T=—TsR, and 0 is small. Then
from Eq. (3) we immediately obtain

(4)

Now we are able to consider the critical scaling. As
usual' we will consider two ways of approximation to
the origin of the (T,H) plane: t~0 for H =0, and H ~0
for t =0 [t is the reduced temperature, t =(T —TsR, )/
TSR1 l.

(i) For t ~0 (and H =0) the order parameter 0 will fol-
low the standard scaling behavior, '

am
XH Xg gg

T, H where PsR and 5sR are SR critical exponents for T (TsR,
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FIG. 1. Thermal variation of the ac (15 Hz) low-field ( =-30 mOe) magnetic susceptibility (a) for the (Er Dy& )2Fe&4B series of in-
termetallics (the lines are to guide the eye); (b) for the (Er Nd& )2Fe&4B series {O~x 0.4); (c) for 0.6~x ~1; (d} for x =0.3, 0.5,
and 0.7 concentrations.
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and f is an arbitrary scaling function of the reduced field
~SR SRx:H—/~t~
" ' . From Eqs. (4) and (5) and using Widom

scaling relation 13sR(5sR —1)=ysR, we immediately ob-
tain

For a short intervaI of temperature aroUnd TsR& Mg
varies smoothly. "' Besides, for x =0, f (x) =const and

f(x) =df Idx =const, and defining the auxiliary ex-
ponent cus~

—=ysit —PsR, we finally obtain, for t (0
(T+ Tsm)

+x~0.9

~ x= 0.8
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FIG. 2. (a) Thermal variation of the spin-reorientation angle, from the c axis, for some compounds of the (Er, Dy& )2Fe&48 series,
as determined from parallel and perpendicular to the field magnetization measurements (polar plots). The bars indicate the experi-
mental error, and the lines are guides for the eye. (b) The same as for (a) for the (Er Nd, )2Fe&&B series. The insets shaw the SR re-
orientation angle 0= 0( Tsa2 )+P below Tsa„in order to exhibit the weak temperature dependence of the order parameter P.
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Bf—0. Now the scaling that applies for T ) TSR2
should be,

sR2f (H/l tl
sR2 sR2)

where t = ( T —
TSR2 ) /TSR2. A calculation very similar

to the previous one for T & TsR, gives a more complex re-
sult for T) TsR2.

p ~ ltl ~sR2(k +k
l tl sR2+k

l tl sR2)

(H =0), (13a)

p H SR2 (kI +k&H SR2+k&H SR2)
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FIG. 3. Magnetic phase diagram for the (Er, Ndl j2Fel4B
series of compounds, displaying regions of axial, conical, and
planar magnetic structures (0, transition temperatures obtained
from ac susceptibility measurements; o, obtained from cone-
angle measurements). The shaded vertical boundary is tenta-
tive, and marks the separation between the cone-2 and the pla-
nar regions.

I

xH=ltl (7a)

and therefore yH should show scaling behavior. Now,
for t )0 ( T) TsR, ), indeed 13sR =0 and therefore
~sR=~sR and

=t SRr
(7b)

g H SR (t/H SR SR)

(ii) We will consider now the alternative approach
H —+0 (for the critical isotherm t =0), and therefore we
will have

where k1, . . . and k1, . . . are arbitrary constants, and
where the critical exponents are, in principle, different
from the ones at TSR&. Since the term t ' in (13a) [or

SR2H ' ' in (13b)] gives a divergence at t =0 [or H =0 if
I SR2 PSR2(1/5sR2 —1)(0], then the contributions t '"', t ' ' (or

SR2 SR2H ', H ') in Eqs. (13) are probably not important,
as they are for 0=0. On the other hand, for T & TsR2, 0
should be either essentially constant or increasing to-
wards its final value at T =0, i.e., 0=8(TsR2)+p. This is
actually the case for the (Er, Nd, )2Fe&4B compounds
for x =0.2, 0.4 [Fig. 2(b)]. This situation is not actually
manifested in Fig. 2, due to the experimental error in the
SR angles measured by the polar plot method. ' Howev-
er, measurements of the SR angle obtained by the mea-
surement of the magnetization components parallel. and
perpendicular to the tetragonal c axis (using magnetically
aligned powder samples' ) do show the above-mentioned
increase. The total variations of P were of -=1.5' and
—=0.5 for x =0.2 and 0.4, respectively [see Fig. 2(b) in-
sets]. Now the scaling adopts the form of Eqs. (13) as
well, but with the critical exponent ysR2 and different
constants k; and k indeed.

For t =0, from (4) and (8) one immediately obtains that III. RESULTS AND DISCUSSION

H= MsH [g(x)]
~SR

from which, considering that g (x)=const for x =0,
2/6 —1SR

(9)

(10)

Notice that for both paths, the angular susceptibility
g& behaves as

0, ~SR

'/'~SR
M —+0, yg=H

(1 la)

(1 lb)

indeed in the same way as yH for an ordinary parafer-
romagnetic phase transition, where Mz is the order pa-
rameter.

On the other hand, when Mz approaches the transition
reorientation angle 9f =—8(TSR2) for T & TSR2 [which is
the case for the (Er„Nd& „)2Fe,4B compounds for
0.2 ~ x ~ 0.6], the order parameter now to be taken is the
deviation angle of Mz from the orientation Of, i.e.,

The preceding ideas arose as a consequence of the
measurements of the initial ac susceptibility and con-
ing angles' in the above-mentioned pseudoternaries
(Er R

& )2Fe&4B (R =Nd and Dy), with competitive an-
isotropies, and therefore undergoing magnetic SR phase
transitions. The susceptibility was measured between 3.5
and —=350 K using a commercial mutual inductance
bridge, working at 15 Hz and with ac magnetic fields in
the primary coils of around 30 mOe peak values typical-
ly. The SR cone angles were determined by measuring
the magnetization component perpendicular, M~, to the
applied magnetic field when this is within a plane which
contains the tetragonal c axis. ' In fact, when the turning
field coincides with the easy magnetization axis, M~=0
and this method allows us to determine 0. The samples
were in the form of powders ( —=50 pm average grain size)
aligned by a strong magnetic field (=2.5T) within a
fixing epoxy resin and shaped to disks.

The present pseudoternaries were prepared by arc
melting from stoichiometric amounts of R (99.9% puri-
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FIG. 4. Double logarithmic scaling of the initial susceptibili-
ty, y', for the (Er07Dy03)QFe&48 system, above (CI) and below
( o ) the SR transition temperature TsR& = 129.7 K. In the verti-
cal axis is the reduced susceptibility y'(T)/g'(TsR& ) and in the
abscissa the absolute reduced temperature
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~
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TsR, . The straight line is the least-squares fit in the region
where critical scaling is supposed to apply. The obtained criti-
cal exponent from the slope of the line is ysR =0.89+0.05.
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ty), Fe (99.99%%uo), and Boron. The buttons obtained were
annealed at 950'C during around 110 hours, and x-ray
analyzed by the Debye-Scherrer powder method. The
measured lattice constants were in good agreement with
published data' ' and no secondary phases were detect-
ed by this method (5% confidence).

In Fig. 1(a) we can see the thermal variation of y' for
the (Er, Dy, , )2Fe,4B series and we can observe strong
anomalies (for x ~0.6) that we have associated with the
SR transitions, at TsR, (Ref. 9). Such anomalies are
clearly superposed to a background of susceptibility,
which decreases with temperature as expected from the
usual Hopkinson eff'ect, i.e., the pinning by anisotropy
forces of the narrow domain walls observed' in materials
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FIG. 6. (a) Double logarithmic scaling of the initial suscepti-
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entation transition temperature TsRI ( = 137.7 K). In the
vertical axis is the reduced susceptibility p'(T)/g'(TsR&) and
in the abscissa the absolute reduced temperature
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(b) The same as for (a), for the second SR transition at tempera-
ture TsR2 =17.5 K. The obtained critical exponent above TsR2
is ysR, =0.45+0.05.
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FIG. 5. The same as for Fig. 4 for the (Ero 9Dyo, )2Fe,48 sys-
tem ( TsR& =267. 1 K). The critical exponents obtained from the
lines slopes are ysR=1. 03+0.05 (for the critical regime above
TsRI, H) and cosR=0. 85+0.05 (for the critical regime below
TSRi, O ).

FIG. 7. The same as for Fig. 6(a) for the (Er04Ndo 6)2FeI4B
system above ( ) and below ( o ) the first SR transition at
TsR, = 142.5 K. The resulting critical exponents are
ysR &

=0.92+0.05 (above TsR& ) and cusR &

=0.78+0.05 (below
TSR1 )
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of so large an anisotropy, where the walls have low mo-
bility as well. Therefore, in order to perform a sensible
scaling of g' we have subtracted, at the critical region,
the anomalies from the background, this obtained from a
suitable extrapolation of y'( T) at both sides of the anom-
alous region. As we can observe, the increase in Dy con-
tent depresses TsR, , in good agreement with CEF calcula-
tions.

In order to extract the crit, ical exponents, we have pro-
ceeded to scale y' versus t using double logarithmic plots
and some typical results are displayed in Figs. 4 and 5,
for both branches t &0 and t (0. As we may observe,
scaling is r'ounded off for T relatively far from TsR&,
where the plots become completely Bat. It is therefore
important to recognize that the extraction of the critical
exponents ysR and sos~ in the present kind of transition is
quite hard, inasmuch as (see Figs. 4—10) a good deal of
the critical region is covered by demagnetizing field
(strong for a ferromagnet, which happens to be the case
here) and rounding effects. The ffattening effect near TsR
can be explained as follows. For a finite sample the mea-
sured apparent susceptibility, y,'„,is related to the true
one, y'„by

QQ —00 0 W + 0 C0~t00

- -03—
l-
& -0.6—
I-= -09—x

-l.2—
( Ero.e Ndo. ~~a Fe i&B

-1.5

0.2

00- 0 00& +O O0
0

0Al Q2

-0.4—

w -0.6—
x -0.8 —~ E"0.6Ndo. 4~2 Fel4 B

(b)

1

(1/gI )+N
(14)

—I.O—

-I .2-6
Therefore, if yI diverges at T~ TsR„y,'~~1/N and be-
comes constant as observed in Figs. 4—10 (the samples
were in the form of prisms of —= 12X 1X 1 mm ). More-
over, rounding e6'ects due to sample inhomogeneities'
and critical slowing down of the SR relaxation times
beyond the time period (66 msec) of the measuring ac
field cannot be ruled out. Now, in order to extract the
critical exponents [see Eqs. (7a) and (7b)] we have con-
sidered the slope of the portions nearest to the Aat ones
(in order to be as near to TsR, as feasible), which are dis-
tinctively linear. The rounded portions connecting such
regions are quite a problem for the determination of the
critical region below TsR, and Ts~~ and throw some un-
certainty on the determination of the critica1 exponents
cosR and ysR. But for the critical regimes above the tran-

ln ltl

FIG. 9. (a) The same as for Fig. 6(a) for the
(Erp 6Ndp 4)2Fe&48 system. The critical exPonent, above
TSR, =162.7 K, becomes ysR, =0.79+0.05. (b) The same as for
Fig. 7 for the (Erp 6Ndp 4)2Fe&48 system. The critical exPonents
become ysR2 —0.88+0.05 (above TSR2 42.0 K, U ) and

SR2 0 42+0.05 (below TSR2 O )

sition temperatures the double log plots show large linear
portions, the critical exponents so determined being quite
confident. Nevertheless, we have discarded those com-
pounds and transitions where the obtention of the critical
exponents was not quite trustworthy. The values of the
exponents cosR=—ys„—PsR and ysR obtained are shown in
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FIG. 8. The same as for Fig. 6(a) for the (Erp 5Ndp, )2Fel48
system. The critical exponent, above TSR, =150.5 K, becomes
ysRl =0 71+0 0

FIG. 10. The same as for Fig. 6(a) for the (Erp 8Ndp 2)2Fe&48
system. The critical exponent becomes ysR& =0.93+0.05, above
TSR1 =206.7 K.
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the captions of Figs. 4 and 5 for difFerent compounds of
the (Er Dy, )2Fe,4B series.

Similarly, in Figs. 1(b)—1(d) we show the results of the
measurement of y' for the (Er Nd, „)2Fe&4Bseries. As
we can see for 0.2 ~ x ~ 0.6 there appear two peak
anomalies, which we associate with the temperatures
TsR& and TsRz discussed before. We have proceeded as
well to perform a scaling analysis at both anomalous re-
gions, in order to extract cosR& and ysR& from the first
transition as before, and yszz and ysR2 from the second
one [see Eq. (13a)], and the performed sealings are shown
in Figs. 6—10. The critical exponents are shown in the

captions of these figures, and the same comments and re-
strictions as for the Dy substituted compounds are per-
tinent now.

Measurements of the field dependence of y' at the criti-
cal isotherms, as well as a detailed study of the field and
temperature dependence of the coning angles near the SR
transition temperatures, are in progress.
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