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Spin reorientation in (Er;_,Dy.);FeisB alloys has been investigated by means of >’Fe Mdssbauer
spectroscopy on magnetically aligned samples. For 0 <x <0.5, the magnetization direction is found
to change continuously from the basal plane to the tetragonal ¢ axis with increasing temperature.
Reorientation temperatures decrease with increasing Dy concentration, as expected from competition
between the uniaxial anisotropy of Dy and the basal anisotropy of Er in the R,FesB (R a rare-earth
atom) structure. Data are quantitatively interpreted with a model incorporating crystal-field and ex-
change interactions as well as Fe-sublattice and R dipolar anisotropies. The stability range of the
basal-plane magnetization extends up to x.~0.5 at low temperatures, while the model predicts
x.=0.26 if only B309Y and B30} terms are considered; inclusions of B09 and B%0¢ terms provide a

satisfactory fit to our T, versus x data.

I. INTRODUCTION

A great deal of experimental and theoretical effort has
been devoted in the last three years to the tetragonal
R,Fe 4B (R denotes a rare-earth atom) intermetallic com-
pounds.! Soon after the discovery of the new Nd,Fe ;B
phase,>? it was recognized that crystalline electric fields
(CEF’s) acting on the R ions are the primary cause of the
high magnetic anisotropies found in most of these com-
pounds. From x-ray diffraction and magnetization mea-
surements on oriented powder samples, it was inferred*
that the easy magnetization direction is parallel to the ¢
axis for R =Pr, Nd, Tb, Dy, and Ho, and perpendicular
to the ¢ axis for R =Sm, Er, and Tm. Since these two
groups of rare-earth metals are characterized by second-
order Stevens coefficients (a;) of opposite signs, it was
concluded that the gross features of magnetic anisotropy
(i.e., easy-axis or easy-plane magnetization) are deter-
mined by the second-order CEF terms. Similar correla-
tions had been previously observed in other rare-
earth—transition-metal compounds.5 It seems, however,
that the gradual spin canting occurring below 150 K for
Nd,Fe ;4B (Ref. 6) and below 58 K for Ho,Fe 4B (Ref. 7)
cannot be accounted for without inclusion of higher-order
terms in the CEF Hamiltonian.® When R is a nonmag-
netic (Y, La, Ce, Lu) or S-state (Gd) ion, the easy magne-
tization direction is always parallel to the ¢ axis, indicat-
ing that the Fe sublattice has a uniaxial magnetic anisot-
ropy of its own. The Fe anisotropy energy, such as de-
duced from Y,Fe ;4B or Gd,Fe;;B data,” has a peculiar
temperature dependence, showing a maximum at
T~0.6T¢c. In those compounds for which R has basal
anisotropy, therefore, competition between both terms
may lead to a spin reorientation from the basal plane to
the ¢ axis with increasing temperature. Such transitions
have indeed been observed’~!2 for R =Er, Tm, and Yb.
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By partial substitution of, e.g., Er by another rare-earth
element, one can modify the average R anisotropy and
thereby change the reorientation temperature. The point
of interest here is that, due to the structural similarity of
the R,Fe 4B compounds, if a set of CEF parameters is
known for a given R, the CEF parameters for a substi-
tuent R’ can be obtained by appropriate scaling, thus al-
lowing the effect of substitutions to be predicted without
introducing new, independent parameters. In this
manner, a study of spin reorientation temperatures as a
function of x in (R;_,R;),Fe4B seems promising as a
means of testing microscopic models for the CEF and ex-
change interactions in these compounds.

The spin reorientation in (Er;_,Gd, ),Fe 4B alloys has
been recently investigated in our group, by means of
Mbssbauer spectroscopy.'? T, versus x data were quanti-
tatively explained in terms of a Hamiltonian which in-
cluded second-order CEF terms and the R-Fe exchange
interaction, plus a uniaxial anisotropy due to the Fe sub-
lattice. Since the S-state Gd ion does not contribute to
the CEF anisotropy, its effect is to gradually reduce the
spin reorientation temperature.

In this work we report on an investigation of the spin
reorientation in the (Er,_,Dy,);Fe;4B system. In con-
trast to Gd, Dy has a strong anisotropy favoring the ¢
axis; it thus actively competes with the Er basal anisotro-
py, and a more rapid decrease of T, as a function of x is
expected. Our data confirm this expectation and show
quantitative agreement with the 7', versus x predictions of
a second-order CEF model, but only for small x; for
higher Dy concentrations—i.e., for lower T, —our results
clearly demonstrate the necessity of taking fourth-order
and sixth-order terms into consideration.

Very recently, Niarchos and Simopoulos'* have report-
ed a similar study on the same alloy system, with results
in essential agreement with ours. No quantitative analysis
was made, however.
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II. EXPERIMENTAL PROCEDURES

The pseudoternary alloys were prepared from near-
stoichiometric amounts of high-purity elements by cold
crucible melting, followed by vacuum annealing at 900 °C
during two weeks. Quality checks were provided by
powder x-ray diffraction, *’Fe Modssbauer spectroscopy,
and magnetization measurements. Mossbauer spectra
were taken at room temperature and were fitted with six
magnetically split subspectra, including quadrupole in-
teractions as a perturbation, whose relative intensities
were fixed at the theoretical populations of the six Fe

sites.!> a-Fe and R, (FesBy (Ref. 16) were systematically
present as impurity phases (at most 6%). Lattice
constants (a,c), ferromagnetic ordering temperatures
(T¢), and average Fe hyperfine field ({ H.)) for all sam-
ples are shown in Table I. All these quantities vary
smoothly with Dy concentration, confirming that our
(Ery _x Dy, ),Fe ;4B samples were homogeneous solid solu-
tions.

The spin reorientation was detected by observing the
relative intensity change of the Am =0 Maossbauer reso-
nance lines in magnetically aligned samples. This method
relies on the fact that, for a magnetically split 'Fe spec-
trum, the intensities of the six lines are (ideally) in the ra-
tios 3:Z (a):1:1:Z (a):3, where a is the angle between the
y-ray wave vector and the hyperfine field direction, and
Z (a)=4sin’a/(1+cos’a). Thus, for an absorber whose
spins are initially aligned parallel to the y-ray direction, a
90° spin reorientation will manifest itself as a Z (a) change
from O to 4.

Aligned absorbers containing 10 mgFe/cm? were
prepared by dispersing finely powdered material in molten
paraffin at 60°C, and letting the mixture solidify by cool-
ing while keeping it in the magnetic field (~0.2 T) pro-
vided by two small permanent magnets. The degree of
alignment thus achieved, though not perfect, was
sufficiently high for the purpose of this investigation.

Mossbauer measurements were carried out with a
57Co-Rh source, driven (linearly or sinusoidally) in synch-
ronization with a multichannel analyzer working in the
time mode. A liquid-nitrogen flow cryostat was used for
measurements above 77 K and a helium-bath cryostat
provided with a temperature controller was used between
4.2 and 77 K.

III. RESULTS

The expected line-intensity relationship for a sample in
both the easy-axis (T > T,) and easy-plane (T < T,) mag-
netization states are illustrated by the spectra in Fig. 1.
Even at room temperature, all spectra exhibited a residual
absorption corresponding to the Am =0 lines, which must
be attributed to incomplete magnetic alignment.

The limited spectral resolution connected to the pres-
ence of many distinct crystallographic sites, the magnetic
inequivalence of crystallographic equivalent sites when the
magnetization is not in the c¢ direction, as well as the
poorer statistics for aligned absorbers, make a complete
analysis of the spectra difficult and unreliable. Therefore,
visual inspection without recurring to rigorous fits is con-
sidered sufficient in order to conclude on the essential
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TABLE I. Lattice constants (a,c), Curie temperatures (7¢),
and average hyperfine field on “'Fe at 295 K ({(H.)) for
(Er; - Dy« ):FesB samples used in this work.

o

X a (A) c (A) Te (K) (He) (D)
0.1 8.735(1) 11.959(1) 588(3) 28.3(3)
0.2 8.740(1) 11.963(1) 568(3) 28.6(3)
0.3 8.743(1) 11.966(1) 570(3) 28.9(3)
0.4 8.747(1) 11.971(1) 571(3) 29.1(3)
0.5 8.748(1) 11.983(1) 577(3) 29.6(3)
0.6 8.751(1) 11.991(1) 580(3) 29.7(3)
0.8 8.754(1) 11.998(1) 588(3) 30.0(3)

features of the reorientation effects under consideration.
Increase of the Am =0 intensity was observed in all
cases to occur over a finite temperature range, which in-
creased with Dy concentration. The same kind of behav-
ior was reported in Ref. 14. In contrast, spin reorienta-
tions in Er,FeyB (Refs. 9 and 10) and in
(Er;_,Gd, ),Fe;sB (Ref. 13) take place over temperature
ranges never exceeding 10 K. As will be shown below,
experimental and theoretical arguments give support to a
gradual spin-reorientation process in (Ery_, Dy, ),Fe;4B.
Figure 2 shows the concentration dependence of the
spin-reorientation temperature, as inferred from our
Mossbauer measurements. Error bars indicate the tem-
perature interval over which line intensities were observed
to change. For x >0.5, no reorientation was detected
down to 4.2 K. Data from Ref. 14 are reproduced in Fig.
2 for comparison. There is agreement for x <0.25, but
for higher concentrations our T, data have a smoother x
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FIG. 1. Mossbauer spectra of magnetically aligned

(Erg.0Dyo.1):FesB at temperatures above and below the spin re-
orientation.
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dependence. The largest discrepancy between our data
and those of Ref. 14 concerns the region of the critical
concentration x., above which magnetization is parallel to
the ¢ axis down to 4.2 K or below.

IV. DISCUSSION

The rare-earth contribution to the magnetic anisotropy
will be described in terms of a single-ion Hamiltonian'’
comprising the CEF interaction with the 4f electrons and
the exchange interaction

H=F cer+Hex , (1)
where
Hcer=B30%+B303 , )

expressed in terms of Stevens operators,'® is truncated to
second order as a first approximation, and

ﬂex: _gJ,u'BHmolJ'n (3)

is expressed in terms of an isotropic molecular field.

For a given set of B, and H,,, parameters and a given
magnetization direction n, the eigenvalues of (1) are found
by numerical diagonalization within the ground-state J
manifold. The free energy per rare-earth ion is then cal-
culated according to Fr = —kT InZ, where Z is the parti-
tion function. In the tetragonal R,Fe 4B structure, the R
ions occupy two nonequivalent crystallographic sites, 4f
and 4g.'°~2! It will be assumed that Er and Dy ions in
(Ery_, Dy, ),Fe;4B are randomly distributed over the two
sites, so that the averaged R magnetocrystalline free ener-
gy can be expressed as

Fr(n,T)= %(l—x)(FErlf)"‘FEr(g))
—}—%X(FDy(f) +FDy(g>) . (4)
The difference,

(2]
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FIG. 2. Spin reorientation temperature as a function of x for
(Eri—xDyy ),Fe1sB. Experimental data: this work (solid bars)
and Ref. 14 (open bars). Calculated values: using second-order
CEF terms only (dashed curve) and using second-, fourth-, and
sixth-order CEF terms (solid curve).
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AFg(T)=Fg([100],T)—Fg([001],T) , (5)

is the rare-earth ion’s contribution to the stabilization en-
ergy of a magnetization alignment parallel to the ¢ ([001])
axis, relative to a basal-plane (a axis or [100]) alignment.
The total stabilization energy is given by

E(T)=AFr(T)+Eg(T)+ Egip(T) , (6)

where E.(T) is the anisotropy energy of the iron sublat-
tice and E;,(T) is the dipolar anisotropy of the R sub-
lattice (both referred to one R ion). The former can be
estimated from measurements of the anisotropy constant
K, on Y,Fe4B;” at T =0 K it amounts to 0.8 MJ/m? or
6.6 K per R ion. The dipolar contribution was estimat-
ed by a lattice sum, yielding —1.5 K per R ion at T =0
K, and was scaled with a squared Brillouin function for
its temperature dependence. Both contributions to
E (T) were thus represented, in the temperature range of
interest (7"=0 to 350 K), by an S-shaped curve ranging
from 5.1 to 9.0 K per R ion.

The spin-reorientation temperature for a given concen-
tration is then determined by the condition E (7)=0. We
now discuss the choice of parameters in Egs. (1)—(3).

The molecular field H,, is related to the exchange field
He by 2up(gy—1)J-Hex=gyupJ-Hpo. In 4f-3d interme-
tallic compounds, it can be usually assumed that f-f ex-
change is negligible compared to f-d exchange, so the ex-
change field acting on 4f ions should be essentially con-
stant for a series of isostructural compounds; consequent-
ly, Hpo should scale with (g;—1)/g;. Measurements’
based on the temperature dependence of the R sublattice
magnetization in various R,Fe4B alloys yielded the result

gipH (T =0K)/(g;—1)=375 K ,

in good agreement with previous results for Gd,Fe 4B
(Ref. 22) and for Dy,Fe;4sB (Ref. 23). We thus take
g H 01(0)=75 K and 125 K for Er and Dy, respective-
ly. Its temperature dependence was described by the
equation

HopollT)=H ,/(0)[1—0.5(T /T¢)*] ,

valid up to T~0.8T¢.** The concentration dependence
of T¢ (Table I) was also taken into account.

CEF parameters for the R,Fe;4B system have been
evaluated by means of point-charge calculations by several
authors.!>2>2¢  Though useful in establishing general
trends (e.g., the dominant role of second-order terms),
such calculations are too uncertain to be quantitatively re-
liable. An experimental approach to second-order CEF
parameters is provided by '>Gd Maossbauer spectroscopy,
via lattice electric-field-gradient (EFG) measurements.
The BY and B} parameters are related to the lattice V,,
and 1 by?’

a;{r’)(1—o,)
4(1—vy..)

| B3| =|B%[n"™,

B(Z):_ eVZ];l ’

(7

where a; is the second-order Stevens coefficient,'” (r?) is
a radial average over 4f electrons,”® and o, and v, are
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electronic shielding parameters. Unfortunately, no well-
established values for the lattice parameters are available.
Theoretical and experimental estimates®® 3! for the
heavier rare-earth metals range from —60 to —80 (y )
and from 0.3 to 0.5 (0,). It has further been argued?®
that in metallic systems conduction electrons can strongly
enhance the Sternheimer factor y.; however, accepted
values of the ratio (1—y,)/(1—o0,) range between 112
and 300.3133

EFG parameters for the two Gd sites in Gd,Fe 4B have
been determined by Bogé et al.** by means of "°Gd
Mossbauer spectroscopy. Their data can be used to esti-
mate BJ for Er. But, owing to the uncertainty on the
conversion constant between the lattice quadrupole cou-
pling constant and BY, we have taken the proportionality
constant as a free parameter; the latter was adjusted by
setting the calculated 7, for Er,Fe 4B equal to the experi-
mental value of 328 K.!° B3 was computed from BY with
the asymmetry parameter obtained from the '°Gd quad-
rupole interaction data.’* The Dy parameters were ob-
tained from the Er ones by scaling with the corresponding
as{r?) factors,!”*® ie., BJ(Dy)=—2.73B{(Er). The
whole set of parameters is displayed in Table II. Notice
that the BY values reported in Table II correspond to a ra-
tio (1—y ,)/(1—03,)=~240.

It should be pointed out® that the presence of a 4,
screw axis in the R,Fe;4B structure (space group
P4, /mnm) entails the subdivision of each of the 4f and 4g
sites into two magnetically nonequivalent subsites, ob-
tained from one another by a 90° rotation, and having B}
values of opposite signs.

The calculated concentration dependence of T, is
shown in Fig. 2 (dashed curve). It is worth emphasizing
that no adjustable parameters are involved at this stage.
There is excellent agreement for small Dy concentrations
(x =0.15), or for not too low temperatures (7, > 160 K).
It thus appears that Hamiltonian (1), with CEF interac-
tions limited to second-order terms, is a good approxima-
tion at moderately low temperatures.

Before proceeding to discuss the low-temperature re-
gion, we would like to comment on the apparent tempera-
ture range of the spin reorientation represented by error
bars in Fig. 2. A possible explanation would be a 7,
spread caused by sample inhomogeneity. Alternatively, a
gradual spin reorientation can also be envisaged, the angle
6 between magnetization and c axis being a continuous
function of temperature.

Evidence favoring the second interpretation is provided
by the behavior of the outermost positive-velocity line in

TABLE II. Single-ion Hamiltonian parameters used to calcu-
late T, vs x (dashed curve in Fig. 2).

Ion (site) BY (K)? B3 (K) gitpHmo (K)
Er (4f) 0.40 +0.25 75
Er (4g) 0.38 +0.75 75
Dy (4f) —1.10 70.67 125
Dy (4g) —1.02 T2.00 125

2Referred to c¢ axis.
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the Mossbauer spectra, illustrated in Fig. 3. The sextet
comprising this line has been assigned'>3%37 to the 8j,
site,?>2! and its isolated position results from both a large
H.¢ and a large quadrupole interaction. Due to the factor
(3cos?6—1), the latter changes by a factor of — 1 upon
spin reorientation, shifting the j, line towards more nega-
tive velocities so that it becomes unresolved at low tem-
peratures. Examining the spectra in Fig. 3, one can see
the j, line gradually shift as T is lowered (the T, range for
this sample is from 50 to 90 K), implying a continuous 6
variation with temperature. If inhomogeneity were
preponderant, the resolved j, line would gradually lose in-
tensity at its original position.

Our model, on the other hand, is consistent with a con-
tinuous process. The single-ion free energy can be calcu-
lated for any 6 value [i.e., n in Eq. (3)], and the Fe-
sublattice and R dipolar anisotropies can be reasonably
assumed to vary as sin’6;"?° by minimizing the total an-
isotropy energy E (6), one can calculate the equilibrium 6
at any temperature. It turns out that, for every x, a tem-
perature interval AT, is found for which E (6) has an ab-
solute minimum at some intermediate angle. Examples
are shown in Fig. 4. AT,’s of some tens of K are found
for x=£0, while for x =0, a much narrower transition re-
gion is obtained, exactly as found experimentally. The
reason for this difference in behavior between ternary and
pseudoternary alloys is, in our view, relatively trivial:
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Am =0 lines intensity and shift of the j, line (marked by arrow).
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FIG. 4. Calculated equilibrium angle 6 between magnetiza-
tion and c¢ axis as a function of temperature for Er,FesB and
(Ero.0Dyo.1)2FesB. Calculated spin reorientation temperatures
are indicated.

when the total E(6) is a sum of three competing terms,
each with its particular 6 dependence, minima at inter-
mediate angles are more likely to occur than when only
two terms are competing. In this respect, the
(Er;_,Gd, ),Fe 4B system is similar to Er,Fe 4B, and ac-
colrsdingly, it exhibits rather sharp reorientations for all
X.

We now turn back to discussing the low-temperature
data in Fig. 2. Our measurements suggest that basal-
plane magnetization becomes unstable at T=0 K for a
Dy concentration x, ~0.5; our model, on the other hand,
predicts x, =0.26. The theoretical result is largely insen-
sitive to the choice of BS and B3 parameters, as the fol-
lowing arguments will demonstrate.

Consider the simplified Hamiltonian FH = H o+ BOY.
At T =0 K, the single-ion stabilization energy E(0) [cf.
Eq. (5)] is simply the difference between the ground-state
energies for exchange field perpendicular and parallel to
the CEF axis. As was first noted by Greedan and Rao,’ if
exchange dominates (gyugHmo >> | BY |, as in our case),
the stabilization energy (of either sign) is given approxi-
mately by E,(0)= — kB9, where k is a numerical constant.
For J = ‘2—5 ions such as Er and Dy, one finds k ~157.

This result will be modified by inclusion of a B30}
term in the Hamiltonian. As already noted, however, in
the R,Fe; 4B structure B3 values occur in pairs with oppo-
site signs, and as a consequence the changes in E;(0) in-
duced by this term are largely canceled out.

Thus, for a (R|_,R; ),Fe4B alloy, the stabilization en-
ergy of O K is given approximately by

Es0)=—kB3(R)(1—x)—k'BS(R")x +E, , (8)

where E, is the anisotropy energy from other sources. If
BY(R) and BY(R’) have opposite signs, E;(0) will vanish
for a finite x =x.; neglecting E,, one obtains an upper
limit for x,

1
1—k'|BYR")| /k | B3(R) |

X, S , 9)

which depends only on purely atomic scaling factors. For
R =Er and R’'=Dy, one gets x. =0.27, in agreement
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with the full calculation result. It is thus clear that the
large discrepancy between theoretical and experimental x,.
cannot be removed by any choice of second-order CEF
parameters.

We therefore investigated the effect of higher-order
CEF terms on x.. Among all fourth-order and sixth-
order terms, the dominant ones with respect to uniaxial

anisotropy are B309 and B0, respectively. The
ground-state energy of the Hamiltonian
H=B309+B0%+B0—giupHmaJ-n (10)

was calculated for n parallel and perpendicular to the ¢
axis, their difference E;=FE, —FE being the stabilization
energy for the ion in question (other anisotropy sources
are not considered at this stage). BJ was taken equal to
0.4 K and BY, B were varied. [In the following, all quot-
ed CEF parameter values will refer to the Er ion; the cor-
responding Dy parameters are obtained by scaling with
the factors'”?® —2.73 (BY), —1.57 (BY), and 0.61 (B{).]

Figure 4 displays some calculated stabilization ener-
gies for both ions; we chose B <0 and B? >0, in accor-
dance with point-charge calculations.?’> The kink in
most E, versus BJ curves corresponds to a level crossing
between different |J,) ground states (| 2 )— | 2) for
Dy, | 2)— | %) for Er) in the parallel field case.

Our experimental x. ~0.5 implies that one should have
E;(Dy)/ | E;(Er)]~1. The BY=0 curves in Fig. 5 show
that this ratio is never approached under the influence of
BY alone. B30% and B0} terms were tentatively includ-
ed, with no significant effect. All terms in (10) are indeed
needed to make the two E; approach each other in the re-
quired way, the most favorable parameters combination
being close to B§=—3%10"3 K and B{=5x10"° K.
Other combinations with B$ >0 and/or B? <0 were tried
without success.

-10° BS(Er)
(V] + + 1 } }

-50

STABILIZATION ENERGY (K)
N
»
o

-100

-150

Er

FIG. 5. Stabilization energy of c-axis magnetization at 7 =0
K, calculated from Hamiltonian (10), for Dy (positive values)
and Er (negative values). Each curve represents E;(0) as a func-
tion of BYEr), with fixed BYEr)=0.4 K and BYEr)=n x 1073
K with n as indicated. Corresponding CEF parameters for Dy
are obtained by scaling (see text).
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TABLE III. Single-ion Hamiltonian CEF parameters used to calculate 7, vs x (solid curve in Fig. 2).

Exchange parameters are the same as in Table II.

Ion (site) BY (K) B3 (K) B? (K) BY (K)

Er (4f) 0.36 +0.22 —3.0x107° 5.0%x10°°
Er (4g) 0.34 +0.66 —3.0x1073 5.0x1073
Dy (4f) —0.98 F0.60 4.7x107? 3.1x107°
Dy (4g) —0.91 F1.80 47x10°° 3.1x1073

Finally, we studied the influence of BY and B? on the
spin reorientation at finite temperatures. We calculated
T, as a function of x, through Eq. (6), starting from the
Hamiltonian (1)—(3) augmented with fourth- and sixth-
order axial CEF terms. We chose BY= —3X 1073 K and
B2=5x10"> K without distinguishing between 4/ and
4g sites; the original BY and B3 values were scaled down
by about 10% in order to preserve agreement for x =0.
The new set of parameters is listed in Table III. Results
are displayed in Fig. 2 (solid curve). It should be noted
that the quantity 7, can be associated with the reorienta-
tion process in an experimentally meaningful way, even if
it does not represent a sharp transition temperature. It
can be appreciated from Fig. 2 that calculated T,(x) satis-
factorily reproduces the general trends of our data. The
effect of higher-order terms is preponderant at low tem-
peratures and decreases rapidly with increasing tempera-
ture, as expected. It should be emphasized that inclusion
of the sixth-order term was found to be essential at low
temperatures. Its role in the present context can probably
be traced back to the fact that the sixth-order Stevens
coefficient y; has the same sign for Er and Dy, contrarily
to ay and ;.

V. SUMMARY AND CONCLUSIONS

All R,Fe4B alloys in which R has a positive Stevens
coefficient a; exhibit easy-plane magnetization at low tem-
peratures. At higher temperatures, the Fe sublattice uni-
axial anisotropy may become dominant, leading to a mag-
netization reorientation from the basal plane to the ¢ axis.
Since the average R anisotropy can be varied continuously
by mixing different rare earths, spin reorientation studies
as a function of composition are worthwhile as a means of
improving our understanding of crystal field effects in
these alloys.

We  investigated reorientation  in

the  spin

(Er;_xDy, ),Fe ;4B alloys, by means of >’Fe Mossbauer
spectroscopy on magnetically aligned samples. Data were
compared to predictions of a model incorporating single-
ion CEF interactions, exchange interactions in the
molecular-field approximation, and Fe sublattice and R
dipolar anisotropy energies.

Er substitution by Dy reduces the spin reorientation
temperature at a rate which, for small x, is in quantitative
agreement with model predictions based on second-order
CEF terms only. In addition, our measurements reveal
that spin reorientations in the pseudoternary alloys occurs
gradually over temperature intervals of some tens of K.
This too is in agreement with model calculations, which
exhibit free-energy minima at intermediate angles between
the ¢ axis and the basal plane for certain temperature
ranges.

At higher Dy concentration, on the other hand, spin re-
orientation temperatures strongly depart from calculated
ones, basal-plane magnetization remaining stable at 4.2 K
up to x ~0.5. This apparent reduction of the Dy ability
to overcome the Er basal anisotropy can be accounted for
by taking both fourth- and sixth-order CEF into con-
sideration. Such terms are generally expected to be im-
portant at low temperatures; thus, fourth order terms are
needed to describe the spin canting below 150 K in
Nd,Fe;4B. The present work, however, provides the first
example of the necessity of using sixth-order CEF terms
to fit experimental data on R,Fe 4B alloys.
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