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Competing single-ion 4f magnetic anisotropies have been studied within a noncollinear three-
sublattice mean-field crystal-electric-field model in order to explain the observed complex magnetic be-
havior in the pseudobinary series Pr,Nd,_,Cos. The interplay of different magnetic anisotropies gives
rise to a contribution in the spontaneous free energy which turns out to have a minimum for the direc-
tion of the magnetization along a non-major-symmetry direction. A comparison with the experimental
data of the spin-reorientation temperature and also with the thermal evolution of the spontaneous-spin-
reorientation angle has allowed the determination of a reliable set of crystalline-electric-field parameters
for the Pr’* and Nd** ions. A calculation of the theoretical magnetization isotherms has been under-
taken using these crystalline-electric-field parameters, in order to determine the theoretical magnetic an-
isotropy field, which has been compared for different temperatures and concentrations with experimental
results obtained from singular-point-detection measurements.

I. INTRODUCTION

During the past three decades a large amount of exper-
imental work has been devoted to RCos (R =rare earth)
intermetallics because of their use as starting materials
for permanent-magnet applications. From this point of
view, the characterization of their anisotropic behavior is
of immense interest. These compounds crystallize in the
hexagonal CaCus (Pg/mmm) -type structure. They are
either ferromagnetic when R is a heavy rare earth or fer-
romagnetic in the case of the light ones, with a common
feature, that is, a high Curie temperature (= 1000 °C).
Pioneering works concerning the crystallographic and
magnetic behavior of these compounds! ™ were the start-
ing point for a quite extensive further characterization
that, even up to this point, is still open and some of the
magnetic features still remain not very well known. In
the present paper we shall concentrate on the intrinsic
magnetic properties of these compounds, studying the
basic interactions that give rise to the highly anisotropic
behavior. A great deal of previous investigations have
been devoted to this topic.*”? There exist two different
crystallographic sites for Co, while only one is available
for the rare-earth ion.! The overall anisotropy of the Co
sublattice can be inferred from the ismorphous com-
pounds with a nonmagnetic rare-earth ion, e.g., YCos
and LaCos. It has been very well established that these
compounds present axial anisotropy, with the easy mag-
netization direction along the ¢ axis at all temperatures.'®
Nevertheless, the anisotropy of the rare-earth ion is im-
posed by the shape of the magnetic 4 f electronic shell in
such a way that ions with a second-order Steven’s
coefficient a; >0 (Er and Sm) present an axial anisotropy
and, consequently, reinforce the Co sublattice anisotropy
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while those R ions with a; <0 (Pr, Nd, Tb, Dy, Ho) tend
to have an easy magnetization direction which lies in the
basal plane of the hexagonal structure. In the last case
we have the coexistence of two competing anisotropies,
i.e., axial for the Co sublattice and planar for the R ion.
As a general rule, at high temperatures the anisotropy of
the 3d band is predominant and will determine the
overall anisotropy of the RCos compounds. However, at
low temperatures, the interaction of the R ion with the
crystalline electric field (CEF) and also the exchange in-
teraction with the Co sublattice become very important
and determine the overall anisotropic behavior of the sys-
tem. This situation attains importance when both rare-
earth and Co sublattice present a strong competition be-
tween their respective anisotropies. In such a case,
spontaneous-spin-reorientation phase transitions can
occur depending on their relative contributions to the
free energy, with the final result being a noncollinear
structure between Co and R magnetic sublattices in
which the magnetic moments are oriented along non-
major-symmetry directions.”® Large applied magnetic
fields can also induce first-order spin-reorientation transi-
tions and these have been intensively studied in these
compounds.!"2 All of these peculiar types of behavior
have as their origin a complex mixing of the rare-earth
ion CEF and exchange energy levels. As a consequence
of this, in order to give a detailed and physically realistic
explanation of the anisotropic behavior in RCos com-
pounds, we need to have a reliable set of CEF and molec-
ular field parameters. However, the values found in the
literature show a very large variance (see Table I). These
have been determined by several different experimental
techniques. Magnetic form factor and magnetization
measurements have yielded some details about the com-
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TABLE I. Crystal-electric-field and exchange parameters for Nd** and Pr’* ions in pseudobinary
Pr,Nd,_,Cos. All the values are given in K.

Ion BS 10%BY 10*B? 10°B¢ gittsH ol References
Pr 4.5 84 Greedan and Rao*
—2.7 6.6 70 Ermolenko’
2.4 40.3 Radwanski'®
1.21£0.05 2.4+0.4 10.0£0.5 88+4 This work
Nd 1.3 115 Greedan and Rao*
3.1 —22 —1.46 98 Ermolenko’
3.71 0.25 -5 —1.24 123 Lu'’
1.35 55 Radwanski'®
3.0+0.1 0.16+0.02 121+6 This work
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bined effects of the CEF and exchange interaction.”®

From these measurements, an overall estimate can be
gained about the relative strengths of the CEF and ex-
change interactions.

The aim of the present work is to give a detailed micro-
scopic description of the anisotropic behavior and in the
course of our recent research in the pseudobinary
Pr,Nd,_,Cos series.!*!* The magnetic phase diagram
can be delineated into three different regions through the
series in the ordered phase (axis, cone, plane), as a direct
consequence of spin-reorientation-transition (SRT) phe-
nomena. For the two extreme concentrations, NdCos
presents an axis-cone (Tsg =280 K) and cone-plane
(TSR2=241 K) SRT with decreasing temperature, while
PrCos presents a cone magnetic structure at temperatures
below T'gg =110 K.

In the previous cited papers,'>!* we reported in some
detail the evolution of the cone angle with temperature
and also with concentration as well as the magnetic an-
isotropy field. The basic idea of the present paper is to
account for such experimental results by using a single-
ion noncollinear CEF mean-field model. A noncollinear
model is necessary because of the different anisotropies of
the three ions, Pr, Nd, and Co. For example, in the
easy-cone region it is expected that the R and Co sublat-
tice moments are indeed no longer collinear since the R-
Co exchange coupling is not strong enough to overcome
the difference in the R sublattice anisotropy energy.
Classical calculations'>!® have clearly suggested that a
noncollinear magnetic structure must occur during the
spin-reorientation phase transition. In this framework,
we have calculated the free energy of the system for
different orientations of the easy magnetization direction
for each magnetic sublattice, which turns out to be fer-
romagnetically exchange coupled. The minimum for
such a free energy allows the effective easy magnetization
direction for a determined temperature and concentra-
tion to be obtained. A comparison with the experimental
results will give a set of CEF and exchange parameters
for Nd** and Pr®" in this series. The reliability of the
determined parameters is intimately related to the capa-
bility of the model to explain the large amount of experi-
mental results: magnetic phase diagram, thermal depen-
dence of the SRT angle, and anisotropy field in all of the
compounds of this series.

3,1

II. BRIEF OUTLINE OF THEORY

In order to account for the anisotropic and magnetic
behavior of mixed Pr,Nd,_, Cos intermetallics, we shall
consider a single-ion anisotropy for the rare-earth sublat-
tice which has its origin in the electrostatic interaction of
the magnetic 4f electronic shell with the surrounding
trivalent rare-earth ions. All the thermally excited ener-
gy levels in the ground J multiplet will be taken into ac-
count. Within this approximation we shall consider two
contributions corresponding with the CEF energy of the
Pr** jon (J=4) and Nd** (J=2), respectively. Of
course, it is necessary to work in two different |LSJM J>
subspaces in order to obtain the matrix elements of the
CEF Hamiltonians, which, for this point symmetry
(6/mmm), is given by

HEr=B05+BS0S+B20%+ BSOS . (1

The splitting of the ground state for each ion (Pr’t,
ground state *H, and Nd**, ground state *I, ,2) can be
obtained from the eigenvalues of the Hamiltonian in Eq.
(1) and from these eigenvalues, the contribution of the an-
isotropy energy to the free energy, Fj, is obtained by cal-

. i . kT
culating the partition function Z=3,e ' 2, where E,
are the eigenvalues of Hamiltonian (1):
d3+

Fp=—xkyTInZ? —(1—x)kzTInZN" (2)

where T is the temperature and ky the Boltzmann con-
stant. This expression is necessarily based on the implicit
assumption of a contribution proportional to each R3*-
ion concentration, which is again an indication of the
single-ion origin for this interaction as well as a random-
ness of the ionic rare-earth substitution. Nevertheless,
we are not interested in the pure CEF contribution to the
anisotropy but in the physically realistic situation in
which there exists a strong exchange coupling between
the R*" ionic and the Co magnetic moments, which, in
turn, then split the pure CEF energy levels. This indirect
(bilinear isotropic) interaction can be replaced by a
single-ion effective Hamiltonian. This is the molecular
field approximation, where the exchange interaction of a
single-R ion with other ions is approximated by an
effective molecular field H, . The new energy level
scheme will be calculated with addition of this important
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exchange-interaction term in (1), which, in the molecular
field approximation, can be written by

HE=gupI-HE, . (3)

The exchange contribution as discussed here is based on
R-Co being coupled ferromagnetically. Although the R-
R exchange interaction is also present, because of the in-
direct origin of the exchange mechanism between both R
sublattice, the relative value of this term with respect to
R-Co is quite negligible. Then Co-Co exchange coupling
is by far the largest contribution to the total energy, but,
however, this term just introduces an isotropic reference
level or a self-energy term, which need not be taken into
consideration.

The interest lies in the calculation of F as a function
of the angle that the magnetic moment makes with the ¢
axis, which, in this case, is chosen as the quantization
axis. Hence, the lowest value of Fy gives the easy magne-
tization direction. If we introduce 0 as the angle that the
molecular field, which is along the Co magnetization
direction, makes with the ¢ axis, we can write the ex-
change Hamiltonian as

FHR =g, upHR | (JRcos@+JRsing) . 4)

€X
If we diagonalize the complete Hamiltonian
FHR=FB. .+ HE, the resulting set of eigenvalues and
eigenvectors enables us to determine the effective aniso-
tropic contribution given by expression (2), as well as the
magnetic moment of each R sublattice,

R =gup VIR +(UR)? (5

where the thermal averages { ) are calculated using the
eigenvalues and eigenvectors |i) ZZG,J-!J,MJ) of the
Hamiltonian %%, in the form
—E./k,T
SCilIRiYe e
(IR =—

(6)

e~Ei/kBT

i

In the calculation of total free energy F(0,T), the axial
cobalt sublattice anisotropy is represented by the phe-
nomenological expression

E,(T,0)=K (T)sin’0 , (7

where K, is the anisotropy constant determined for
YCos.!” Consequently

F(T,0)=Fr(T,0)+E,(T,0) . (8)

For each value of 6 we have calculated self-consistently
the misalignment of the R**% sublattice by using the
thermal average of the projection of the magnetic mo-
ment on the quantization axis

6 =tan~((JE) /(JR)) . ©)

III. RESULTS AND DISCUSSION

In following the former considerations, we have pro-
ceeded to account for the experimental results obtained
in the above-mentioned previous works.!»!* First, the
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use of expression (8) has allowed us to calculate the
thermal dependence of the angular evolution for the free
energy of the system. In Figs. 1(a)-1(e) we represent the
results obtained at selected temperatures for different
concentrations. In all of them, we can see how, at a
determined temperature, the minimum for that free ener-
gy starts to take place for a determined value of 6, which
constitutes an indication of the establishment of a spin-
reorientation process. Taking as an example the results
for x =0.2, we can observe that, at 230 K, all of the mag-
netic sublattices lie along the ¢ axis. However, at a lower
temperature, for example, 7'=220 K, this minimum
occurs for an intermediate direction giving rise to a coni-
cal noncollinear magnetic structure in which the cobalt
sublattice makes an angle 8 (9=0,) with the c axis. On
the other hand, the Nd3* and Pr’" magnetic sublattices
are oriented away from the c axis at angles Oyy and Op,,
respectively, in such a way that 0 <60p, <0yy. For lower
temperatures, we have selected for this composition
T =110 K, Fig. 1(a), in which the minimum on the free
energy occurs at 0= /2, which means that, at this tem-
perature and below, the compound is planar. Using the
proposed model we can account for the magnetic behav-
ior observed for the whole range of temperatures in this
compound. A similar behavior has been predicted with
this model for x =0.4 [see Fig. 1(b)]. Nevertheless, the
results obtained in the case of high Pr concentrations
show that, even at the lowest temperatures, the three
magnetic sublattices remain oriented along intermediate
non-major-symmetry directions, as can be observed in
Figs. 1(c)-1(e). We have carried out this calculation for
all compounds in this series and have succeeded in ac-
counting for the magnetic phase diagram.

The CEF and exchange parameters determined and
fitted in order to explain such behavior are reported in
Table I where they are compared with previous results
obtained by other authors.*!”!® In Fig. 2 we present the
theoretical prediction for the critical lines which delimit
the different regions in the magnetic phase diagram.
These lines were obtained by determination of either the
starting temperature, at which the effective easy magneti-
zation direction deviates from the ¢ axis, or the final one,
at which it reaches the basal plane.

In a further step we have tested the reliability of the
proposed model and also the determined CEF and ex-
change parameters. In this instance we have investigated
the thermal evolution of the spontaneous-spin-
reorientation angle 0. with temperature. We consider
O.¢ as the angle that the effective magnetic moment p g
makes with the c axis, with p.4 the vectorial sum of the
different sublattice magnetic moments (¢, Kpp HEng)-
We illustrate in Fig. 3 a schematic situation underlying
the basis of our calculation. Of course, such a noncol-
linear structure is established when the spin-
reorientation-transition occurs. We present in Fig. 4 the
results obtained using the CEF and exchange parameters
summarized in Table I for Nd, Pr, and Co magnetic sub-
lattice. As a result of this fitting, we can now that the re-
sults are indeed quite good. From these theoretical pre-
dictions, we can account quite accurately for the spin-
reorientation temperature and also the thermal evolution
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of the SRT angle. In a previous work,'® in another
different family of pseudoternary compounds of the type
(Er, Dy, _, ),Fe 4B, we also found spin-reorientation phe-
nomena taking place at low temperatures. A similar
model also predicts a close behavior but, in this case, we
considered a collinearity in the different magnetic sublat-
tice.
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The model has also been very valuable for the predic-
tion of the thermal dependence of the intersublattice an-
gles. We have no experimental evidence of these angles
in this series and a microscopic experiment will be needed
in order to test the obtained values. Nevertheless, evi-
dence of such noncollinearity, has been observed in the
isostructural compound HoCos (Refs. 8 and 9) by a com-
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FIG. 1. Angular evolution of the free energy at several selected temperatures for compounds of the series Pr,Nd,_, Cos using the
parameters listed in Table I. (a) x =0.2, (b) x =0.4, (c) x =0.5, (d) x =0.6, and (e) x =0.8.
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FIG. 2. Magnetic phase diagram of the series Pr,Nd,_,Cos.
(O) Experimental results (Ref. 13). The lines are theoretical
model predictions.

bination of neutron-diffraction and Mossbauer spectros-
copy on magnetically oriented samples. In Figs. 5(a) and
5(b) are displayed the model predictions for the intersub-
lattice angles. At high-Nd concentration, we can observe
a very small non-collinearity between the magnetic sub-
lattice during the spin-reorientation processes. This is a
direct consequence of the relevance of the intensity of the
Nd-Co sublattice exchange coupling. The calculated an-
gle 6p, is always close to O, in this process, as is expected
from the anisotropic behavior of the Pr sublattice which
tends to establish a cone magnetic structure at low tem-
peratures. In fact, it is also the reason why the opening
angle between the Co, Nd, and Pr sublattices increase for
rich-Pr concentrations.

Another important test of the model has been the pre-
diction of the magnetic behavior under an applied mag-

> X

FIG. 3. Schematic representation of the different magnetic
sublattice orientations in the spin-reorientation processes. The
meaning of the different angles and vectors are explained in the
text.
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netic field (H,,,). In this case, an additional (Zeeman)
term will appear in the Hamiltonian:

ﬂfng:uBJR'Happ . (10)

Including this term in the total Hamiltonian
FR=FHB .+ FHR + 7R, we have recalculated the free en-
ergy using expression (8) as a function of the angle of the
different magnetic sublattice. We have obtained the equi-
librium angle from the minimum in this free energy and
calculated the magnetization for this equilibrium angle
when the magnetic field is applied along either the c axis
or in the basal plane.

In Figs. 6(a) and 6(c) we represent, at selected tempera-
tures, the evolution of the calculated free-energy curves
in Pry ¢Nd, 4Cos for different values of the magnetic field,
which is being applied in the basal plane. This kind of
calculation has allowed us to determine the isotherm
curves. As an example, in Fig. 7 we display the results
obtained in the former x =0.6 compound. In this we
represent the magnetization calculated along the applied
magnetic field direction. Because, at 300 K, this com-
pound has the c axis as the easy magnetization direction,
the spontaneous magnetization will be zero in the basal
plane, but as the magnetic field increases, the magnetiza-
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FIG. 4. Thermal dependence of the effective spin-
reorientation angle 6, for the pseudobinary series
Pr,Nd,_,Cos. (O) Experimental results, ( ) theoretical

predictions. (a) x =0.2, 0.5, 0.8; (b) 0.4, 0.6.
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tion rotates from the ¢ axis to the plane, Fig. 6(a). The
saturation will take place for the field value at which the
applied magnetic field overcomes the torque that the an-
isotropy field makes on the magnetization in order to
keep it along the easy magnetization direction. However,
the situation is different at low temperatures, at 4 K the
easy magnetization direction lies along a intermediate
direction between the ¢ axis and the plane. In this situa-
tion we have a spontaneous magnetization in the plane,
Fig. 6(c), which increases with the applied magnetic field
as a consequence of the rotation of the magnetization to-
wards the field direction. The calculated isotherm curve

5 7 . ,
v

s | (a)

& 6r
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T 5L
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is represented in Fig. 7, in which we can also appreciate
that the approach to saturation is different and can be re-
lated with the prediction for a first-order magnetization
process (FOMP) anomaly type.

When we have SRT phenomena, it is useful to intro-
duce two different anisotropy fields.!” We shall consider
H'; the anisotropy field along the ¢ axis and which will be
associated with the saturation field in the plane, i.e., it is
the anisotropy field that we measured when we apply the
magnetic field along a direction in the plane. H, will be
considered as the anisotropy field in the plane and is con-
sequently related with the magnetic field that we need to
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FIG. 8. Temperature dependence of the anisotropy field H; which is compared with the calculated saturation field along the basal
plane for the compounds of the series Pr,Nd,_,Cos. (®) are experimental results (Refs. 13 and 14), (— — —) theoretical predictions.
(a) x =0.2, (b) x =0.4, (c) x =0.5, (d) x =0.6, and (e) x =0.8.
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apply along the c axis to saturate the sample, i.e., the an-
isotropy field that were measured in singular-point-
detection (SPD) experiments when the magnetic field was
applied along the ¢ axis. As easily verified from their
definitions, these anisotropy fields are related with the an-
isotropy constants K; as

H',=(2K,+4K,+6K;)/M, , (11a)

H'|=2K,/M, . (11b)

The aim of the present paper has also been to use the
exposed microscopic three-sublattice model in order to
explain the evolution of the anisotropy and critical fields
obtained in the SPD experiment for different tempera-
tures and concentrations. For such a purpose we have
calculated a large number of isotherms for each concen-
tration in order to give a theoretical prediction of the
thermal evolution of H'; and H;.

From our calculation it is very difficult to predict
whether this saturation field corresponds either with a
anisotropy field as result of a continuous approach to the
saturation (second-order phase transition) or with a criti-
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cal field at which the saturation is reached by a field-
induced first-order phase transition. Such an extreme,
however, was quite well established by SPD measure-
ments. Nevertheless, we have found that the approach to
saturation in the theoretical isothermal magnetization
curves are different for those compounds which present a
critical field, but, however, we have been unable to find
any discontinuity similar to that due to a first-order phase
transition in PrCos.!” It should be remarked at this point
that, in the RCos compound, such first-order transitions
are, in general, barely perceptible. Single-crystal magne-
tization studies of Nd,,Y,_,Cos and Pr, Y, _,Cos (Ref. 7)
clearly demonstrate this. Simplified classical models fore-
cast in both cases the existence of first transitions which
were, in fact, not clearly experimentally observed. From
this point of view, only a very slight hysteresis is observed
in the experimental single-crystal magnetization curves,
whereas calculations predicted a considerable hysteresis.
In our case we have employed a more consistent
quantum-mechanical description of the magnetization
process.

In Fig. 8 we display the theoretical prediction for the
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FIG. 9. Temperature dependence of the anisotropy field H'j, which is compared with the calculated saturation field along the ¢

axis for the compounds of the series Pr,Nd,_,Cos. (@) are experimental results and (
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) theoretical predictions. (a) x =0.2, (b)
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and Nd*" ions in Pr,Nd,_,Cos obtained using the parameters
displayed in Table I. The molecular field is parallel to the ¢
axis. The splitting of the pure CEF levels (H =0) have been
magnified twice for the sake of clarity.

anisotropy field H;, as a function of the temperature, ob-
tained for different compounds of the series. A zero
value for this field corresponds to temperatures at which
the compounds present planar anisotropy. It is worth
noting that the calculated values are in reasonably good
agreement with the field, which experimentally is needed
to rotate the magnetization towards the basal plane. This
field has been determined in previous works!*!* for tem-
peratures below the spontaneous-spin-reorientation tran-
sition. For such a calculation, we have used the same set
of CEF and exchange parameters, which are given in
Table I for the whole of the compounds. This prediction,
in our opinion, constitutes a very strict test of the reliabil-
ity of the determined parameters.

The same kind of calculations have also been done in
order to calculate H'/; in this case the magnetic field is
applied along the ¢ axis. High-Nd concentrations present
low saturation fields at room temperature and tend to
zero very quickly as we reach the temperature for
the spontaneous-spin-reorientation transition. In Figs.
9(a)-9(e) we represent these results.

The large amount of experimental results recently ob-
tained for the series Pr,Nd,;_,Cos has been the starting
point of a systematic study of the magnetocrystalline an-
isotropy in RCos compounds. A microscopic model has
been used to account for the anisotropy and exchange in-
teraction. The noncollinear arrangement of the magnetic
sublattice during the spin-reorientation process is implicit
in the quantum-mechanical model used. This is because
we have replaced the rare-earth ion magnetic moments
by their quantum projection operators J, and J,, assum-
ing the rotation in the z-x plane where x is any direction
in the basal plane. The self-consistent calculation of the
magnetic moment can account for the thermal evolution
of the spontaneous-spin-reorientation angle and satura-
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tion field. We have explained, using the same set of pa-
rameters, in an overall quite satisfactory fashion, the
magnetic phase diagram, the spontaneous-spin-reorienta-
tion angle, and the anisotropy fields.

To our knowledge, this is the first time that a
quantum-mechanical description, with an implicit as-
sumption of noncollinearity between a multisublattice,
has been successfully used to account for anisotropic
magnetic behavior in complex mixed R intermetallics.

Furthermore, we can equally say that the single-ion
origin for the anisotropy in RCos has been exhaustively
tested because the method followed has implicit this as-
sumption in expression (2).

In general, the agreement between theory and experi-
ment is quite good for rich-Nd concentrations, however,
it is not quite satisfactory for high-Pr content. It is a nor-
mal observation that those parameters, which can explain
relatively abrupt SRT, i.e., the axis-plane transition
which takes place in a relatively large interval of the free
energy [(Fp —F 4)/F], are not necessarily as good when
the final magnetic structure is conic. In such a case, the
energy balance is quite delicate indeed and the excess en-
ergy with respect to the original easy-axis situation is
rather small. In such a situation, other types of interac-
tions, albeit small, most likely play an important role.
Such interactions could have as their origin the depen-
dence of the crystalline electric field on the distortion
which arises at the spin reorientation and for lower tem-
peratures due to the magnetoelastic coupling.?’™??
Another possibility could be the contribution from either
the electric quadrupolar interaction or anisotropic ex-
change.?? All of the aforementioned interactions consti-
tute second-order perturbations that may indeed be
significant in a situation where the interplay between
different competing anisotropies nearly cancel out one
another.

In a very recent publication,?* additional results about
CEF and exchange parameters have been offered consid-
ering a mixing of the J ground state with the first excited
J' spin-orbit level. We have tested, in the course of our
present investigation that the polarization of the wave
function of the ground state by excited levels is practical-
ly negligible. In fact, the overall calculated splitting of
the spin-orbit ground state for the Pr’" and Nd*" ions
due to the CEF and exchange interactions is one order of
magnitude less than the separation in energy between J
and J' (see Fig. 10). Of course, if we impose in our calcu-
lation the condition of a considerable polarization of the
ground-state wave functions by excited levels, we should
choose quite unrealistic values for the CEF and exchange
parameters.
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