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Microscopic parameters of R-T hard magnets 

M. L o e w e n h a u p t  a n d  P. F a b i  
Institut fiir FestkOrperforschung, Forschungszentrum Jiilich, D-52425 Jiilich (Germany) 

Abstract  

R-T compounds with R=rare earth and T=transition metal have become the most important materials in 
modern hard magnet technology. The unusual magnetic properties of these materials originate from the interplay 
between the strong crystal field anisotropy of the R atoms and the large magnetization and exchange interaction 
of the T atoms. Inelastic magnetic neutron scattering can be employed to determine some relevant microscopic 
parameters of magnetic compounds. We discuss a case where the crystal field interaction dominates the exchange 
interaction (NdCu2, an intermetallic compound with low magnetic ordering temperature) and compare it to the 
situation in R-T hard magnets where the exchange interaction frcr  is much stronger than the crystal field 
interaction. We discuss the experimental results for RFe2 and RzFe14B compounds and compare the microscopic 
parameters as deduced from different experimental methods and from ab initio calculations. 

1. Introduct ion  

Since the discovery of NdFeB-type magnets [1], there 
has been increasing interest in improving understanding 
of the physical mechanisms that determine the intrinsic 
magnetic properties of these materials. Superior intrinsic 
properties are an indispensible precondition to achieving 
superior performance of a new hard magnetic material. 
The main technological problem, however, is to produce 
an adequate microstructure (grain size, defects, impurity 
phases) to fully exploit the intrinsic magnetic properties. 
Here, however, we will concentrate on the description 
of the relevant intrinsic parameters on an atomic scale, 
the microscopic parameters, and their determination 
by different experimental methods. The experimental 
values are then compared with those obtained from ab 
initio band structure calculations. 

The main requirements for a high-performance hard 
magnet are: a large magnetization and a high coercive 
force to obtain a large "energy product" and a high 
Curie temperature to warrant safe operation at room 
temperature and at elevated temperatures as high as 
possible. The recipe for obtaining the desired magnetic 
properties is to form R-T compounds with R = r a r e  
earth and T =  transition metal. The strong anisotropy 
of the unquenchcd orbital part of the R-moments 
delivers the asset for the high coercive force (in con- 
nection with the adequate microstructure) while the 
transition metal (Fe or Co) is responsible for a suf- 
ficiently high magnetization and Curie temperature. 
Finally, the R-T coupling should be strong enough to 
transfer the individual magnetic properties between 

both subsystems. There is, however, one severe drawback 
in the considerations outlined above. The R-T  coupling 
is always negative for the spin part of the magnetic 
moments. Thus, the large total magnetic moments 
J = L  + S  of the heavy rare earths point in the opposite 
direction of the T-moments and thus reduce the total 
magnetization of a heavy rare earth T compound. 
Therefore, only the light rare earth T compounds are 
of technical importance (like e.g. SmCos, Nd2Fe14B). 
For the light rare earths, the third Hund's rule yields 
J = L - S  for the ground state multiplet. The negative 
spin spin coupling then produces a ferromagnetic align- 
ment of the total magnetic moment of the light rare 
earth with the Fe or Co moments which are dominantly 
of spin character. The residual orbital magnetism of 
Fe or Co also gives rise to anisotropic behavior but 
the anisotropy of the T-component is usually much 
weaker than the anisotropy of the R component. In 
this connection, one has to keep in mind that R = Y ,  
La or Lu (and often also Ce) are considered as non- 
magnetic while R = Gd has a spin-only moment (half 
filled f-shell with L = 0 and J = S =  7/2). This implies 
that these R-ions show isotropic behavior and do not 
contribute to any anisotropy. If anisotropy is observed 
experimentally in such materials, it is attributed to the 
T component. 

This paper is organized as follows: first we discuss 
the case where the crystal field interaction is much 
stronger than the exchange interaction (i.e. in an in- 
termetallic compound like NdCu2 with no moment on 
the Cu-ions and a low magnetic ordering temperature 
of only 6.5 K). For this case, we demonstrate the power 
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of inelastic magnetic neutron scattering to determine 
the crystal field level scheme of systems with low local 
symmetry of the R-sites ("neutron crystal field spec- 
troscopy", see e.g. ref. 2). We then proceed to the 
opposite case of the R-T  hard magnets where the 
exchange interactions are dominant and the crystal field 
interaction is only a small perturbation. The crucial 
experiments for this case are inelastic magnetic neutron 
experiments on Gd-T  compounds which allow the de- 
termination of the exchange constants in the absence 
of crystal field effects. A comparison of the experimental 
values with those obtained from ab initio band structure 
calculations is a good test for the liability of the 
theoretical predictions for the other R-T  compounds. 
The experimental determination of the full set of crystal 
field parameters of the other R-T  compounds is still 
far from being unique. Final success will only be achieved 
if all experimental data are considered and backed-up 
by a reliable theoretical input. 

2. NdCu2, an example for "neutron crystal field 
spectroscopy" 

NdCu2 is an intermetaltic compound which has been 
investigated rather thoroughly [3]. It crystallizes in the 
orthorhombic CeCuz-type structure with the space group 
D~(Imma). There is one R-site with the local point 
symmetry Ca~ and hence there are nine independent 
crystal field parameters to describe the CF Hamiltonian. 

Using the Stevens operator equivalent method [4] and 
the notation of Hutchings [5], these a re :  B20 , B22 , B40 , 

B42, B44, B60, B62, B64 and B6,,. For more information 
on crystal fields, see e.g. [6-9]. 

As Nd 3+ is a Kramers ion (J=9/2, a half integer 
value of J), for the given low symmetry of the Nd site 
in NdCu2, we expect a splitting of the 10-fold degenerate 
ground state into 5 doublets by the action of the 
crystalline electric field. The ground state of a non- 
Kramers ion with integer value of J (like Pr, J = 4, 3?o 
and Tm, J =  6, and Ho, J =  8) can be split by a crystal 
field into maximal (2 /+1)  singlets. 

The crystal field level schemes can be measured 
directly by inelastic magnetic neutron scattering. Figures 
1 and 2 show the inelastic neutron spectra of NdCu2 
measured at T=  10 K in the paramagnetic state and 
at T<  TN=6.5 K in the magnetically ordered state. The 
value of the neutron momentum transfer Q is kept low 
(1-2A) so that magnetic scattering is the dominant 
contribution to the scattering intensity (except for elastic 
scattering). Inelastic phonon scattering is negligible in 
the spectra shown in Figs. 1 and 2. in the paramagnetic 
state, there are four inelastic magnetic transitions which 
can be interpreted as crystal field transitions from the 
ground state doublet to the four excited doublets situated 
at 2.9, 5.0, 7.2 and 14.1 meV above the ground state. 
Because of the low temperature, there are no transitions 
between excited states. The corresponding level scheme 
is shown as an inset in Fig. 1. The data points for 
three runs under different experimental conditions are 
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Fig. 2. Inelastic neutron spectra of NdCu 2 at various temperatures below the Ndel temperature of 6.5 K obtained with different 
incident neutron energies. The inset shows the low energy region up to 2 meV measured at T= 1.5 K on a different instrument with 
improved energy resolution. This low-energy intensity originates from magnon excitations. From ref. 3. 

in good agreement with respect to peak positions and 
absolute intensities. In the magnetically ordered state, 
the inelastic magnetic neutron spectra as shown in Fig. 
2 are modified compared to those in the paramagnetic 
state. With coarse resolution, we observe a splitting of 
the ground state doublet and a shift of the peak positions 
of the crystal field transitions. In a first approximation 
one can reproduce this inelastic spectrum by adding 
to the single-ion CF-Hamiltonian an internal (exchange) 
magnetic field term of the order of a few tesla. This 
simple model yields a Zeeman splitting of the doublets 
in the ordered state. A sketch of the situation for 
NdCu2, the case where the crystal field interaction is 
much stronger than the exchange interaction, is given 
in Fig. 3 on the left hand side. 

In reality, however, the excitation spectrum of mag- 
netically ordered NdCu2 is much more complex. This 
can be inferred from the measurement of the low-lying 
peak around 1.5 meV with improved energy resolution 
using a different neutron spectrometer as shown in the 
inset of Fig. 2. It reveals considerably more of the 
structure of this excitation. The intensity in the energy 
range up to 2 meV has therefore to be identified as 
a magnon density of states. A detailed investigation of 
the magnon dispersion relations, i.e. of the low-energy 
collective magnetic excitations in the magnetically or- 
dered state using a single crystal of NdCu2 is currently 
underway. 

Although the crystal field level scheme of NdCu2 
has been determined quite accurately by neutron spec- 
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Fig. 3. Single-ion level schemes for Nd 3+ (./=9/2) for the two 
extreme cases of dominant crystal field (left) and dominant 
exchange field (right). 

troscopy, the determination of the nine independent 
crystal field parameters is another formidable task. It 
is very difficult because of the huge parameter space 
and the highly non-linear dependence between param- 
eters and experimental data. To obtain at least pre- 
liminary results, one usually employs certain models to 
reduce the number of free parameters. Unfortunately, 
none of the models (point charge; superposition; band 
structure calculations) is advanced and accurate enough 
to lead to reliable results except for some favorable 
cases. Therefore, we hesitate to consider the set of 
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nine parameters given in [3] as final although it explains 
the neutron spectra quite well (full lines in Figs. 1 and 
2, except for inset in Fig. 2) together with the effects 
of the crystal field on magnetization, specific heat, 
thermal expansion and resistivity data. 

3. RFe2, a simple "model case" 

We now proceed to the case of R-T  compounds 
where the exchange interactions are dominant while 
the crystal field is only a small perturbation. In this 
section, we first consider a simple model case: the cubic 
Laves phase (C15) compounds RFe 2. The spin dynamics 
were investigated by inelastic neutron scattering on 
single crystals with R = Tb, Ho and Er some years ago 
[10-12]. The outcome of these investigations was that 
there is a hierarchy of exchange interactions: 

~rFeFe >) ,¢~RFc ~>) f R R  

This leads to a characteristic picture of the spin wave 
dispersion relations as sketched in Fig. 4 for the low- 
energy region. From the total of six modes (the unit 
cell contains two formula units with two R and four 
Fe magnetic ions), there are three low lying modes. 
Two of them are dispersive: one is an in-phase acoustic 
mode involving all spins with a dispersion roughly given 
by the R-T  exchange (dashed line) and the other mode 
is a highly dispersive in-phase mode involving only Fe 
spins with a spin wave stiffness constant similar to that 
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Fig. 4. Dispersion relations for the three low-lying magnon 
branches of a mixed R-Fe  compound (see e.g. ref. 10). 

of Fe-metal (thin line). The third low lying mode is a 
flat mode corresponding to an out-of-phase precession 
of the R-spins in the exchange field of the surrounding 
Fe-spins (thick line). In the following, we mainly con- 
centrate on that mode. For J a R  =0, the latter mode 
is completely flat (dispersionless). For an isotropic 
Heisenberg-model with nearest-neighbor exchange, 
there is no spin wave gap at the F-point for the low- 
lying dispersive mode. The energy A of the flat R-mode 
is given by 

k = 2ZaT~gR -- l [ J ~ % S x  = 2 z r c r J a x S r  (1) 

with zr~T=number of T-neighbors of a R-ion (12 for 
RFe2) and ST = spin of T-ions. Alternatively, the flat 
mode energy can be related to an exchange or molecular 
field by 

A = 2/XB~R -- lIB ex = tzBgRB m (2) 

with gR=Land6 factor of the R ion and the Bohr 
magneton/xB=0.05788 meV/T. Note the different def- 
initions of exchange constants and internal fields, re- 
spectively. This situation is illustrated for Nd 3+ with 
J =  9/2 in Fig. 3 on the right-hand side. For pure Zeeman 
splitting, all 10 levels are equally spaced with separation 
A between adjacent levels. Inelastic magnetic neutron 
scattering has only finite matrix elements between ad- 
jacent levels (dipole transitions). For low temperatures, 
only the ground state level is populated. The flat mode 
can then be viewed as the transition from the ground 
state to the first excited state. At elevated temperatures, 
transitions between excited levels (dashed arrows in 
Fig. 3) will also be observed. 

Adding a small crystal field term to the Zeeman 
term results in the following modifications of the level 
scheme: (i) the levels are no longer equally spaced; 
(ii) the wave functions become linear combinations of 
the pure Zeeman states; and (iii) transitions between 
non-adjacent levels are also allowed although with 
typically much smaller matrix elements. In this situation, 
it is not possible to determine J a y  or Bcx directly from 
the energy A of the flat mode. Instead, the full Ham- 
iltonian, including Y c v  and •e× has to be diagonalized. 
This, of course, requires the knowledge of the correct 
set of crystal field parameters if one wants to deduce 
the R-T exchange from A. Furthermore, the action of 
the crystal field on the R-ions may introduce an an- 
isotropy which becomes visible as a gap of the lowest 
dispersion curve at the F-point. All these considerations 
were taken into account when analyzing the inelastic 
neutron data of RFe2 with R = T b ,  Ho and Er [10] 
(because of the cubic symmetry there are, however, 
only two CF-parameters to be determined). The values 
deduced for J ~  are shown at the end of this section 
in Fig. 6 together with those from other experiments 
and from calculations. 
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We now present the results of inelastic neutron 
scattering experiments on GdFe2 which can be inter- 
preted within the simple considerations discussed above 
for pure Zeeman splitting and expressed in eqns. (1) 
and (2). For this purpose, a polycrystalline sample is 
sufficient to observe an excitation spectrum which will 
show as its dominant contribution a pronounced peak 
due to the flat mode, while the dispersive modes will 
only give a smooth, low intensity contribution to the 
background. Unfortunately, natural Gd is the strongest 
thermal neutron absorber of all elements and low 
absorbing Gd-isotopes are extremely expensive (typically 
$5 per mg). The neutron absorption cross-section of 
natural Gd, however, is strongly energy dependent and 
is considerably reduced for neutron energies above 
about 200 meV. A good compromise to achieve a rea- 
sonable energy resolution (small Eo) and to obtain 
sufficient intensity (high Eo for low absorption) is an 
incident neutron energy Eo of 250 meV. The best suited 
time-of-flight spectrometer for this purpose is the HET 
instrument situated at the ISIS neutron spallation source 
of the Rutherford Appleton Laboratories. Figure 5 
shows the neutron spectrum for GdFe2 measured at 
T = 1 2 K  [13]. The peak at an energy transfer of 
A=(44_+1) meV can be easily identified as the Gd- 
flat mode. From eqn. (2) and with go~ = 2, we obtain 
for the exchange and molecular field Bex=Bm= 
(380 + 9) T. The interpretation of our result with eqn. 
(1) requires the input of the Fe spin. If we take from 
[14] the value SEe = 1.02, we obtain for the exchange 
constant JOdF~ = (1.80__+ 0.04) meV. This value agrees 
rather well with the values of f'O~Fo deduced from 
"free powder" high field magnetization data (1.89 meV) 
[15] and obtained from ab initio band structure cal- 
culations (1.90 meV) [14] but it is considerably lower 
compared to earlier band structure calculations 
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Fig. 5. Inelastic neutron spectrum of GdFe2 at T= 12 K. The 
hatched area indicates non-magnetic inelastic intensity as deduced 
from the spectrum at high Q-values [13]. 

> 
03 

3.0 I I I [ 

[ ]  

2.5 

[ ]  

[ ]  
[ ]  

R Fe 2 
1.5 

I I I I I 

2.0 

1 1 1 1 1 1 1 1  

[] Liebs et a11993 

o Koon,Rhyne 1980 

• this work 

" Liu et a11990 

[ ] o  
. Ba 

[] 

[] 

I I I I I I I  
La Co Pr Nd tam Sm Eu Gd Tb Dy Ho I=r Tm Yb Lu 

Fig. 6. R-T  exchange constants for the series RFe2 as determined 
from inelastic neutron data [10; and this work], high-field mag- 
netization data [15] and obtained from band structure calculations 
[14]. 

(2.4 meV) [16]. In Fig. 6, we present the results for 
J~*'r for the whole series RFe2 from inelastic neutron 
scattering experiments for R = Tb, Ha, Ti, Er [10] and 
Gd (this work), from "free powder" data [15] and from 
theoretical calculations [14]. We can state that for this 
simple model system, there is an excellent agreement 
between experiment and theory within a few percent. 

4. R2FeI4B, a complex system 

Finally, we discuss the technically interesting, but 
very complicated R2Fe14B compounds. They crystallize 
in a tetragonal structure with space group P42/mnm 
with four formula units in the unit cell. This would 
lead to 64 spin wave modes, which are, of course, 
beyond any chance of being determined experimentally. 
Furthermore, the R-ions occupy the special positions 
(40 and (4g) with the low local symmetry requiring 
two sets of nine CF-parameters for the description of 
the crystal field. There have been many attempts to 
determine the full set of CF-parameters experimentally 
and theoretically (for a survey, see e.g. ref. 17). We 
think, however, that the given sets are still far from 
being correct except for the leading B2o parameter. But 
even for this parameter, only the site-averaged value 
is known with some accuracy while the exact values 
for the different sites are still a matter of controversy. 

To simplify the description of the spin dynamics, we 
first consider YEFea4B with non-magnetic R =Y. Here 
we expect only one low-lying highly dispersive acoustic 
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mode, e.g. the Fe-Fe mode in fig. 4 with a small gap 
at the F-point corresponding to the small Fe-anisotropy. 
This mode has been observed in an inelastic neutron 
scattering experiment on a single crystal [18]. For 
GdzFe~4B, we expect two additional low lying modes: 
a flat R - R  mode and a weakly dispersive R-Fe  mode. 
The flat mode can again be easily identified in the 
magnetic excitation spectrum of a polycrystalline sample 
of Gd2Fe~4B employing neutrons of an incident energy 
of Eo = 250 meV [19]. From the energy of the flat mode 
(37.5 meV), one can directly deduce the exchange field 
using eqn. (2): He~=324T. With ST=I.17 [20] and 
ZRw =16, we obtain for the exchange constant 
Jav=(1 .00+_0.05)meV.  This is again in excellent 
agreement with the theoretical value of 1.01meV 
[14,21]. 

The temperature dependence of the excitation spectra 
of GdzFea4B has been measured under the same con- 
ditions [22]. The spectra at 20 K and 300 K are shown 
in Fig. 7. There is a small shift of the flat-mode peak 
position with temperature which can be understood by 
the temperature dependence of (ST) (for finite tem- 
peratures we have to take the thermal average of ST 
in eqn. (1)). 

Before we discuss the results of B ~ or o,~ ~ for the 
whole R2Fe~4B series, we will try to give an explanation 
for some less pronounced features of the excitation 
spectra of GdzFe14B. At 20 K, there is a shoulder at 
the low-energy side of the flat-mode peak. While for 
increasing temperature the main peak moves to slightly 
lower energies, the shoulder does the opposite; it moves 
to slightly higher energies towards the main peak. We 
think that the shoulder originates from another char- 
acteristic feature of our simple model as sketched in 
Fig. 4, i.e. the gap of the upper dispersive magnon 
branch. For the isotropic case, the gap of the lower 
branch is zero while the energy A + of the upper branch 
at the F-point is given by 

± + = 2z~,<~-]S~ - SRNIJNT] (3) 

with NT and Na the number of T and R-ions in the 
unit cell (for R2Fe~4B, NR/NT = 1/7) and SR=7/2 for 
Gd. With ST = 1.17 and J a T  = 1.0 meV (see above), we 
obtain A + =21.3 meV, which is in surprisingly good 
agreement with the position of the shoulder at 20 K. 
As (SR) decreases much faster with temperature than 
(ST), we expect first an increase in A + with increasing 
temperature as seen in Fig. 7. For even higher tem- 
peratures A + should pass a maximum and collapse to 
zero energy at the Curie temperature. 

If we apply eqn. (3) to the situation in GdFe2, we 
obtain A+=31 .5meV which might explain the extra 
intensity at this energy in the spectrum of Fig. 5. 
Comparing the situation of GdFe2 and GdzFea4B, how- 
ever, we want to mention that the value (ST- -SRNR/  
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Fig. 7. Inelastic neutron spectra of Gd~Fe~aB at T=20 K and 
300 K obtained with E0=250 meV for low Q-wdues. The hatched 
area indicates non-magnetic inelastic intensity as deduced from 
the spectra at high Q-values [22]. 

AfT) is negative for the first compound and positive for 
the second compound. This leads to a modification of 
Fig. 4 when applied to the R2FeI4B series. The highly 
dispersive Fe-Fe mode now starts at a lower energy 
than the R-Fe  mode with moderate dispersion. If we 
accept this modified picture, we can also understand 
why the only dispersive mode observed up to now in 
a Nd2Fe14B single crystal [18] has nearly the same spin 
wave stiffness constant as the highly dispersive mode 
in Y2Fe14B. This means that the dispcrsive mode as 
observed in both compounds (for R = Y and Nd) mus! 
be interpreted as the Fe-Fe mode. 

We now come to the discussion of the rather complex 
excitation spectra of polycrystalline samples of the whole 
R2Fe14B series [23,24]. Here the flat modes exhibit 
one-, two- and even three-peaked structures depending 
on the R-ion. In addition, there arc shoulders and low- 
intensity side peaks. A unique interpretation is still 
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determined from inelastic neutron data [24] for R = Gd ( • )  and 
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Yamada et al. [25] (V), Givord et al. [26] (A) and Radwanski 
et al. [27] (©). Also shown are the values obtained from band 
structure calculations [21]. 

missing. For  example, the two equally intense main  
peaks  o f  the excitation spect rum of  Tb2Fe14B can be 
in te rpre ted  as arising ei ther  f rom two different  exchange 
fields or  f rom two different crystal fields at the two R- 
sites or f rom a combinat ion  of  both.  Neglect ing the 
details o f  the s tructure of  the f la t -mode peaks,  however,  
we can de te rmine  the average exchange field/~ex f rom 
the average posit ion o f  the dominan t  peaks. These  
average exchange fields are shown in Fig. 8 together  
with theoret ical  results. O u r  experimental  results for 
~ex of  course,  depend  on the choice of  CF-pa rame te r s  
which, on  the o ther  hand,  cannot  be de te rmined  f rom 
the neu t ron  spectra.  We therefore  use different sets 
o f  CF-pa ramete r s  f rom different groups  (which are 
mainly derived f rom high-field magnet iza t ion  data  of  
single crystals) and mark  the values o f / ~ x  for each 
R- ion accordingly with different symbols in Fig. 8. The  
exception is again R =  Gd  where  crystal field effects 
are un impor t an t  for the in terpreta t ion o f  the neu t ron  
data.  As  already observed for the RFe2 series, we find 
ra ther  good  agreement  between exper imenta l  and the- 
oretical  values. The  latter may even serve as input  to 
identify the correct  CF-paramete r s  that  have to be used 
for the in terpreta t ion o f  the data.  
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