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Abstract 
 
Anisotropy constants are obtained from an analysis of single crystal magnetization curves 
measured up to high fields. The anisotropy of the 3d transition metal (M) sublattice is 
considered, as well as molecular exchange field coupling between the rare-earth (R) and 
transition metal sublattices (M). This procedure allows for non colinear R and M magnetic 
moments, meaning that their angles with respect to the easy axis are independent variables. 
With this approach we obtain anisotropy constants that are larger than those reported in the 
literature, which reflects the anisotropy of the isolated R sublattice. Results for Co and/or Ce 
doped Nd2Fe14B single crystals are presented, showing the influence of such substitutions on 
the magnetocrystalline anisotropy. These results indicate that the enhanced performance of 
NdFeB-based magnets co-doped with Ce and Co is due to an improvement in intrinsic 
properties. 
 
 

1. Introduction 
 
High-performance permanent magnets are critical components for modern energy 
technologies such as wind turbines and electro-mobility. Permanent magnets based on the 
Nd2Fe14B compound set the benchmark, due to their excellent magnetic properties at room 
temperature. However, for high-temperature applications, their coercivity has been 
enhanced by the addition of Dy and Tb, which are considered as highly critical elements [1, 
2]. The world’s most sought-after rare-earth elements are Nd, Pr, Dy, Tb, Y, and Eu, which are 
used in the production of magnets and luminescent materials. Owing to the chemical 
similarity of the R elements, the above-mentioned rare earths are found and mined together 
with other rare-earth elements such as Ce and La. There is much less demand for the latter 
elements and therefore an excess of them is currently available. This situation is known as 
the rare earth balance problem [3]. Ce is the most abundant rare-earth element and is the 
cheapest of all rare earths. Therefore, the development of (Ce-Nd)-based permanent magnets 
would be both cost efficient and a strategic way to utilize R resources.  
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Ce2Fe14B crystalizes in the same crystal structure as Nd2Fe14B. However, as a result of different 
valance states of the R elements, their magnetism is distinct. Whereas Nd is trivalent in 
Nd2Fe14B, Ce fluctuates between 3+ and 4+ in Ce2Fe14B [4], At room temperature, the 
saturation magnetization (Ms) of Ce2Fe14B is 23.9 μB/f.u, which is 26% lower than that of 
Nd2Fe14B; the anisotropy field (Ha) of Ce2Fe14B is 2.6 T, which is 3 times lower than that of 
Nd2Fe14B (μ0Ha =8T); the Curie temperature of Ce2Fe14B is 424 K whereas that of Nd2Fe14B is 
585 K [5]. Accordingly, the substitution of Ce in NdFeB magnets leads to a deterioration of the 
intrinsic magnetic properties. Nevertheless, by optimizing the composition and applying 
microstructure engineering, decent magnetic properties have been obtained in Ce containing 
NdFeB permanent magnets [5-9]. The effect of additional elemental substitutions to 
compensate losses resulting from Ce substitution have been reported in the literature. The 
partial substitution of Co for Fe in (Nd,Ce)-Fe-B  increases the Curie temperature, due to 
enhanced exchange interactions. On the other hand, references [10,11] report that in a 
limited substitutional range, Co preferentially occupies the 4c and 8j1 M sites, which show a 
stronger affinity with the R elements than the other M sites. DFT calculations of Co-doped 
Ce2Fe14B predict that, by altering the coordination conditions, the valance state of Ce shifts 
towards 3+ [12], and in a sweet spot concentration range of Ce and Co, improved magnetic 
properties can be obtained [13]. An enhancement of magnetic properties of Ce and Co co-
doped Nd-Fe-B magnets, especially at room temperature and above (relevant for permanent 
magnet applications) are reported in [8,13-15]. Whether the enhanced properties are related 
to microstructural effects or are intrinsic in origin i.e., enhanced magnetocrystalline 
anisotropy, has not yet been established.   
This study is dedicated to a precise determination of the magnetocrystalline anisotropy of Ce 
and/or Co substituted Nd2Fe14B compounds. While the most reliable magnetic data can be 
obtained from measurements on high quality single crystals, firstly, the synthesis and 
measurement procedures are not straightforward and secondly, they are very time 
consuming. Therefore, in recent years, modelling methods have been developed for the 
calculation of intrinsic magnetic properties [16,17]. Here we combine experimental 
measurements on single crystals of Nd2Fe14B, (Nd0.85Ce0.15)2Fe14B, Nd2(Fe0.9Co0.1)14B and 
(Nd0.9Ce0.1)2(Fe0.85Co0.15)14B with modelling based on crystalline-electric field (CEF) 
calculations and the molecular field approximation, to extract anisotropy constants.  To do 
this, we consider a two sublattice model, i.e., we consider separate contributions from the 
rare-earth (R) and from the transition metal (M) sub-lattices. This method differs from the 
vast majority of results presented in literature, as it provides anisotropy constants specific to 
the R sub-lattice, instead of mean values for the whole material, as is the case with the single 
lattice model. The validation of the two-sublattice model opens opportunities for predicting 
the magnetic properties on a wider concentration range and in even more complicated 
systems, to guide the optimization of magnet development. 
 

2. Experimental details 
 
Taking advantage of the coexistence of the desirable 2:14:1 phase and liquid R phase in the 
phase diagram of NdFeB, single crystals were grown using the “reactive flux” method [18]. 
Off-stoichiometric (Nd1-xCex)33.5(Fe1-yCoy)62.5B4 alloys with (1) x=0 and y=0, (2) x=0.2 and y=0, 
(3) x=0 and y=0.15 and (4) x=0.2 and y=0.15 were prepared by induction melting of high purity 
elements in zirconia crucibles under argon atmosphere. The precursors were sealed in an 
evacuated quartz ampule, homogenized at 1070°C for 2 days and subsequently slowly cooled 



down at a rate of 0.5K/h.  Nd-(Fe,Co)-B samples were cooled to 690°C while Ce containing 
samples were cooled to 930°C to avoid the formation of CeFe2, which becomes stable below 
this temperature. The samples were annealed for 100 hours at the final temperature and 
subsequently quenched in water. From the obtained microstructure, many needle-shaped 
single crystals were extracted (Figure 1.a). The chemical composition of the resulting 2:14:1 
single crystals was determined using Energy Dispersive X-ray (EDX) spectroscopy equipped in 
a Philips XL30 FEG Scanning Electron Microscopy (SEM). The single crystallinity and 
crystallographic orientation of the single crystals were verified using a back-scattering Laue 
camera. The isothermal magnetization up to 14 T was measured using a Physical properties 
Measurement System (PPMS 14, Quantum Design) with vibrating Sample Magnetometer 
(VSM) option along [100] and [110] crystallographic orientations at temperatures ranging 
from 10 to 300 K. For magnetization measurements at fields up to 60 T, a pulsed-field 
magnetometer built at the High-field Laboratory in Dresden-Rossendorf (HZDR), described in 
detail in [19], was used.  
 

 
Figure 1. (a) SEM image of a (Nd0.85Ce0.15)2(Fe0.9Co0.1)14B single crystal used for magnetic 
measurements. (b) The uniaxial domain structure of the 2:14:1 phase observed by MOKE 
microscope along the c-axis. (c) Laue X-ray diffraction pattern with incident beam along [100] 
of the crystal. (d) Simulated pattern of the corresponding structure given by Clip software.  
 
3. Two sublattice model  
 
The usual way to describe the magnetic properties of R-M intermetallics is to calculate 
magnetization curves based on a minimization of the energy of the system. When considering 
the expression for the total energy, different approaches can be found in the literature. The 
most common one is to consider that the M and R moments are always colinear for a given 
applied field and temperature [20]. This approach, known as the single-lattice model (SL), 
does not discriminate between the contributions to the total anisotropy and magnetization 
coming from the M and R sub-lattices individually. The physics behind the inter-sublattice 
coupling is thus somehow hidden. Furthermore, non-collinearity between M and R magnetic 
moments has been experimentally evidenced. As an example, a spin reorientation transition 



(SRT) occurring at low temperatures when R=Nd, Ho, Er, Tm and Yb, arises from the 
misalignment of M and R sublattices, with the degree of misalignment growing as the 
temperature decreases. In the late 80’s Cadogan et al. [21] proposed a new method in order 
to deduce the anisotropy constants and crystal field parameters of Nd2Fe14B, taking into 
consideration the 3d-4f exchange coupling in the total free energy expression. Based on this 
method, the authors deduced a non-colinear magnetic structure at 4.2 K.  In the same year 
Yamada et al. [22] presented a more comprehensive discussion about the effects of crystal 
and molecular field on the magnetic properties of R2Fe14B compounds. In addition to the 
exchange interaction between R and Fe sublattices, the authors consider also the first excited 
multiplet (J=11/2) of the Nd atoms, in order to calculate the anisotropy energy at finite 
temperature. The authors showed that this effect is rather small in Nd and Pr compounds. 
Explicit values of the anisotropy constants Ki were not reported. It is important to remark that 
the relationship between crystal field parameters and Ki at finite temperature is still not fully 
understood. Additional evidence comes from polarized neutron scattering and Mossbauer 
experiments, the results of which are satisfactorily explained by the noncollinearity of R and 
M moments at temperatures below the SRT, as pointed out by Herbst et al. [23].  
 
More recently Miura et al. [24] discussed the importance of considering the R-M inter 
sublattice exchange in order to correctly evaluate the temperature evolution of the magnetic 
anisotropy. The authors present a comparison between colinear and non-colinear magnetic 
moments, focusing on the effect of non-collinearity in compounds with heavy rare-earths, as 
its analysis is simpler due to the absence of a spin reorientation transition. A strategy for 
calculating the anisotropy constants is discussed, assuming a small deviation (perturbative 
approach) when non-collinearity effects are considered.  
 
Here we present a semi-classical two-sublattice model (TL), which is similar to that proposed 
by Cadogan et al. [21] and Yamada et al. [22]. In order to calculate the magnetization of the 
R sublattice at 0 K (MR) we use a similar form of the Hamiltonian proposed by those authors. 
Thus, the energy spectrum of the R atom at 0 K is obtained by taking into account the Fe-R 
exchange (molecular field) and explicitly including the first anisotropy constant of the Fe 
sublattice. The latter is introduced as a phenomenological value, assumed to be the same as 
in Y2Fe14B [25]. Quantum effects are only considered for the calculation of energy level 
splitting of the R atom at 0 K. At finite temperatures the thermal population of the different 
energy levels is set assuming a Boltzmann distribution. No J-mixing effects at finite 
temperatures are considered. As has been demonstrated by Yamada et al. the contribution 
of excited states at finite temperature are negligible for Nd compounds.     
 
We consider that, when a magnetic field is applied along the hard direction at a given 
temperature, the individual M and R magnetic moments are free to rotate independently, 
within the plane containing the magnetic field vector. The total energy of the system under 
the applied field is given by the expression:  
 

𝐸 = 𝐸# + 𝐸%&'( + 𝐸)                                                       (1) 
 

Where 𝐸# is the anisotropy energy, 𝐸%&'( is the exchange energy between the two sublattices 
due to the molecular field and 𝐸) is the Zeeman energy. The anisotropy energy of a tetragonal 
structure, due to the CEF, is described in terms of the direction cosines: 



 
𝐸# = 𝐾+ sin/ 𝜗+ + 𝐾1 sin/ 𝜗2 + (𝐾/ + 𝐾/4 cos 4𝜑) sin: 𝜗2 + (𝐾; + 𝐾;4 cos 4𝜑) sin< 𝜗2        (2) 
 
Where 𝐾+ is the second order anisotropy constant of the transition metal, as obtained 
experimentally for Y2Fe14B [25].	𝐾1, 𝐾/ and 𝐾; are the second, fourth and sixth order 
anisotropy constants of the rare earth, respectively. 𝐾/4  and 𝐾;4  are the fourth and sixth order 
anisotropy constants associated with basal plane anisotropy. 𝜗+ and 𝜗2  are the angles 
between the easy axis of magnetization (c-axis) and the M and R magnetic moments, 
respectively. Finally, 𝜑	is the angle formed by the [100] direction and the basal plane 
projection of the magnetization.  
 
The exchange energy can be written as: 
 

𝐸%&'( = −𝑛2+〈𝑀+〉C〈𝑀2〉C cos(𝜗+ − 𝜗2)            (3) 
 
Where 〈𝑀+〉C  is the magnetization of the M sublattice at temperature T, deduced from the 
Ms(T) curve of Y2Fe14B, using the Kuz’min formula [26,27] with s=0.6 and the Curie 
temperature, Tc, calculated following the procedure described in [17]. 〈𝑀2〉C  is the thermal 
average of the R magnetization at temperature T, calculated from the total angular moment 
of the R atom at zero temperature [16]. The exchange constant 𝑛2+ represents the molecular 
field interaction, with the molecular field acting on the R spin moment [28].   
 
Assuming that the in-plane projection of Ms is always aligned with the in-plane direction of 
the magnetic field, the Zeeman energy, 𝐸), is given by the usual expression: 
 

𝐸D = 𝑩FGG ∙ 𝑴J = −𝐵FGG[〈𝑀+〉C sin 𝜗+ + 〈𝑀2〉C sin 𝜗2]    (4) 
 
All the energy terms above can be extended to a second R atom, as described in [17].  
 
In order to reproduce the experimental conditions, we need to set 𝜑 to a proper value. For 
the magnetic field applied along the [100] direction 𝜑 = 0, so that the anisotropy energy (eq. 
(2)) becomes: 
 

𝐸# = 𝐾+ sin/ 𝜗+ + 𝐾1 sin/ 𝜗2 + 𝐾/O sin: 𝜗2 + 𝐾;O sin< 𝜗2     (5) 
 
Where 𝐾PO = 𝐾P + 𝐾P4	; 𝑖 = 2,3.	 In a similar way, for the field applied along the [110] direction 
(𝜑 = 𝜋/4), the anisotropy energy becomes: 
 

𝐸# = 𝐾+ sin/ 𝜗+ + 𝐾1 sin/ 𝜗2 + 𝐾/Y sin: 𝜗2 + 𝐾;Y sin< 𝜗2     (6) 
 
Where 𝐾PY = 𝐾P − 𝐾P4	; 𝑖 = 2,3.	  
 
Thus, by reproducing the experimental plots we are able to determine the 𝐾P

± constants via 
a fitting process, so that the individual values for all the R anisotropy constants can be 
obtained. In order to do that, for each temperature and direction we adjust the values of 
three fitting parameters, namely	𝐾1, 𝐾/

± and 𝐾;
±, in order to obtain a curve that best 

reproduces the experimental magnetization curve. For a given field, the total energy is 



numerically minimized in terms of 𝜗+ and 𝜗2  as independent variables. Then, the total 
magnetization (MT) is calculated as the summation of the in-plane projection of M and R 
magnetization, for the critical value of the angles, 𝜗+'  and 𝜗2' : 
         

𝑀C = 𝑀+ sin 𝜗+' + 𝑀2 sin 𝜗2'        (7) 
 
In the next sections we apply the method described above in order to determine the 
anisotropy constants of the four single crystal samples described in the experimental section.   
 
 
4. Nd2Fe14B single crystal 
 
M(H) curves were analyzed by using the TL method described in the previous section. In Fig. 
2 we show the results of the calculated curves at 10 and 300 K. Thermal expansion of the 
crystal lattice are neglected, since the thermal expansion of the compound is about 0.6% in 
the temperature range of interest [29].  Firstly 𝐾1, 𝐾/Oand 𝐾;Oparameters are adjusted to fit 
the curve along the [100] direction. At low temperature, specifically below the spin 
reorientation temperature, TSR, the fitted curved is calculated respecting the initial 
magnetization (µ0H=0), the critical field and the critical magnetization just before the first 
order magnetization process (FOMP). Then, while keeping the same value of  𝐾1, the 
parameters 𝐾/Yand 𝐾;Y are varied to calculate M(H) along the [110] direction. The same 
procedure is followed for the other temperatures. In Fig. 2 we show calculated (black 
continous lines) and measured magnetization curves along the [100] direction (blue open 
symbols), [110] direction (red open symbols) at 10 K and 250 K. We can see that the in-plane 
anisotropy is still present at 250 K. Some anisotropy is also detected at 300 K (not shown). In 
general, the agreement between calculated and measured curves is very good. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Open symbols: M(H) curves measured on a single crystal of Nd2Fe14B at 10 K and 
250 K, along the [100] (blue) and [110] (red) directions. The black lines are calculated curves 
(see text).  
 
 
 
By combining the fitting parameters 𝐾POand 𝐾PY	obtained at a given temperature, individual 
values of the anisotropy constants 𝐾/, 𝐾/′, 𝐾;	and 𝐾;′	are obtained, as shown in Fig. 3. At 
about 150 K, near TSR, 𝐾1 changes sign from negative to positive.  Above 150 K 𝐾1 becomes 
positive and is much larger than all the other constants at RT, consistent with the uniaxial 
anisotropy character of the material at TSR≤ T≤ Tc. At lower temperatures the dominant terms 
are the higher order constants 𝐾/, 𝐾/′, 𝐾; and 𝐾;′. Anisotropy constants from Bolzoni et al. 
[20] (open symbols), extracted from a SL model, are also included in Fig. 3. Similar results 
were reported by Cadogan et al. [21] and Yamada et al. [22]. At low temperature, the absolute 
values of the anisotropy constants obtained with our TL model are significantly higher than 
those obtained from SL models. For the sake of comparison, we also reanalysed our M(H) 

T= 10 K 

T= 250 K 



data by using our own SL model, as shown by dashed lines in Fig. 3. To perform those 
calculations, we modified equations (2) and (3) by neglecting inter-lattice exchange and 3d 
anisotropy contributions to the total energy (Eq. (1)). Also, colinearity between R and M 
moments was imposed, i. e.	𝜗2 = 	𝜗+ = 𝜗, which is equivalent to having nRM tending to 
infinity. The uniaxial anisotropy constants 𝐾1, 𝐾/ and 𝐾;, obtained by our SL model are in fair 
agreement with Bolzoni et al. [20] However, for the in-plane constants 𝐾/′ and 𝐾;′our SL 
model leads to slightly higher absolute values. 
 
Focusing on the TL model, larger values of the anisotropy constants can be expected, as the 
anisotropy of the M sublattice is much smaller than that of the R sublattice. This creates a 
tendency for the M moments to rotate towards the direction of the applied field faster than 
the R moments. This idea is supported by the evolution of M and R critical angles (see Fig. 4), 
obtained during the calculation of the magnetization curves of Fig. 2.  Below the saturation 
field, the curves corresponding to 𝜗2'  (red) are below the curve of 𝜗+'  (blue). Thanks to 
exchange coupling between the two sublattices, the larger anisotropy of the R atom prevents 
the rotation of both R and M magnetic moments. Saturation of magnetization (total rotation) 
happens only when the magnetic field is intense enough to rotate R moments.  It is important 
to note that the contribution to the total magnetization coming from the M sublattice is at 
least five times larger than that coming from the R sublattice. This means that very large 
anisotropy energy is required in the R sublattice in order to prevent rotation of the total 
magnetization induced by the applied field. The anisotropy constants obtained by the SL 
method are representative of the compound as a whole, rather than the anisotropy of the R 
sublattice, as in the TL model presented here. Attempts to model the temperature 
dependence of the anisotropy constants, based on the formalism of Stevens’ operators, have 
led to higher values of the anisotropy constants at very low temperatures compared to values 
obtained experimentally [16]. This can be explained by the fact that for such calculations, the 
angle of the R and M magnetic moments are treated as independent variables (non-
collinearity). This means that the predicted values in the literature are related solely to the R 
sublattice, whereas the experimental values are obtained for the material as a whole. Thus, 
our new approach to extract the anisotropy constants by using a TL model seems more 
appropriate in order to directly compare calculated and experimental values (see reference 
[16] for instance). 
 



Figure 3. Anisotropy constants as a function of the temperature of a Nd2Fe14B single crystal, 
extracted from a TL model (solid symbols) and from a SL model (dashed lines) and those 
reported by Bolzoni et al. [20] from a SL model (open symbols). Solid lines are a guide to the 
eye. 
 
Monte Carlo calculations of the magnetic properties of Nd2Fe14B, considering a TL model, 
have been reported by Toga et al. [30] and Gong et al. [31]. Concerning anisotropy constants, 
both authors compare their calculated values with experimental data from K. D. Durst and H. 
Kronmuller [32] (only K1 and K2 anisotropy constants are presented). In Toga et al. and Gong 
et al. the calculation of the anisotropy constants is done by considering a total energy 
expression characteristic of a TL model. In contrast, the values reported by Durst and 
Kronmuller were extracted from a SL model. A very good agreement between TL calculations 
and SL experimental data is found in both publications, which is somewhat surprising. In our 
work we make a direct comparison between TL and SL lattice models, including results from 
Bolzoni et al. [20], which are in agreement with those of Durst and Kronmuller. A significant 
difference in our results obtained from the two different models was found, especially at low 
T (Fig. 3).  
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Figure 4. Evolution of the critical angle of Fe and Nd moments as a function of the magnetic 
field at 10 and 250 K, along the [100] (solid lines) and [110] (dashed lines) directions.  
 
 
5. Ce and Co dopping 
 
In this section we present additional results concerning the anisotropy constants of the three 
dopped single crystals with the chemical compositions of (Nd0.85Ce0.15)2Fe14B (hereafter 
referred as NdCeFeB), Nd2(Fe0.9Co0.1)14B (NdFeCoB) and (Nd0.85Ce0.15)2(Fe0.9Co0.1)14B (NdCeFeCoB), 
determined by EDX analysis. In order to analyze samples with Ce we assume that Ce atoms 
make no contribution to the total anisotropy, nor to the total magnetization. This idea is 
supported by the temperature evolution of the anisotropy energy of Ce2Fe14B, which is very 
similar to that of Lu2Fe14B, which contains non-magnetic Lu [33,34]. We set all the anisotropy 

T= 10 K 

T= 250 K 

[100] 
 

[100] 
 

[110] 
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constants of Ce to zero, and as in the case of Nd2Fe14B, we consider that the contribution of 
the 3d sub-lattice is the same as the anisotropy energy of Y2Fe14B. Due to the delocalized 
character of the 4f electron of Ce, the saturation  magnetization of Ce2Fe14B is slightly lower 
than that of the latter. Thus, we make a correction to the 3d sublattice magnetization: 
	

𝑀;\ = 𝑀]^(1 − 𝑥a^) + 𝑥a^𝑀a^ 
 
where MFe=30.8µB and MCe=30µB stand for the saturation magnetization of Y2Fe14B and 
Ce2Fe14B compounds, respectively. The reported value of the magnetic moment of Ce is 
extremely low (µa^ ≈ 0.1µd) [35]. Accordingly, the R magnetization is reduced by an amount 
proportional to the Ce content: 

𝑀2 = 𝑀e\(1 − 𝑥a^)      (8) 
 
where the magnetization of Ce is taken to be zero. After these corrections, we calculate M(H) 
curves at different temperatures in order to obtain the corresponding anisotropy constants 
of Ce dopped single crystals. For the calculation we neglect the rather small changes in 
volume due to Ce and Co doping, which are of the order of 0.5% [10,36]. In Fig. 5 and 6 we 
show the uniaxial anisotropy constants K1 to K3 and the in-plane constants K2’ and K3’, 
respectively.  
 
Since the values of K1 are affected by those of K2 and K3 at finite temperature, as 
demonstrated by  Miura et al. [37], we present in Fig. 7 the temperature evolution of the 
uniaxial contribution to the total anisotropy energy (K1+K2+K3) separated from the in-plane 
contribution (K2’+K3’). As a general trend, the in-plane component of the anisotropy energy 
quickly decreases with increasing temperature. Above TSR the uniaxial component dominates 
the total anisotropy energy whereas the in-plane component almost vanishes.  
 
For the NdCeFeB single crystal, we see that the overall behaviour of the uniaxial anisotropy 
contribution closely follows that of the NdFeB parent single crystal for almost the whole 
temperture range, except for temperatures below 50 K.  The uniaxial character of the 
compound is preserved. The in-plane anisotropy is significantly reduced by Ce substitution. 
At RT the largest reduction of the uniaxial energy  is detected for this single crystal (see inset 
in Fig. 7). 
 
The results for the NdFeCoB single crystal show that doping with Co significantly decreases 
the absolute value of all the anisotropy constants at low temperatures, and so the total 
uniaxial anisotropy. However, a small increase of the uniaxial energy at RT is observed (see 
inset of Fig 7). This result is consistent with the literature, as some beneficial effect of Co 
substitution is observed up to  ≈ 15%, atributted to the preferential substitution of Co on 
the six non-equivalent M-sites [38]. It is important to remark that this increased anisotropy is 
due to the 3d lattice, rather than the R element. However, in our calculations, this increase of 
3d anisotropy is not included in the model so that it is reflected in the value of the anisotropy 
constants of Nd. Concerning the in-plane anisotropy, it is reduced as much as for the Ce doped 
compound. 
 
The double substituted NdCeFeCoB single crystal shows a very interesting behaviour. At low 
temperature the presence of Ce and Co results in an increase of the absolute value of the 



uniaxial energy. At RT the lost anisotropy due to Ce dopping is partially recovered by the 
addition of Co. This is an important result for applications, as permament magnets with 
acceptable properties can be produced at a lower cost.  Surprisingly, the in-plane contribution 
to the anisotropy energy closely follows that of the undoped sample. 
 
As mentioned above, in Co substituted samples, Co shows a preference to occupy 4c, 8j1 and 
16k2 sites [10,11]. The 4c and 8j1 sites are the most influenced by R atoms,  as they are 
surrounded by 4 and 3 of them, respectively. In addition, it has been shown in the literature 
that, Ce dopant tends to occupy 4g sites in the Nd2Fe14B crystal structure [39], the volume of 
which is smaller than that of the 4f sites, preferred by Nd. The contribution to the total 
anisotropy coming from the 4f sites has been reported to be much larger than that of 4g sites 
[40]. The combined effect of the two substitutions described above explains the preservation 
of the anisotropy of the Nd2Fe14B compound when a small amount of Ce and Co is introduced. 
 It appears also that the proximity between Ce and Co at low concentrations is beneficial for 
the anisotropy of the compound, as signaled by Alam et al [12]. Our results show that the 
modification of the individual anisotropy constants due to Ce and Co co-dopping is rather 
complicated. As a general remark, we observe that this double substitution produces a 
material with good potential for applications above RT.  
 



 

 
 
 
 
Figure 5. Evolution of the uniaxial anisotropy constants, K1 (top), K2 and K3 (bottom), as a 
function of temperature. Results are presented for four different single crystals Nd2Fe14B 
(black), (Nd0.85Ce0.15)2Fe14B (red), Nd(Fe0.9Co0.1)14B (green) and (Nd0.85Ce0.15)2(Fe0.9Co0.1)14B 
(blue). Lines are a guide to the eye. 
 
 
 



 
Figure 6. Evolution of the in-plane anisotropy constants, K2’ and K3’, as a function of 
temperature. Results are presented for four different single crystals Nd2Fe14B (black), 
(Nd0.85Ce0.15)2Fe14B (red), Nd(Fe0.9Co0.1)14B (green) and (Nd0.85Ce0.15)2(Fe0.9Co0.1)14B (blue). 
Lines are a guide to the eye. 
 

  
Figure 7. Evolution of uniaxial and in-plane anisotropy energies as a function of the 
temperature.  Results are presented for four different single crystals Nd2Fe14B (black), 
(Nd0.85Ce0.15)2Fe14B (red), Nd(Fe0.9Co0.1)14B (green) and (Nd0.85Ce0.15)2(Fe0.9Co0.1)14B (blue). 
Lines are a guide to the eye. 
 
 
 
 
 



Conclusions 
 
By applying a two sublattice model to fit experimental M(H) curves measured on single 
crystals, we extracted anisotropy constant values specific to the R sublattice. The anisotropy 
of the R sublattice is much stronger than previously reported based on single lattice 
extraction, and is in qualitative agreement with first principle calculations. A detailed analysis 
of the effect of Co and/or Ce substitution in the parent Nd2Fe14B compound was presented. 
Surprisingly, a small amount of Ce does not signifcantly change the uniaxial anisotropy 
constants. At room temperature, Ce reduces the uniaxial anisotropy of the material. Co 
substitution deteriorates the anisotropy and magnetization of the material below 200 K, but, 
remarkably, at room temperature, the substitution of a small amount of Co is benefitial for 
the anisotropy and total magnetization. Following the general trend, this benefitial effect is 
expected to persist to higher temperatures. In the studied range of temperatures, the 
inclusion of Co in the Ce susbtituted sample helps to partially recover the lost uniaxial 
anisotropy. This result shows that the enhancement in the performance of NdFeB based 
magnets resulting from the simultaneous subsistution of Ce and Co, is due to an inprovement 
in the material’s intrinsic properties. Our approach of extracting anisotropy constants from 
single crystal measurements may be used to guide the development of permanent magnets 
which are less dependent on critical materials.  
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