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A B S T R A C T   

The physical properties of the extensively studied Fe2P material family, well-known for its promising magne-
tocaloric qualities are greatly influenced by the unit-cell parameters of this hexagonal system. This sensitivity of 
the various magnetocaloric properties to structural parameters is particularly important for developing a ma-
terial suitable for room-temperature magnetic refrigeration. A change in the unit cell, due to added elements can 
induce pronounced changes in the Curie temperature and the nature of the magnetic phase transition. Li belongs 
to a yet unexplored group of possible dopant elements – alkali metals, and exhibits an unusual behavior upon 
introduction to Fe2P. We observe a preference to replace iron atoms, as opposed to the common tendency of non- 
magnetic dopants to replace phosphorus, leading to a strong influence on the magnetic structure. The addition of 
Li introduces a deformation of the unit cell with a small change in volume and a decrease in c/a ratio, while the 
same crystallographic phase is maintained over a relatively wide concentration range. We show that lithium has 
an exceptionally strong effect on the Curie temperature of Fe2P reaching 800 K at 20% Li compared to 240 K for 
the undoped material.   

1. Introduction 

The concept of magnetic refrigeration is based on the magnetocaloric 
effect (MCE) defined as the reversible temperature change of the mag-
netic material upon adiabatic magnetization or demagnetization. This 
technique has great potential for being an environmentally friendly and 
energy-efficient replacement for the current vapor-cycle refrigeration 
technology [1,2]. Many theoretical and experimental studies on Fe2P 
based compounds were reported over the past decades [3–5]. These 
materials remain, along with La(Fe,Co,Si)13 and La(Fe,Mn,Si)13H, 
among the most promising candidates for room temperature magnetic 
refrigeration. Among the definite advantages of the Fe2P family are a 
small hysteresis, a large adiabatic temperature change and a high 
magnetic entropy change, as well as the possibility to tune the ferro-
magnetic (FM) to paramagnetic (PM) transition temperature by varying 
the composition of the material [6,7]. 

The ability to fine-tune TC is especially important for practical ap-
plications, both for cooling and energy conversion purposes. The mag-
netic and magnetocaloric properties of these materials are heavily 
influenced by the lattice parameters [8]. This stems from the mixed 
magnetism [9] observed in Fe2P-based materials, where the magnetic 

structure has two different magnetic sublattices with large and moderate 
moments. The recent experimental measurement suggests values of 
2.05μB and 0.8μB at 10 K [10]. The exchange interaction varies greatly 
for different Fe–Fe pairs, depending on the distances between the 
respective atoms. This, in combination with the fact that the strongly 
magnetic sublattice enhances the weaker magnetic sublattice, leads to a 
large sensitivity of the magnetism to structural changes. Previously, 
several approaches were tested to control TC in this material system, 
while maintaining the optimal magnetocaloric properties, through 
substitutions and additions of elements such as Si, As, B [11–13]. These 
theoretical and experimental studies revealed that a decrease in the c/a 
ratio causes an upward shift of TC. 

In this work, the effect of lithiation of Fe2P on the magnetization, 
critical temperature and structural parameters has been investigated 
within the framework of the density functional theory. Pure Fe2P was 
selected instead of (Mn,Fe)2(P, Si) to minimize the number of possible 
factors of interest during the modelling. Since the materials within this 
family tend to share common features the trend observed for Fe2P is 
expected to be transferable to its more complex relatives. 
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2. Computational details 

First-principles electronic structure calculations in the framework of 
the density functional theory (DFT) were performed. The Vienna 
ab initio simulation package (VASP) [14,15] in the projector augmented- 
wave (PAW) method [16,17] was employed to perform the DFT calcu-
lations using the generalized gradient approximation of Perdew-Burke- 
Ernzerhof (PBE) [18] for the exchange-correlation functional. In all 
calculations the Fe 1s,2s, 2p,3s and 3p were treated as core electrons. 
And for P the 1s,2s, and 2p were treated as core electrons. Lastly, for Li, 
the 1s electrons were kept frozen. The structural degrees of freedom 
were fully relaxed on a Γ-centred k-grid of 7× 7× 11. The k-space in-
tegrations were performed with the Methfessel-Paxton method [19] of 
second order with a smearing width of 0.05 eV. The lattice parameters 
and atomic positions were relaxed for a force convergence tolerance of 
0.1 meV/Å, while for total energies the tolerance was 1 μeV. The kinetic 
energy cutoff was set at 600 eV for (Fe,Li)2P and 450 eV for Fe2P. 

The starting material Fe2P has P62m symmetry (space group 189) 
and a hexagonal structure with two crystallographic sites (3g, 3f) 
occupied by Fe atoms and two sites (2c, 1b) occupied by P atoms, see 
Fig. 1. The undoped unit cell of Fe2P consists of three formula units with 
lattice parameters a = 5.811 Å and c = 3.419 Å, as obtained after 
optimization (in agreement with the experimental values a = 5.867 Å, 
c = 3.458 Å reported in Ref. [20]). The Fe atoms on the two crystallo-
graphic sites are magnetic with 3g being strongly magnetic and 3f 
moderately magnetic. As a result, Fe2P exhibits mixed magnetism as 
mentioned before. 

In order to study the effect of Li doping on Fe2P, a 2 × 2 × 2 supercell 
was utilized. Lithiation was modelled in the following way: a set of 
computations was performed with a single Li atom placed on various 
possible atomic sites in the supercell, comparing the resulting energies 
to determine the optimal position for the first Li. The same process is 
then repeated for each subsequent Li atom, covering a doping range 
from 0% to 25% in steps of ∼ 2%. 

In order to model the PM state, a smaller 2 × 2 × 1 supercell was 
doubled along the z direction, again making a 2 × 2 × 2 supercell, but 
this time an antiparallel magnetic ordering was imposed: Moments in-
side each 2 × 2 × 1 layer were aligned in the same direction, whereas 
the moments in adjacent 2 × 2 × 1 layers were opposite. Thus one has 
alternating spin-up and spin-down blocks along the c direction forming 
an AFM structure with a total magnetic moment of zero (see Supple-
mental material). Such approximation is deemed reasonable for Fe2P in 
[21]. This specific AFM supercell was chosen as the one with the lowest 
energy after a set of energy calculations for various AFM configurations. 
Experimental data for this system shows that the Fe moment decreases 
as temperature increases further above TC [22,23]. This indicates the 
presence of short-range order closely above the transition temperature, 
which vanishes at higher temperatures, leading to a purely para-
magnetic state. Therefore we consider AFM structures with low mag-
netic moments as most reasonable approximation of the PM state. Tested 
structures include 2 × 2 × 2 supercell with antiparallel alignment be-
tween unit cells in a-direction, in checkerboard pattern (both within ab- 

plane and across c-direction) and possible periodicities of the antipar-
allel alignment along c-direction in a 1 × 2 × 4 supercell. 

The size of supercell determines the number of Fe atoms available for 
substitutions and consequently the precision of doping steps. The choice 
of 2 × 2 × 2 supercell with the antiparallel layers (c-direction) therefore 
leads to a bigger step in Li doping (4%), as spin-up and spin-down layers 
must have the same atomic composition, only with an opposite direction 
for the magnetic moments. 

3. Results and discussion 

To investigate site preference for lithiated Fe2P one Li atom was 
placed on either of the four possible crystallographic sites of the Fe2P 
unit cell or on interstitial positions. The interstitial positions were 
included to account for the scenario reported for boron atoms in the case 
of MnFe(P,As,B) [24,25]. Energies are presented for three such inter-
stitial positions: 6k,6j and 2d. Calculations with the inclusion of Li on 
other possible positions failed to converge to a stable structure. The 
energy cost Ef of forming the lithiated compound is calculated as the 
difference between the energies of the lithiated (Elithiated) and pure (Epure) 
compounds minus the chemical potential of the Li atom (μLi) plus the 
chemical potential of the atom s that Li substitutes for (μs), if applicable. 
So it is 

Ef = Elithiated + μs −
(
Epure + μLi

)
(1)  

in case of a substitution and 

Ef = Elithiated − Epure − μLi (2)  

if Li goes to an interstitial site. Chemical potentials are obtained by first 
optimizing BCC iron, BCC lithium and tetrahedral phosphorus and then 
taking the total energy per atom. 

According to the results obtained after full structural relaxation 
(Table 1) lithium prefers to occupy the 3g positions replacing iron, 
contrary to the usual preference for non-magnetic atoms to replace 
phosphorus or reside on interstitial positions. A preference for the 3g 
positions is maintained for the whole range of Li doping. This is likely 
due to the large size of the Li atom, as the 3g site has the biggest dis-
tances to neighbouring atoms, allowing for the inclusion of lithium with 
the smallest deformation of the unit cell. As can be seen from Fig. 2, 
during lithiation subsequent replacements occur for atoms that already 
have Li as their neighbour in the same plane (results for every step of 
lithiation can be found in the Supplemental material). 

The evident non-random nature of the substitutions has several 
consequences: firstly, the tendency to prefer positions on the same 3g 
plane affects the magnetic interactions of the compound during lith-
iation, as will be described in detail in the following. Secondly, the 
formation of Li clusters leads to destabilization of the Fe2P structure, 
thereby limiting the maximum amount of lithium that could be intro-
duced in the system. According to the calculations, it is favourable for Li 
to enter Fe2P, replacing up to 25% of the iron atoms (for higher con-
centrations Ef becomes positive). This, however, is only valid if no 

Fig. 1. Schematic representation of Fe2P.  

Table 1 
Energy cost of forming lithiated compound 
for different site choices of Li substitution.  

Position Ef (eV)  

3g (Fe2)  − 2.65 
3f (Fe1)  − 1.96 
6k (I)  − 0.71 
2d (I)  − 0.71 
6j (I)  − 0.61 
2c (P1)  0.8 
1b (P2)  0.8  
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secondary phases are taken into account. Fe2− xLixP is likely to decom-
pose into tetragonal Fe3P and LiP at even lower Li content with some 
other possibilities as described in Ref. [26]. 

The process of lithiation is accompanied by an overall decrease in the 
magnetization as the iron atoms on the 3g positions, which carry the 
biggest moment of about 2.23μB, are replaced by non-magnetic Li 
atoms. The remaining Fe atoms on the 3g positions have their average 

moment progressively lowered to 1.99μB. The average moment on the 3f 
position is gradually decreasing from 0.83μB to 0.66μB, as the 3g sub-
lattice is disrupted. This can be explained by the fact that lithiation 
creates a non-magnetic buffer between the magnetic sublattices and 
effectively weakens the corresponding exchange interactions respon-
sible for the mixed magnetism. 

Preliminary experimental results indicate that small amounts of Li 
cause a sharp increase in the Curie temperature both for Fe2P and for 
(Fe, Mn)2(P, Si) [27]. Details on experimental results can be found in the 
Supplemental material (Table S1). In order to verify this observation and 
estimate the transition temperature at different stages of lithiation the 
approach described in [28,29] was used. The mean-field approximation 
allows evaluation of the critical temperature by the (positive) total en-
ergy difference ΔE between the disordered state and the ordered ferro-
magnetic state. This energy difference is obtained by calculating total 
energies for the system in the AFM (EAFM) and the FM (EFM) state. Thus 
we calculate TC as 

TC =
2

3(1 − n)
ΔE
kB

=
2

3(1 − n)
( − EFM + EAFM)

kB
(3)  

where n is the concentration of the non-magnetic elements. This 
simplified approach was used as a fast method to qualitatively estimate 
the effect of lithiation on TC. Furthermore, due to the presence of two 
magnetic sites and the gradual introduction of Li, which disrupts crystal 
and magnetic symmetry of the system, the commonly used method to 
calculate TC by mapping energies onto an effective Hamiltonian be-
comes rather cumbersome to utilize. Even with this approximation, the 
resulting Curie temperature for Fe2P of 236K lies quite close to the 
experimental value of 217 K [30]. This indicates a reasonably good 
balance between computational effort and the obtained result for this 
method. While this mean field formulation shows reasonable agreement 
for certain systems [31,29], it is known to lead to significant errors in the 
calculated TC for systems with short-range exchange interactions 
strongly diluted with non-magnetic elements [32]. In the case of 
Fe2− xLixP, technically 25% (half of the 3g positions occupied in 2 × 2 ×

1 supercell) substitution is still above the percolation threshold, but the 
preference of Li for clustering discussed above, together with the fact 
that the 3g sublattice plays a major role in forming magnetic ordering in 
this system makes the TC obtained for high percentages of Li less reliable 
and likely to be overestimated. The calculated values of TC for different 
amounts of Li are presented in Fig. 3. The introduction of Li causes a 
sharp linear increase in TC, which continues until a maximum TC of 

Fig. 2. Progress of lithiation for the 3g position in Fe2− xLixP shown for sub-
stitutions of 2(a), 4(b), 8(c) and 12(d) Fe atoms by Li. The colourmap indicates 
the energy of the substitution for this doping step. Energies are relative to the 
energy of the most preferred position (dark orange) at each step. Li atoms are 
marked with lilac circles. The structural deformation is not depicted 
for simplicity. 

Fig. 3. Dependence of the critical temperature TC and average magnetic 
moment of Fe on both sites as a function of the lithium content. Lines are a 
guide to the eye. 
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about 900 K is reached when 16.7% of the iron atoms are replaced by Li. 
For higher Li substitutions TC slowly decreases. Thus, Li substitutions 
show the largest increase in TC among all substitutions reported for this 
compound [13] with a rate of approximately 45 K/at.% 

The change in lattice parameters as a result of the lithiation is pre-
sented in Table 2. An increase in lattice parameter a and a decrease in c 
leads to a decrease in the c/a ratio, while the volume of the unit cell 
exhibits a slight increase (Fig. 4). The changes in the unit cell volume are 
rather small since the deformations in the ab plane and along the c axis 
partially compensate for each other. As presented earlier, in the later 
stages of the lithiation the Li atoms occupy most of the positions in one 
of the 3g sublayers in the supercell, and therefore the last few sub-
stitutions no longer cause further deformations. As a result, the calcu-
lated values for the a parameter remain practically constant in these 
later stages. 

Both an increase in volume and a reduction in the c/a ratio were 
previously reported as factors that lead to a higher critical temperature 
in Fe2P-based materials [13], and Fe2− xLixP appears to follow this trend. 
This effect is further studied in [33], where heavy dependence of the 
metamagnetic transition of 3f species on the local environment is 
demonstrated. The variation in the Curie temperature is primarily 
controlled by the change in c/a ratio, and the main source of this vari-
ation in the case of Fe2− xLixP can be linked to the distance between 
magnetic sublattices. The exchange parameters in this system greatly 
decrease with the distance as shown in [34]. Among them the parame-
ters for interlayer 3g-3f and 3g-3g interactions are most affected by 
structural changes. As Li replaces Fe on the 3g position, the decrease in c 
parameter leads to the enhancement of the interlayer interactions 
which, in turn causes to an increase in TC. As seen from Figs. 3 and 5 for a 
moderate lithiation the changes in critical temperature can be correlated 
directly to the variation in c/a ratio. 

4. Conclusions 

In this paper, we have investigated the effect of lithium doping on the 
magnetic and structural properties of Fe2P by first-principles calcula-
tions. Two magnetic sublattices, one with a large moment (2.33μB on the 
3g positions) and the other with a moderate moment (0.83μB on 3f 
positions) are present in Fe2P system. It is found that Li partially sub-
stitutes Fe on the 3g site. For Fe2− xLixP we present the development of 
the Curie temperature and the magnetic moments on the Fe sites as a 
function of the Li content. Since Li prefers the 3g positions a relatively 
large magnetic moment is lost on each substitution, causing an overall 
reduction in the magnetization. The formation of Li clusters at higher 
doping content further disrupts magnetic structure. At the same time 
even a small amount of lithium doping leads to a drastic increase in TC. 
This is primarily the result of structural changes, in the c/a ratio in 
particular, as the c parameter decreases with increasing Li content, 
whereas the a parameter increases. 

This study offers a novel route to optimize critical temperature and 
confirms the extreme sensitivity of the magnetic properties of the Fe2P 
based material family to structural changes, demonstrating the impor-
tance of a proper understanding of the doping mechanism for the 
development of these magnetocaloric materials. 
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Table 2 
Structural parameters and average magnetic moments of Fe on the 3g and 3f 
sites during the lithiation of Fe2P.  

Li (at.%) a (Å) c (Å) V (Å3) c/a  〈μ3g〉 (μB) 〈μ3f 〉 (μB)

0 5.81 3.42 99.98 0.588 2.23 0.83 
4.2 5.83 3.42 100.23 0.586 2.17 0.83 
8.3 5.85 3.41 100.46 0.583 2.13 0.81 
12.5 5.85 3.40 100.71 0.580 2.10 0.78 
16.7 5.88 3.39 100.99 0.577 2.06 0.75 
20.8 5.88 3.38 101.35 0.575 2.02 0.71 
24 5.88 3.36 101.53 0.571 1.99 0.66  

Fig. 4. Dependence of the c/a ratio and the volume V on the lithium content. 
Lines are a guide to the eye. 

Fig. 5. Dependence of the critical temperature on the c/a ratio. The lithium 
content is labelled for each point. Lines are a guide to the eye. 

I. Batashev et al.                                                                                                                                                                                                                                



Journal of Magnetism and Magnetic Materials 537 (2021) 168179

5

Acknowledgement 

The authors thank Mischa van Diepen and Kelvin Lindeborg for their 
assistance. This work is part of the research project number 16VAL56, 
which is financed by the Dutch Research Council (NWO). 

Appendix A. Supplementary data 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.jmmm.2021.168179. 

References 

[1] E. Brück, Developments in magnetocaloric refrigeration, J. Phys. D Appl. Phys. 38 
(23) (2005) R381–R391, https://doi.org/10.1088/0022-3727/38/23/R01. 

[2] K. Gschneidner, V. Pecharsky, Thirty years of near room temperature magnetic 
cooling: where we are today and future prospects, Int. J. Refrig. 31 (6) (2008) 
945–961, https://doi.org/10.1016/j.ijrefrig.2008.01.004. 

[3] D.T. Cam Thanh, E. Brück, N.T. Trung, J.C.P. Klaasse, K.H.J. Buschow, Z.Q. Ou, 
O. Tegus, L. Caron, Structure, magnetism, and magnetocaloric properties of 
MnFeP1− xSix compounds, J. Appl. Phys. 103 (7) (2008) 07B318, https://doi.org/ 
10.1063/1.2836958. 

[4] E. Brück, M. Ilyn, A. Tishin, O. Tegus, Magnetocaloric effects in 
MnFeP1− xAsx-based compounds, J. Magn. Magn. Mater. 290–291 (2005) 8–13, 
https://doi.org/10.1016/j.jmmm.2004.11.152. 

[5] H. Yamada, K. Terao, First-order transition of Fe2P and anti-metamagnetic 
transition, Phase Trans. 75 (1–2) (2002) 231–242, https://doi.org/10.1080/ 
01411590290023120. 

[6] N.H. Dung, L. Zhang, Z.Q. Ou, E. Brück, Magnetoelastic coupling and 
magnetocaloric effect in hexagonal Mn-Fe-P-Si compounds, Scr. Mater. 67 (12) 
(2012) 975–978, https://doi.org/10.1016/j.scriptamat.2012.08.036. 

[7] X.F. Miao, L. Caron, P. Roy, N.H. Dung, L. Zhang, W.A. Kockelmann, R.A. de Groot, 
N.H. van Dijk, E. Brück, Tuning the phase transition in transition-metal-based 
magnetocaloric compounds, Phys. Rev. B 89 (17) (2014), 174429, https://doi.org/ 
10.1103/PhysRevB.89.174429. 

[8] Z. Ou, L. Caron, N. Dung, L. Zhang, E. Brück, Interstitial boron in MnFe(P, As) 
giant-magnetocaloric alloy, Results Phys. 2 (2012) 110–113, https://doi.org/ 
10.1016/j.rinp.2012.09.005. 

[9] N.H. Dung, Z.Q. Ou, L. Caron, L. Zhang, D.T.C. Thanh, G.A. de Wijs, R.A. de Groot, 
K.H.J. Buschow, E. Brück, Mixed magnetism for refrigeration and energy 
conversion, Adv. Energy Mater. 1 (6) (2011) 1215–1219, https://doi.org/10.1002/ 
aenm.201100252. 

[10] J. Cedervall, M.S. Andersson, E.K. Delczeg-Czirjak, D. Iuan, M. Pereiro, P. Roy, 
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