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It is demonstrated that thermally induced longitudinal spin fluctuations (LSF) play an important role in itinerant 
Co3Mn2Ge at an elevated temperature. The effect of LSF is taken into account during ab initio calculations via 
a simple model for the corresponding entropy contribution. We show that the magnetic entropy leads to the 
appearance of a medium size local moment on Co atoms. As a consequence, this leads to a renormalization 
of the magnetic exchange interactions with a quite substantial impact upon the calculated Curie temperature. 
Taking LSF into account, the calculated Curie temperature can be brought to be in good agreement with the 
experimental value.
Recent studies show that high-throughput density functional the-
ory (DFT) approach [1–7] can be effective in filtering through a large 
number of compounds in the search for new high-performance RE free 
permanent magnets or magnetocaloric materials, which would be time-
consuming and expensive to synthesize experimentally. Curie temper-
ature is one of the very important parameters for permanent magnets 
and magnetocaloric materials filtering, which can be determined or at 
least qualitative estimated in ab initio calculations.

Within a DFT consideration, the Curie temperature is routinely ob-
tained using an additional statistical consideration based either on the 
energy difference of magnetic structures or via magnetic exchange in-
teractions of a magnetic Hamiltonian. Although classical Heisenberg 
Hamiltonian suffices to perform relatively accurate calculations of the 
Curie temperature, the main problem in this approach may arise from 
the strong sensitivity of the magnetic exchange interactions, for in-
stance, as they are defined within the magnetic force theorem [8], to the 
magnetic state [9], which is also reflected in some cases in the strong 
dependence of the local magnetic moment on the magnetic configura-
tion [10,11].

This basically means that such a Hamiltonian cannot be used for 
such a system within the whole range of temperatures and global mag-
netic states, at least if one requires that its parameters should not 
depend on a particular magnetic configuration, something which is the 
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topic of recent discussions [9,12,13]. Nevertheless, the whole formalism 
of a classical Heisenberg Hamiltonian can still make sense and produce 
reasonably accurate results when it is applied within a limited range 
of external parameters (temperature and pressure) and for a restricted 
set of magnetic configurations. In this case, magnetic exchange inter-
actions should be determined at the corresponding conditions and in 
the corresponding magnetic state. In particular, since magnetic phase 
transitions are commonly of the second order, one could argue that the 
corresponding magnetic exchange interactions should be determined in 
the paramagnetic state, to which such a transition happens.

This is in fact the reason why the calculated Curie temperature of 
Co3Mn2Ge [1] using magnetic exchange interactions obtained from the 
ordered, ferromagnetic state, 750 K, was found to be twice as high as 
the experimental one [1], 359 K. Considering the fact that the account 
of the experimentally observed chemical disorder between Co and Ge 
did not improve the theoretical results, we assume here that the main 
source of the discrepancy in [1] is the strong dependence of magnetic 
interactions on the magnetic state. In other words, they are substantially 
different from the interactions in paramagnetic state next to the point 
of magnetic phase transition.

The main reason for the quite strong dependency of the magnetic 
interactions in Co3Mn2Ge on the temperature and magnetic state is 
its itinerant magnetism, especially related to Co atoms. In the usual 
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disordered local moment (DLM) ab initio zero K calculations [14,15]
modeling paramagnetic state, the magnetic moment of Co atoms be-
comes too small, while at finite temperature, its magnitude is strongly 
affected by the LSF, which can be considered as thermal excitation due 
to specific entropy related to this degree of freedom [16–21]. The strong 
itinerant nature of Co moments and the localization of Mn moments in-
dicate a potential of Co3Mn2Ge as magnetocaloric material similarly to 
Fe2P based alloys [22,23].

In this paper, we account for LSF in the paramagnetic state and 
calculate the Curie temperature of Co3Mn2Ge using the corresponding 
magnetic exchange interactions. The theoretical model and details of 
calculations are described below.

A Heisenberg classical magnetic Hamiltonian is used for the cor-
responding statistical thermodynamics simulations done using Monte 
Carlo (MC) method. In a general form, see for instance [20], it allows 
for fluctuation of the magnitude of magnetic moments on each site of 
the lattice, and thus it contains on-site terms as well as pair interac-
tion contribution, which depends on specific local magnetic moments 
at the corresponding sites and the average local magnetic moment of 
the whole system.

In the case of alloys, such an approach becomes quite cumbersome. 
Nevertheless, it can be significantly simplified without loosing much 
of the accuracy using its mean-field-like consideration for the task of 
finding the Curie temperature, which can be done for the restricted 
range of temperatures.

First of all, one can neglect the general temperature dependence 
of the magnetic exchange interactions, connected with the tempera-
ture dependence of the LSF, by considering one particular temperature, 
which is close to the experimentally known or “theoretically expected” 
Curie temperature. Secondly, although the fluctuation of local magnetic 
moments can be quite large, some tests done for several pure metals (Ni, 
Co, and Fe) show that the use of average local magnetic moments (for 
some temperature and other external parameters) produces quite close 
results to the “fluctuating” consideration. These allow one to simplify 
magnetic Hamiltonian to its usual form for alloys [24]:

𝐻 = −
∑

𝑝

∑

𝑖,𝑗∈𝑝

∑

𝛼,𝛽=Co1,Co2,Mn
𝐽𝛼𝛽
𝑝

𝑐𝛼
𝑖
𝑐
𝛽

𝑗
𝐞𝑖𝐞𝑗 . (1)

Here, 𝐽𝛼𝛽
𝑝 are the magnetic exchange interactions between 𝛼 and 𝛽 alloy 

components for coordination shell 𝑝 and 𝐞𝑖 is the direction of the spin at 
site 𝑖; 𝑐𝛼

𝑖
takes on value 1 if site 𝑖 is occupied by atom 𝛼 and 0 otherwise.

Statistical thermodynamics simulations of the magnetic phase tran-
sition were done by MC method implemented within the Uppsala atom-
istic spin dynamics (UppASD) software [25,26]. MC simulations were 
performed on a 40 ×40 ×40 supercell with periodic boundary conditions. 
The size and direction of the magnetic moments were chosen randomly 
at each MC trial and 10000 MC steps were used for equilibration fol-
lowed then by 50000 steps for obtaining thermodynamic averages.

Electronic structure calculations were done by the exact muffin-
tin orbital (EMTO) method [27,28] where the chemical and magnetic 
disorder is treated within the coherent potential approximation (CPA) 
[29,30] (EMTO-CPA [31]). The electrostatic correction to the single-
site CPA was considered as implemented in the Lyngby version of the 
EMTO code [32]. For details the reader is referred to Refs. [32], [33], 
and [34].

The one-electron Kohn-Sham equations were solved within the soft-
core and scalar-relativistic approximations, with 𝑙max = 3 for partial 
waves and 𝑙tmax = 5 for their “tails”. The Green’s function was calcu-
lated for 16 complex energy points distributed exponentially on a semi-
circular contour including states within 1.1 Ry below the Fermi level. 
The exchange-correlation effects was described within the local spin-
density approximation [35,36]. Magnetic exchange interactions were 
calculated within the magnetic force theorem [8] as is implemented in 
2

the Lyngby version of the EMTO-CPA code [32].
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Fig. 1. (Color online.) Experimental structure of Co3Mn2Ge from Ref. [1] gen-
erated by VESTA code [38].

For “magnetic” alloy components, i.e. Co and Mn, the DLM configu-
ration was used in calculations within CPA. To account for the LSF, we 
used the following approximation for the magnetic entropy [37]:

𝑆mag = 𝑑 ln(𝑚), (2)

where 𝑚 is the local magnetic moment of an atom in the paramagnetic 
state, 𝑑 = 1, 2, or 3, (case 1, 2, or 3 considered below) for the compo-
nent in high-, medium-, or low-spin states leading to different coupling 
between longitudinal and transverse fluctuations of magnetic moment 
at finite temperatures (at least above the magnetic transition).

These expressions can be derived assuming a quadratic form for the 
LSF energy with respect to the magnitude of the local magnetic moment 
following the recipe of Ref. [21]. The LSF energy can be determined in 
the DLM calculations. Case 3 corresponds to the full coupling between 
longitudinal and transverse fluctuations, i.e. when local magnetic mo-
ment at finite temperature in the paramagnetic state can exists only due 
to LSF. In this case, the minimum of the LSF energy is at 𝑚 = 0, like for 
pure Ni, [20]. Case 1 corresponds to a weak coupling, when longitudi-
nal and transverse fluctuations are more independent, and case 2 is an 
intermediate case.

All calculations were performed for the experimental structure and 
composition given in Ref. [1]. Co3Mn2Ge crystallizes in a hexagonal 
structure with space group P63/mmc (number 194) with 𝑎 = 4.8032 Å 
and 𝑐 = 7.7378 Å lattice parameters, respectively. The actual composi-
tion is Co3.39Mn2Ge0.61 with a considerable intermixing between Co and 
Ge, as follows: 84 at. % Co (labeled as Co1 on Fig. 1 and thereafter) and 
16 at. % of Ge occupy the 6ℎ position, 74 at. % of Co (labeled as Co2 on 
Fig. 1 and thereafter) and 26 at. % Ge occupy the 2𝑎 position, and Mn 
exclusively occupies the 4𝑓 position. Magnetic measurements show a 
non-collinear magnetic structure for Co3.39Mn2Ge0.61 below 200 K and 
the ferromagnetic one above that up to the Curie temperature at 359 K.

To identify the type of magnetic behavior of Co and Mn in the 
paramagnetic state modeled by DLM, we perform fixed spin moment 
calculations in the following way: we fix the magnitude of the mag-
netic moment of the corresponding alloy component while the others 
are relaxed to their “equilibrium” magnitudes. The obtained energy as 
a function of the magnitude of the local moment will represent the en-
ergy that is needed to induce longitudinal spin fluctuations for a given 
alloy component. Therefore it is called the LSF energy, 𝐸LSF(𝑚𝑖) and 
it is plotted in Fig. 2 for Co1, Co2, and Mn. Clearly, its behavior dif-
fers substantially for Co and Mn: in the case of Mn, it has a deep and 
pronounced minimum at 𝑚Mn =3.05 𝜇B, which is very close to its mag-
nitude in the FM ground state, 3.26 𝜇B, while the latter is quite shallow 
for both Co atoms. Obviously, Mn in this system is in a more localized 
magnetic state, and it is not susceptible to LSF at finite temperatures. At 

the same time, the 𝑇 = 0 K local moments of Co1 and Co2 are 0.44 and 
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Fig. 2. (Color online.) Longitudinal spin fluctuation energy (𝐸LSF
𝑖

) as a function 
of the local moment (𝑚𝑖) of Co1 (black circles), Co2 (red squares), and Mn (blue 
triangles), respectively, obtained in zero K DLM calculations.

Table 1

Element and site resolved magnetic moments (𝑚𝑖 in 𝜇𝐵) and theoretically es-
timated Curie temperatures (𝑇C in K) for Co3.39Mn2Ge0.61 in different magnetic 
states: FM, DLM, and DLM-LSF for case 1, 2, and 3.

𝑚𝑖 FM DLM LSF-1 LSF-2 LSF-3

Co1 1.60 0.44 0.89 1.03 1.12
Co2 1.57 0.12 0.86 1.02 1.11
Mn 3.26 3.05 3.01 2.99 2.97

0.12 𝜇B, respectively, while their magnitudes in the FM ground state 
are substantially higher: 1.60 and 1.57 𝜇B. This means that LSF should 
affect the magnetic moment of Co quite strongly, especially taking into 
consideration the flat character of 𝐸LSF(𝑚𝑖) around the minimum. This 
behavior is in fact rather similar to that of the Fe2P based magne-
tocaloric materials [22,23]. Ref. [22] shows that Fe moment on the 
tetrahedral 3𝑓 site of Fe2P is quite sensitive to the magnetic environ-
ment, while the Fe moment on the octahedral 3𝑔 site is robust. This fact 
leads to a strong temperature dependence of the magnetic moments and 
at last is responsible for the first order nature of the magnetic transition 
and finally manifest in a large magnetocaloric effect in Fe2P and related 
compounds [23].

To illustrate the effect of LSF at finite temperature on the magni-
tudes of local magnetic moments of Co and Mn, we perform DLM-LSF 
calculations at the experimental transition temperature 359 K using 
3 different cases determined above. The results are listed in Table 1. 
As one can see, the magnetic moments of Co change drastically with 
including LSF at even quite moderate temperature in all three cases, al-
though they are still lower in magnitude compared to their values of the 
FM state. At the same time, the magnetic moment of Mn in the DLM-
LSF calculations at 359 K is practically the same as in DLM 𝑇 = 0 K 
calculations.

The effect of LSF on the local magnetic moments at finite tem-
perature translates to the values of the corresponding magnetic ex-
change interactions. In Fig. 3, we present magnetic exchange interac-
tions obtained in different magnetic states: FM (black circles), DLM (red 
squares), and DLM-LSF-1 (labelled LSF, green triangles) at 359 K, as a 
function of interatomic distance. As one can see, the strongest inter-
actions in the FM state are for between Co1-Co1 and Co1-Co2 atoms 
at the first two coordination shells and they are of ferromagnetic type. 
The Co𝑖-Mn interaction at the first coordination shell is just a bit smaller 
than those interactions and it is also of the ferromagnetic type. The Co2-
Co2 magnetic exchange interactions are very small and they can hardly 
influence the magnetic configuration at finite temperature. The Mn-Mn 
interactions are also small and negative, i.e. it is of antiferromagnetic 
type. Obviously, such interactions should strongly stabilize the FM state 
at 0 K, which is not the ground state for this particular alloy configura-
tion.

The situation is quite different in the DLM state without LSF. All 
3

Co-Co and Co-Mn interactions become insignificant, while the negative 
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Fig. 3. (Color online.) Magnetic exchange interactions between the magnetic 
elements calculated for the three reference states. Black filled circles stand for 
FM, red filled squares denote DLM and open green triangles stand for case 1 of 
DLM-LSF at 359 K, respectively.

Fig. 4. (Color online.) Normalized magnetic susceptibility calculated for differ-
ent reference states. Grey shaded area indicates the experimental ferromagnetic 
state.

Table 2

Calculated Curie temperature for magnetic interactions determined in different 
magnetic states.

State FM DLM LSF-1 LSF-2 LSF-3

𝑇C 750 - 345 460 545

𝐽MnMn at the first several coordination shells strengthens. Clearly, this 
type of interactions cannot provide the stabilization of the FM state, 
and one can expect a stabilization either of a certain type of antifer-
romagnetic or non-collinear state. The DLM-LSF-1 magnetic exchange 
interactions at 359 K have somewhat intermediate values for Co𝑖-Co𝑖

and Co𝑖-Mn, compared to those in the FM and DLM states. At the same 
time, 𝐽Mn−Mn are practically the same as in the DLM state, which is 
quite expected.

The magnetic exchange interactions obtained for different magnetic 
states (also including DLM-LSF-2, and DLM-LSF-3 cases) were used in 
Monte Carlo simulations of the magnetic phase transition. In Fig. 4, we 
show the normalized magnetic susceptibility from these simulations, 
𝜒norm, for Co3.39Mn2Ge0.61 obtained with different sets of (𝐽𝛼𝛽

𝑝 ). The 
susceptibility peaks correspond to the magnetic transition at the corre-
sponding temperature, 𝑇C, which are also listed in Table 2. As is clear 
from Fig. 4, the FM magnetic exchange interactions considerably over-
estimate 𝑇C compared to the experimental data (359 K) [1].

At the same time, DLM-LSF interactions produce quite good results, 
especially in the DLM-LSF-1 case (DLM results are not shown since they 
produce wrong ground state and very low transition temperature). Al-

though DLM-LSF-2 interactions produce higher Curie temperature than 
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the experimental data, these results are still reasonable taking into 
consideration that fact that the present simulations involve several prac-
tically unavoidable assumptions and approximations.

First of all, the model of LSF is quite rough: it is based on an heuris-
tic classical picture of magnetism within one-electron DFT at 𝑇 = 0 K. 
Moreover, we do classical Heisenberg Monte Carlo simulations, where 
the LSF degree of freedom is “hard-coded” in the corresponding effec-
tive interactions. There are some approximations concerning the struc-
ture of the system too. Although we use experimental information about 
distribution of atoms between sublattices, the latter is not completely 
certain since it is based on a fitting procedure involving some specific 
assumptions. We use random distribution of Co and Ge atoms on their 
sublattices, which just comes out from a random number generator in 
our MC simulations. At the same time, Co and Ge atoms in real alloys 
most probably have some specific atomic short range order. Finally, 
our magnetic exchange interactions are determined at the ideal, i.e. un-
relaxed, lattice positions neglecting possible local atomic relaxations 
related to the size mismatch of Co and Ge.

As to conclude, we have calculated the Curie temperature for disor-
dered Co3Mn2Ge in Monte Carlo simulations using magnetic exchange 
interactions for pairs of Co and Mn atoms obtained in first principles 
calculations for different magnetic states: FM, DLM, and DLM-LSF with 
different degrees of coupling at 359 K. The FM interactions considerably 
overestimate the transition temperature, while the DLM interactions are 
too weak to produce reasonable results for magnetic transition. The 
large difference between FM and DLM values of 𝑇C is due to the non-
Heisenberg behavior of the system, i.e. the large difference between the 
FM and the DLM local moments of the Co atoms.

The failure of these two schemes is cured by account of thermally in-
duced longitudinal spin-fluctuations for Co atoms, which exhibit weak 
itinerant magnetism in this system. The effect of LSF is conidered dur-
ing the ab initio calculations via a simple model that includes the effect 
of thermally induced magnetic entropy on local moments and conse-
quently on 𝐽𝛼𝛽 s. We show that the LSF contribution is crucial for recon-
ciliation of the theory and experimental data for the Curie temperature. 
This scheme is computationally very efficient and easy to include to a 
high-throughput approach in searching new candidates of permanent-
magnet or magnetocaloric materials.

On the other hand, the strong dependence of the Co moments on the 
magnetic configuration, as a consequence on the temperature, and the 
stability of Mn moments, indicate a promising magnetocaloric potential 
of this material at room temperature similarly to Fe2P based materials 
[22,23].
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