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Tuning magnetocrystalline 
anisotropy by cobalt alloying in 
hexagonal Fe3Ge1

Michael A. McGuire, K. V. Shanavas   , Michael S. Kesler & David S. Parker

We show using both experimental and theoretical methods that cobalt substitution in the hexagonal 
ferromagnet Fe3Ge suppresses the planar magnetic anisotropy and favors a uniaxial state. Uniaxial 
ferromagnetism is observed at room temperature for cobalt concentrations of only a few percent, 
and 10% substitution fully suppresses the planar magnetic structure at least down to 5 K, with only a 
small effect on the magnetization and Curie temperature. First principles calculations predict strong 
uniaxial magnetocrystalline anisotropy and promising permanent magnet properties for higher cobalt 
concentrations. Although these high Co concentrations were not realized experimentally, this work 
suggests that the rare-earth-free Fe3Ge structure supports intrinsic magnetic properties that may 
enable promising permanent magnet performance.

Research targeting new permanent magnet materials is driven by both technological and economic factors. 
Magnets that perform better at elevated temperatures while tolerating strong demagnetizing felds are required 
for improving electric motors and generators for transportation and energy applications, while magnets compris-
ing abundant elements are required to keep costs low and ensure supply stability1. Finding materials that meet 
both these requirements is a challenging task2–4.

A good permanent magnet must have a high Curie temperature, a large magnetization, and a substantial coer-
cive feld to resist demagnetization. Te coercivity is generally limited by the anisotropy feld, the feld required to 
rotate the moment from the easy to the hard direction, which is typically large only in the case of uniaxial mag-
netocrystalline anisotropy. For reference, hexagonal Ba-ferrite (BaFe12O19) has a Curie temperature TC = 740 K, 
saturation magnetization JS = 0.48 T, and anisotropy constant K1 = 0.33 MJ/m3, while the corresponding values 
for tetragonal Nd2Fe14B are 588 K, 1.6 T, and 4.3 MJ/m3 5. Large magnetic moments and high Curie temperatures 
are associated with 3d transition metals, and the magnetocrystalline anisotropy is closely related to the crystallo-
graphic symmetry; in particular, cubic compounds generally exhibit weak magnetic anisotropy. Tus, a common 
strategy for identifying potential permanent magnet materials is to examine compounds, like those above, with 
high concentrations of iron in hexagonal or tetragonal crystal structures.

Te intermetallic compound Fe3Ge is an iron rich ferromagnet that forms in both a cubic (Cu3Au-type, Pm−3m) 
and a hexagonal (Mg3Cd-type, P63/mmc)) structure6,7. According to the published phase diagram, the cubic struc-
ture is stable from 673 to 973 K, while the hexagonal structure is stable from about 973 to 1395 K8. Both phases can 
be stabilized at room temperature by quenching9. Cubic and hexagonal Fe3Ge both have high magnetizations, with 
moments of about 2 μB/Fe, and high Curie temperatures of about 750 and 650 K, respectively6,9. Tis, along with its 
crystallographic anisotropy, makes the hexagonal phase of substantial interest as a permanent magnet material. Its 
structure is shown in Fig. 1a. At room temperature the magnetocrystalline anisotropy is planar, so that the ordered 
moments lie in the ab-plane, but a spin reorientation occurs near TSR = 380 K and the anisotropy is uniaxial at 
higher temperature with the moments along the hexagonal c-axis10. Te anisotropy feld is expected to be small in 
planar magnetic structures, so extending the stability of the uniaxial state to lower temperature is desirable. In 
general, realizing such control over magnetocrystalline anisotropy is key in developing potential new magnets.
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We have recently shown that substitution of Si for Ge in Fe3Ge has the efect of extending the stability range 
of the uniaxial ferromagnetism, suppressing TSR by about 70 K (to 312 K) and TC by about 30 K (to 595 K), with 
little efect on the saturation magnetization11. Tis is consistent with predictions from frst principles calculations, 
which indicate uniaxial behavior could be realized over the whole temperature range for high Si concentrations; 
however, the solubility was found to be limited in experiments to about 6%. Tere have also been studies of transi-
tion metal substitutions. Albertini et al. examined a sample with 20% of the Fe replaced with Mn, and found that 
indeed TSR was reduced to 126 K, well below room temperature12. Unfortunately, TC was reduced to 493 K and the 
magnetization was reduced by 19%. Nickel substitution was studied by Kanematsu and Takahashi, and the hex-
agonal phase was stabilized for up to 10% Ni, with a reduction in magnetic moment but little dependence of the 
Curie temperature on Ni concentration13. No reports of cobalt substitution in Fe3Ge were located in the literature, 
perhaps because no compounds with composition Co3X (X = Si, Ge, Sn) are known to form13.

Here we investigate experimentally and theoretically the efects of alloying cobalt into hexagonal Fe3Ge. 
Preliminary experimental results for Cr substitution are also presented. We fnd that Co rapidly suppresses the 
spin reorientation temperature with a relatively small suppression of the Curie temperature and magnetization. 
We observe uniaxial ferromagnetism at room temperature with only a few percent Co substitution, and com-
plete suppression of the planar phase near 10% Co. First principles calculations confrm this trend, and predict 
the potential for good permanent magnet properties if the hexagonal phase can be stabilized for higher cobalt 
concentrations.

Figure 1.  (a) Structure of hexagonal Fe3.3Ge showing the face-sharing, Ge-centered anticuboctahedra formed 
by the Fe atoms. (b) Powder x-ray difraction patterns from Co and Cr substituted Fe3.3Ge samples afer 
quenching from 1173 K, labeled by their compositions. Refections from the hexagonal Fe3.3Ge structure are 
marked with indices, and asterisks mark refection from the cubic polymorph present in the 10% Co sample. (c) 
Termal analysis data from a cubic Fe3.3Ge sample (20 K/min).



www.nature.com/scientificreports/

3Scientific REPOrTS |  (2018) 8:14206  | DOI:10.1038/s41598-018-32577-x

Results and Discussion
While the binary phase diagram shows hexagonal Fe3Ge stable for 24–25 at.% Ge8, in our previous study11 we 
found the hexagonal phase formed best with 23 at.% Ge corresponding to Fe3.3Ge. Polycrystalline pellets of nom-
inal compositions (Fe1−xMx)3.3Ge were made and characterized as described in the Methods section. Powder 
x-ray difraction (PXRD) patterns for the samples described in this paper are shown in Fig. 1b. Te hexagonal 
phase was formed when heated at 1173 K for Fe3.3Ge, M = Co samples with nominal values of x = 0, 0.25, 0.05, 
0.07, as well as a Cr substituted sample with nominal composition (Fe0.90Cr0.10)3.3Ge. A small amount, about 2% 
of the cubic phase was seen in the nominal x = 0.07 sample prepared this way (see Supplemental Information). 
Heating the 0.10 Co sample to this temperature produced a 1:1 mixture of hexagonal and cubic phases. Further 
heat treatments of this composition tended to increase the cubic content. An additional sample was made with Co 
content of x = 0.15, and it showed only the cubic phase afer heating at temperatures ranging from 1073 to 1223 K. 
Grinding the samples was found to severely degrade the crystallinity of these metastable materials (as seen by 
powder x-ray difraction), so difraction measurements were taken from as-fred pellet surfaces. While the focus 
of the present work in on the hexagonal phase, one sample of Fe3.3Ge was heated at 848 K to convert it to the cubic 
phase, and then used for diferential thermal analysis (Fig. 1c). Upon heating, the Curie temperature (TC) of the 
cubic phase is observed followed by the transformation to the hexagonal structure (near 1030 K). Te TC of the 
hexagonal phase is seen upon cooling.

Energy dispersive x-ray spectroscopy (EDS) was used to determine the chemical compositions of the main 
phase in the pellets. Te results, along with lattice parameters determined from the PXRD patterns, are collected 
in Table 1. All samples contained 23 at.% Ge, consistent with the 3.3:1 metal to germanium ratio. Te measured 
cobalt concentrations are close to the nominal values, but the Cr content in the nominally 10% Cr sample was 
only about 3%, suggesting good solubility for Co and poor solubility for Cr in Fe3.3Ge. Te apparent poor solubil-
ity of Cr indicates that much of the loaded Cr segregates into secondary phases. Tese phases were not identifed 
in the present study, but a small amount of Cr2O3 was seen in the powder x-ray difraction data from the surface 
of the as-fred pellet (additional peaks in the 3.3% Cr data in Fig. 1b, see also Supplementary Information). Cr 
substitution is seen to expand the hexagonal lattice, while Co substitution produces a contraction. In the follow-
ing, the EDS-determined composition will be used to refer to the diferent samples.

Te magnetic properties of the (Fe1−xMx)3.3Ge samples were investigated using dc and ac magnetization 
measurements and thermogravimetric analysis (TGA) conducted in a small magnetic feld gradient. Te results 
are shown in Fig. 2. Isothermal magnetization curves (Fig. 2a) measured at 300 and 5 K show ferromagnetic 
responses in all samples. Te saturation moments are collected in Table 2 and a slight decrease is observed with 
increasing Co concentration. Magnetic transition temperatures were determined from the TGA data at high 
temperature (Fig. 2b,c) and ac susceptibility data near and below room temperature (Fig. 2d). Te Curie temper-
ature is identifed by a sharp change in the apparent weight of the sample, which includes a contribution from the 
magnetic force between the sample and the permanent magnet. Te temperature derivative of this signal is used 
to defne TC. Te spin reorientation, from planar at low temperature to axial at high temperature, is observed as a 
local minimum in the apparent weight where the powder averaged magnetic susceptibility is highest (anisotropy 
is smallest). Tese points are marked by arrows in Fig. 2b. Data from two diferent 2.1% Co samples are shown. 
Near and below room temperature, ac magnetization measurements were used to locate the local maximum in 
susceptibility corresponding to the spin reorientation (Fig. 2d). Reasonably good agreement is observed between 
TSR values determined by the two techniques for (Fe0.97Cr0.03)3.3Ge and (Fe0.98Co0.02)3.3Ge (Table 2).

Te data in Table 2 shows that the Curie temperature is suppressed by cobalt substitution at a rate of about -3 K 
per at.% Co. However, TSR changes by about −50 K per at.% Co. Te spin-reorientation temperature is suppressed 
below room temperature for Co concentrations exceeding about 2%, and below 5 K for 10% Co. Tis means that 
Co-substituted Fe3.3Ge is a uniaxial ferromagnet from room temperature up to TC with only a few percent Co. 
Chromium substitution appears to reduce TC at a higher rate with a weaker efect on TSR. Te spin reorientation in 
(Fe0.97Cr0.03)3.3Ge occurs near 330 K; planar ferromagnetism persists at room temperature in this alloy.

The magnetic anisotropy was confirmed by diffraction. For these measurements, samples of hexagonal 
(Fe0.95Co0.05)3.3Ge and (Fe0.97Cr0.03)3.3Ge were ground into powders. Te grinding was done by hand, and was rel-
atively gentle, to preserve the hexagonal phase and its crystallinity as much as possible while producing relatively 
small particles. Te powders were mounted on vacuum grease on a substrate with a strong permanent magnet 
underneath producing a feld perpendicular to the substrate. Tis results in preference for the surface normal to 
be aligned with the easy axis (uniaxial anisotropy) or in the easy plane (planar anisotropy), enhancing or sup-
pressing the 00L refections, respectively. Figure 3a shows sections of difraction patterns containing 020, 002, 
and 021 refections. For the (Fe0.95Co0.05)3.3Ge powder the aligned sample has enhanced 002 intensity, indicating 

M xnom xEDS at.% Ge a (Å) c (Å)

— 0 0 23 (1) 5.1759(1) 4.2217(1)

Co 0.025 0.021 (2) 23 (1) 5.1767(1) 4.2219(1)

Co 0.05 0.044 (4) 23 (1) 5.1729(1) 4.2172(1)

Co 0.07 0.053 (3) 22.5 (5) 5.1729(1) 4.2186(1)

Coa 0.1 0.10 (1) 23 (1) 5.1700(2) 4.2158(2)

Cr 0.1 0.033 (6) 22.8 (8) 5.1810(2) 4.2265(2)

Table 1.  Chemical and structural information for the (Fe1−xMx)3.3Ge samples used in this study. acontains about 
50% cubic phase with a = 5.7581(2) Å.
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uniaxial ferromagnetism at room temperature, while the aligned (Fe0.97Cr0.03)3.3Ge sample has suppressed 002 
intensity, consistent with planar ferromagnetism at room temperature. With these behaviors confrmed, the phase 
diagram shown in Fig. 3b can be constructed from the experimental results in Fig. 2 and Table 2.

Figure 2.  Magnetic behavior of (Fe1−xMx)3.3Ge. (a) Magnetization vs applied magnetic feld measured at 300 
and 5 K. (b) Termomagnetic analysis showing a sharp change in apparent weight (magnetic force) at TC and a 
minimum at TSR (indicated by arrows). (c) Temperature derivative of the apparent weight used to determine TC. 
(d) ac magnetic susceptibility used to determine TSR (indicated by arrows).

Compound TC (K) TSR (K) MS (emu/g)
MS (μB/F.U.)
T = 5 K JS (T) MS (emu/g)

MS (μB/F.U.)
T = 300 K JS (T)

Fe3.3Ge 628 383a 146 6.7 1.49 134 6.1 1.36

(Fe0.98Co0.02)3.3Ge 621 315a, 290b 147 6.8 1.50 134 6.2 1.36

(Fe0.96Co0.04)3.3Ge 606 170b 144 6.6 1.47 130 6.0 1.32

(Fe0.95Co0.05)3.3Ge 606 120b 145 6.7 1.48 129 5.9 1.31

(Fe0.90Co0.10)3.3Ge 598 not obs. 139 6.4 1.41 127 5.9 1.29

(Fe0.97Cr0.03)3.3Ge 605 339a, 325b 134 6.2 1.36 121 5.5 1.23

Table 2.  Measured magnetic properties of (Fe1−xMx)3.3Ge samples. aDetermined from thermomagnetic 
analysis. bDetermined from magnetic susceptibility.
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Te efect of cobalt substitution in Fe3Ge was also examined using frst principles calculations. Results are 
shown in Table 3. Structures with 0, 10, 20, and 30% Co substituted for Fe in Mg3Cd-type Fe3Ge were examined 
using the virtual crystal approximation (VCA). Te results in Table 3 show that Co reduces the net moment, 
as seen in the experimental data. Te calculated magnetizations for Fe3Ge and (Fe0.9Co0.1)3Ge are close to the 
experimental values for Fe3.3Ge and (Fe0.90Co0.10)3.3Ge (Table 2), and furthermore the anisotropy constant K1 is 
calculated to be −0.34 MJ/m3 for Fe3Ge. Tis negative sign indicates planar anisotropy, and the good agreement 
with experiment suggests the reliability of this spin-polarized density functional theory for this materials class. 
As shown in Table 3, cobalt substitution increases the magnetic anisotropy K1 value and a uniaxial ground state 
(positive K1) is predicted to emerge at approximately 10% Co. Tese fndings are in good agreement with the 
experimental results presented above.

Crucially, a signifcant positive K1 is calculated for larger Co concentrations. For 30% Co, an anisotropy feld 
of HA = 2K1/JS = 1.8 MA/m or μ0HA = 2.2 T can be estimated. Te calculated moment and anisotropy are suf-
ciently large that it is plausible that a suitably microstructured sample of such a material could achieve signifcant 
coercivity - an important step towards realization of a permanent magnet. Note that the theoretical upper limit on 
energy product BHmax is μJ /(4 )S

2
0 , or approximately 360 kJ/m3 (45 MG-Oe) for the 30% Cobalt sample, if one could 

here achieve the required minimum coercivity of JS/2, or 0.68 T. Tis is approximately 30% of the anisotropy feld 

Figure 3.  (a) Powder x-ray difraction patterns comparing results from magnetically aligned particles (aligned) 
with results from conventional measurements without alignment (powder). (b) Phase diagram for Cr- and Co-
susbtituted hexagonal Fe3.3Ge showing the composition dependence of TC (squares) and TSR (circles).

Compound K1 (MJ/m3) J (T)

Fe3Ge −0.38 1.49

(Fe0.9Co0.1)3Ge 0.03* 1.47

(Fe0.8Co0.2)3Ge 0.63 1.42

(Fe0.7Co0.3)3Ge 1.23 1.35

Table 3.  Calculated magnetic anisotropy constant K1 and magnetic polarization J of (Fe1−xCox)3Ge. *Tis value 
is within the accuracy of the calculations.



www.nature.com/scientificreports/

6Scientific REPOrTS |  (2018) 8:14206  | DOI:10.1038/s41598-018-32577-x

HA, which falls at the upper bound of typically achievable coercivities. Hence it is possible that a suitably prepared 
sample could obtain large fractions of the BHmax fgure quoted above. Tis is comparable to present values for the 
Nd2Fe14B magnet, however, we note that this is an optimistic upper bound based on what is presently a hypothet-
ical compound with the hexagonal Fe3Ge structure. Most importantly, the calculations indicate that strong uni-
axial anisotropy may be achievable in this structure type without the rare-earth elements often considered 
indispensable for the generation of magnetic anisotropy. Tis is consistent with several recent works fnding 
substantial magnetic anisotropy in rare-earth-free magnetic materials, for example Fe3Sn, HfMnP and 
Mn3Si2Te6

14–16, and should warrant future theoretical and experimental studies of these and similar transition 
metal compounds.

As is well known, calculation of K1 is an involved endeavor and requires great care to achieve accurate results, 
due to the need to isolate energy diferences of ofen less than 1 meV per unit cell from a total energy which may 
be ten or more orders of magnitude larger. Indeed, it is only in recent decades, due to great increases in computing 
power, that it has become computationally possible to generate reliable results for K1. Our procedure for accurate 
calculation of K1 is as follows: frst, we performed a careful relaxation of the internal coordinates to a fairly small 
force threshhold (3 mRyd/Bohr). Next, we chose a very large planewave basis set, parametrized by our choice 
of an RKmax of 9.0, where RKmax is the product of the smallest LAPW sphere radius and the largest plane-wave 
wavevector. For reference, we note that (although not used here) for magnetic systems with comparatively small 
atoms, such as B or C, a smaller RKmax may be used as the efective RKmax for the magnetic atoms such as Fe or Co 
will be larger due to the generally larger sphere radius of these atoms. Te next step in the procedure is to check 
convergence with respect to the number nk of k-points in the Brillouin zone. We have done this for the 20% Co 
case, for nk at values of 1, 5, 10 and 30 × 103 in the full Brillouin zone and present the results in Table 4. As is evi-
dent, the change in K1 between the last two steps is only a few percent, so we consider that for the K1 behavior of 
interest here 10,000 k-points are sufcient and we have used this throughout this work.

Te calculations were run to self-consistency with the energy diference between the last two convergence 
cycles generally well less than 10−6 Ryd, or about 0.03 MJ/m3 in K1. All of the calculated K1 magnitudes, with the 
exception of the 10% Co case are much larger than this energy diference and accordingly we attach a high degree 
of reliability to these values. With regards to the value for the 10% Co case (Table 2) of 0.03 MJ/m3, this value is 
efectively within the present accuracy of the calculation and therefore not distinguishable from zero, as noted in 
the Table. However, the signifcant variation in K1 from the pure case to the 20% Co case is evidence that, compu-
tationally speaking, the 10% Co case is rather near the point at which axial behavior begins, consistent with our 
experimental fnding.

To address potential concerns about the accuracy of the VCA in this system, we have also conducted calcula-
tions of the magnetization and magnetic anisotropy of an ordered Fe2CoGe cell, again with the LDA. Calculations 
of magnetic anisotropy on such a cell are ofen problematic due to the need to maintain the crystal symmetry (in 
this case hexagonal) in order to obtain an accurate value. However, the use of a spin-orbit calculation efectively 
splits the sixfold Fe 6 h site into a fourfold and twofold Fe site, and we have substituted Co onto the twofold Fe 
site. Nearest-neighbor distances between these two Co are 3.58 Å, signifcantly larger than the Fe-Fe nearest and 
next-nearest neighbor distances of 2.50 and 2.59 Å in the base compound, so that we may consider this an appro-
priate structural model for a random alloy.

Note that the use of the “two-fold” nomenclature, while technically accurate due to the lowering of crystalline 
symmetry by planar magnetic moment orientation in this spin-orbit calculation, should not be mistaken, energet-
ically speaking, for a true distinct two-fold crystallographic site. Te energy diference between planar and c-axis 
moment orientations in this system (the magnetic anisotropy) is no more than 0.5 meV per unit cell here, while 
the binding energy associated with the placement of Fe (or Co) on its site, while not calculated here, is likely in 
the one to several eV range. Te use of this site (for Co substitution) is designed to achieve two purposes essential 
here for the calculation of K1: the maintenance of hexagonal symmetry, or equivalence of the a and b directions; 
and the avoidance of unphysical (i.e. too large or small distances between the Co atoms) structures creating a 
spurious anisotropy. Te pattern assumed here meets both of these criteria.

Te saturation spin moment of this Fe2CoGe cell was 10.97 μB/unit cell, or about 4% smaller than the value 
for the VCA Fe2.1Co0.9Ge cell (note the slight diference in stoichiometry). Tis level of agreement is fairly good, 
considering that the Co spin moment is roughly half that of the Fe, and suggests the accuracy and applicability 
of the VCA here. Similarly, this ordered Fe2CoGe cell is calculated to exhibit axial magnetic anisotropy, as in the 
VCA cell, with a K1 value of 1.15 MJ/m3, in good agreement with the VCA result of 1.23 MJ/m3. Accordingly, we 
consider that the VCA results here are generally rather accurate, and that therefore there is potential for signif-
cant magnetic anisotropy in these Fe3−xCoxGe alloys, if the stability issue can be overcome.

K-points (×103) K1 (MJ/m3)
Percent diference from 
fnal result

1 0.624 −1.7

5 0.561 −11.6

10 0.614 −3.2

30 0.634 —

Table 4.  K-point convergence check of K1 for (Fe0.8Co0.2)3Ge.
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Conclusions
To summarize, we have demonstrated, both from experiment and theory, chemical control of the magnetic ani-
sotropy in the Co-substituted Fe3Ge-based alloy system. In particular, frst principles calculations predict that 
Co-substitution changes the magnetocrystalline anisotropy of the ground state from planar to uniaxial. Tis 
trend is refected in the experimental results; the spin-reorientation temperature is suppressed to below room 
temperature with only a few percent cobalt and to below 5 K for 10% Co. Although the optimal Co concentrations 
predicted by theory could not be realized experimentally, our results suggest that Fe3Ge-related materials have 
the potential for good permanent magnet performance, and motivate further study of these systems, particularly 
in light of the ongoing search for “gap magnets”3.

Methods
Polycrystalline pellets of nominal compositions (Fe1−xMx)3.3Ge were made by frst arc-melting alloys of composi-
tions M3.3xGe and then grinding them together with iron powder according to the target stoichiometries. Fe3.3Ge 
was made from Fe and Ge powders. Afer mixing thoroughly, the powder samples were pressed into 12 mm 
diameter pellets and sealed inside fused silica tubes that had been evacuated and back-flled with about 1/4 atm 
ultra-high-purity argon. Te ampoules were heated in resistive box furnaces and quenched in ice water.

Powder x-ray difraction patterns were obtained using a PANalytical X’Pert MPD with Cu K α1 radiation. 
Semi-quantitative chemical analysis with energy dispersive x-ray spectroscopy was performed with a Hitachi 
T3000 SEM with Bruker Quantax 70 x-ray detector. Termogravimetric and diferential thermal analysis meas-
urements were made with a Perkin Elmer Pyris TGA/DTA. To sense magnetic transitions in the TGA a small 
magnetic feld gradient at the sample was produced by a permanent magnet afxed to the top of a sample space. 
Te dc and ac magnetization data were collected using a PPMS and MPMS (Quantum Design).

Density functional theory calculations were performed using the all-electron linearized augmented planewave 
(LAPW) density functional theory code WIEN2K17, within the local density approximation. Interestingly, the 
generalized gradient approximation does not reproduce the experimentally observed transition from planar to 
axial behavior with Co alloying; with this functional the material remains planar in the alloying range studied 
here. Te reasons for this are unclear; it is possible that the magnetism here contains a degree of itinerant char-
acter, for which the LDA would likely give a more accurate description. Sphere radii of 2.26 and 2.28 Bohr for Ge 
and Fe were used, along with an RKmax (the product of the smallest sphere radius and largest planewave expansion 
vector) of 9.0. Sufcient number of k-points - 5,000 or more in the full Brillouin zone - were used to ensure con-
vergence. Internal coordinates were relaxed until residual forces were less than 3 mRyd/Bohr.

Data Availability
Te datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

References
	 1.	 U.S. Department of Energy. Critical Materials Strategy (2011).
	 2.	 Coey, J. M. D. Hard magnetic materials: A perspective. IEEE Trans. Magn. Mater 47, 4671 (2011).
	 3.	 Coey, J. M. D. Permanent magnets: Plugging the gap. Scripta Materialia 67, 524 (2012).
	 4.	 Skomski, R. & Coey, J. M. D. Magnetic anisotropy — how much is enough for a permanent magnet? Scripta Materialia 112, 3 (2016).
	 5.	 Coey, J. M. D. Magnetism and Magnetic Materials. (Cambridge University Press, 2010).
	 6.	 Kanematsu, K., Yasukoshi, K. & Ohoyama, T. Magnetic properties and phase transition of Fe3Ge. J. Phys. Soc. Jpn. 18, 920 (1965).
	 7.	 Chen, Q. Z., Ngan, A. H. W. & Duggan, B. J. Te L12-D019 transformation in the intermetallic compound Fe3Ge. J. Mater. Sci. 33, 

5405 (1998).
	 8.	 Kato, E. & Nunoue, S. Fe-Ge (iron-germanium). In Massalski, T. (ed.) Binary Alloy Phase Diagrams, Vol. 2, 2nd Ed., 1704 (1990).
	 9.	 Kanematsu, K. & Ohoyama, T. Magnetic and x-ray studies of iron-germanium system II. phase diagram and magnetism of each 

phase. J. Phys. Soc. Jpn. 20, 236 (1965).
	10.	 Drijver, J. W., Sinnema, S. G. & van der Woude, F. Magnetic properties of hexagonal and cubic Fe3Ge. J. Phys. F: Metal Phys. 6, 2165 

(1976).
	11.	 Shanavas, K. V., McGuire, M. A. & Parker, D. S. Electronic and magnetic properties of Si substituted Fe3Ge. J. Appl. Phys. 118, 123902 

(2015).
	12.	 Albertini, F. et al. Magnetocrystalline anisotropy of Fe3Ge single crystal: Efect of pressure and Mn substitution for Fe. J. Appl. Phys. 

96, 2110 (2004).
	13.	 Kanematsu, K. & Takahashi, H. Magnetization and x-ray studies of (Fe1−xNix)3Ge and (Fe1−xNix)3.4Ge. J. Phys. Soc. Jpn. 53, 2376 

(1984).
	14.	 Sales, B. C., Saparov, B., McGuire, M. A., Singh, D. J. & Parker, D. S. Ferromagnetism of Fe3Sn and alloys. Scientifc Reports 4, 7024, 

https://doi.org/10.1038/srep07024 (2014).
	15.	 Lamichhane, T. N. et al. Discovery of ferromagnetism with large magnetic anisotropy in ZrMnP and HfMnP. Applied Physics Letters 

109, 092402 (2016).
	16.	 May, A. F. et al. Magnetic order and interactions in ferrimagnetic Mn3Si2Te6. Physical Review B 95, 174440 (2017).
	17.	 Blaha, P., Schwarz, K., Madsen, G. K. H., Kvasnicka, D. & Luitz, J. WIEN2K, An Augmented Plane Wave + Local Orbitals Program for 

Calculating Crystal Properties (Karlheinz Schwarz, Techn. Universität Wien, Austria, 2001).

Acknowledgements
Research sponsored by the U. S. Department of Energy, Ofce of Energy Efciency and Renewable Energy, 
Vehicle Technologies Ofce, Propulsion Materials Program, and the Critical Materials Institute, an Energy 
Innovation Hub funded by the U.S. Department of Energy, Ofce of Energy Efciency and Renewable Energy, 
Advanced Manufacturing Ofce.

Author Contributions
M.A.M. and D.S.P. conceived the research, M.A.M. and M.S.K. conducted the experiments, K.V.S. and D.S.P. 
performed the calculations. All authors contributed to and reviewed the manuscript.

http://dx.doi.org/10.1038/srep07024


www.nature.com/scientificreports/

8Scientific REPOrTS |  (2018) 8:14206  | DOI:10.1038/s41598-018-32577-x

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32577-x.
Competing Interests: Te authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional afliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. Te images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© Te Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-32577-x
http://creativecommons.org/licenses/by/4.0/

	Tuning magnetocrystalline anisotropy by cobalt alloying in hexagonal Fe3Ge1

	Results and Discussion

	Conclusions

	Methods

	Acknowledgements

	Figure 1 (a) Structure of hexagonal Fe3.
	Figure 2 Magnetic behavior of (Fe1−xMx)3.
	Figure 3 (a) Powder x-ray diffraction patterns comparing results from magnetically aligned particles (aligned) with results from conventional measurements without alignment (powder).
	Table 1 Chemical and structural information for the (Fe1−xMx)3.
	Table 2 Measured magnetic properties of (Fe1−xMx)3.
	Table 3 Calculated magnetic anisotropy constant K1 and magnetic polarization J of (Fe1−xCox)3Ge.
	Table 4 K-point convergence check of K1 for (Fe0.




