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Impact of Coulomb Correlations 
on Magnetic Anisotropy in Mn3Ga 
Ferrimagnet
Srijan Kumar Saha1, Zhen Liu2 & Gargi Dutta3

Traditional density functional theory (DFT) miserably fails to reproduce the experimental volume and 
magnetic anisotropy of D022 Mn3Ga, which has recently become one of the most sought-after materials 
in order to achieve a stable spin switching at low current density. Despite great progress over the last 10 
years, this issue has hitherto remained unsolved. Here, taking into account the effects of strong 
electronic correlations beyond what is included in standard DFT, we show by comparison with the 
experiment that the DFT+U method is capable of quantitatively describing the volume and the 
magnetic anisotropy energy (MAE) in this alloy with physically meaningful choice of onsite Coulomb-U 
parameter. For the first time using a plane-wave code, we decompose MAE into spin channel-resolved 
components in order to determine spin-flip and spin-conserving contributions. The Mn atom at the 
tetrahedral site is identified as the primary source of the high perpendicular MAE with the most 
dominant spin-orbit coupling (SOC) occurring between its two orbital pairs: ↑↑ coupling and ↓↓ coupling 
between −dx y2 2 and dxy, and ↑↓ coupling between dyz and dz2. Using the SOC-perturbation theory model, 
we provide interpretation of our numerical results. These results are important for quantitative 
microscopic understanding of the large perpendicular MAE observed in this material, and should assist 
in harnessing its potential for applications in futuristic spintronic devices.

A tetragonal (D022) Heusler alloy Mn3Ga has recently created increasing interest among researchers because 
of its excellent combination of properties, such as low Gilbert damping constant (α < 0.008)1, small saturation 
magnetization (Ms ~ 250 emu/cm3)2, high Curie temperature (TC > 770 K)3, large spin polarization close to that 
of a half-metal (P ~ 88%)4, and strong perpendicular magnetocrystalline anisotropy (Ku > 10 Merg/cm3)2. Low 
Gilbert damping and saturation magnetization but high Curie temperature and spin polarization are necessary 
preconditions for advanced spintronic applications in order to realize low switching currents and high efficiency 
of spin injection5. High values of perpendicular magnetocrystalline anisotropy (PMA) are preferred to stabilize 
the perpendicular magnetization against thermal fluctuations, ensuring non-volatility of the stored information 
particularly when scaling down materials for high density magnetic data storage.

Mn3Ga bulk in its tetragonal D022 structure (I4/mmm space group, number 139) has experimental lattice 
parameters of a = 3.90 Å and c = 7.12 Å3. Its structure optimization using density functional theory (DFT) with 
the Perdew-Burke-Ernzerhof (PBE) functional gives a = 3.78 Å and c = 7.10 Å. These values lead to about 6% 
smaller lattice volume compared to the experimental one, standing in stark contrast to the well-known trend that 
the PBE calculations2 systematically overestimate the experimental lattice volume. This contrast indicates that a 
strong Coulomb correlation beyond the traditional DFT is likely in operation. Furthermore, experimental meas-
urements are known to yield the perpendicular (⊥) magnetocrystalline anisotropy energy (MAE) of 14 × 106 erg/
cm3 (1 meV)6. The value theoretically obtained using first-principles DFT overestimates the experimental value 
by a factor of about 2. This inspires us to investigate the effect of intra-site Coulomb correlation on the magnetic 
anisotropy of Mn3Ga using DFT+U approach (see Method section).

In D022 Mn3Ga crystal, Mn atoms occupy two different positions [see Fig. 1(a)]. The first position (MnI), 
with multiplicity 1, is located at the Wyckoff position 2b (0, 0, 0.5) [octahedral site] and the second position 
(MnII), with multiplicity 2, is at 4d (0, 0.5, 0.25) [tetrahedral site]7, indicating that the effective U can be poten-
tially different for these two different sites. A proper choice of the effective U parameter in PBE+U formalism is 
crucial in understanding and interpreting the results of first-principles calculations. Therefore, we scan the UI, 
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UII parameter space [UI = U(MnI), UII = U(MnII)] and obtain the best set of UI and UII values (UI = 2.6 eV and 
UII = 0 eV), yielding in-plane lattice constant, out-of-plane lattice constant, magnetic moment of MnI and mag-
netic moment of MnII close to the respective experimental ones simultaneously [see Fig. 1(b–e), the light-grey 
color corresponds to the experimental value in these subfigures].

With UI = 2.6 eV (UI = 0 eV), the optimized in-plane lattice parameter is determined to be 3.9054 Å (3.78 Å), 
while the out-of-plane lattice parameter is 7.0518 Å (7.10 Å). Both lattice parameters with UI = 2.6 eV are in close 
agreement with existing experimental lattice parameters of 3.90 Å and 7.12 Å3. The optimized structure possesses 
a ferrimagnetic ordering, with the MnI atoms aligned antiparallel to the MnII atoms. For UI = 2.6 eV (UI = 0 eV), 
the MnII atoms are separated from their nearest MnII neighbors by 2.76 Å (2.67 Å) and from the nearest Ga atoms 
by 2.63 Å (2.59 Å), while the MnI atoms are 2.63 Å (2.59 Å) from the nearest MnII atoms and 2.76 Å (2.67 Å) 
from the nearest Ga atoms. For UI = 2.6 eV (UI = 0 eV), the magnetic moments are −3.895 μB (−2.857 μB) for the 
MnI atoms and +2.533 μB (+2.315 μB) for the MnII atoms, giving the structure an overall magnetic moment of 
+2.206 μB (+1.7165 μB) per formula unit. The total magnetic moment with UI = 2.6 eV agrees better with existing 
experimental results of 2.2 μB per formula unit4.

With UI = 2.6 eV (UI = 0 eV), the bulk structure exhibits a ⊥ MAE of +1.41 (+1.76) meV. The atom-resolved 
MAE is shown in Fig. 2(a). The MnI atoms make a near-zero positive contribution (0.013 meV/atom for 
UI = 2.6 eV and 0.014 meV/atom for UI = 0 eV) to the MAE. Although adding U(MnI) of 2.6 eV does not show a 
considerable change in the net MAE of MnI atom, it changes the spin-channel-resolved MAE significantly, ↑↑ and 
↓↓ contributions in particular [compare Fig. 2(b,c)]. The Ga atoms also make a small positive contribution to the 
MAE, but the MnII atoms are primary source of the high PMA, with each atom making a large positive contribu-
tion (about 0.33 meV/atom for UI = 2.6 eV and 0.42 meV/atom for UI = 0 eV). Figure 2(d) shows the anisotropy 

Figure 1.  (a) Crystal structure of D022 Mn3Ga under investigation, and calculated (b) in-plane lattice constant a 
(c) out-of-plane lattice constant c (d) magnetic moment of MnI and (e) magnetic moment of MnII as a function 
of effective U parameter.

Figure 2.  (a) Calculated atom-resolved MAE of D022 Mn3Ga for U(MnI) = 0.0 and = 2.6 eV; its spin channel- 
and atom-resolved MAE for (b) U(MnI) = 0.0 eV and (c) U(MnI) = 2.6 eV; and (d) atom-resolved orbital-
magnetic-moment anisotropy of D022 Mn3Ga for U(MnI) = 0.0 and = 2.6 eV.
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of orbital magnetic moment. This anisotropy is smaller for the PBE+U calculation in agreement with the finding 
that the PBE+U rather than PBE gives a smaller MAE for Mn3Ga.

Within the framework of second-order perturbation theory8,
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where ′σ σu o( ) and ( )u oε ε ′σ σ  respectively stand for eigenstates and eigenvalues of unoccupied (occupied) states in 
spin state σ(σ′), ξ is the SOC coefficient, and Lz and Lx are the angular momentum operators. Relative contribu-
tions of the nonzero matrix elements with the d-states are as follows: d L d 1xz z yz〈 | | 〉 = , d L d 2x y z xy2 2〈 | | 〉 =− , 
〈 | | 〉 =d L d 3z x yz2 , 〈 | | 〉 =−d L d 1x y x yz2 2  & 〈 | | 〉 =d L d 1xy x xz . For these nonvanishing matrix elements (two for Lz 
and three for Lx operators), the most dominant contribution to the MAE comes from the states near the Fermi 
level and its behavior is essentially determined by the denominator of Eq. (1). The SOC interaction between states 
with the same (different by 1) magnetic quantum number(s), m, is through the Lz (Lx) operator. For parallel 
mutual spin orientations (σσ′ = ↑↑ or ↓↓), positive (negative) contribution comes from the Lz(Lx) coupling; 
whereas for antiparallel mutual spin orientations (σσ′ = ↑↓ or ↓↑), Eq. (1) has opposite sign and thus positive 
(negative) contribution comes from the Lx(Lz) coupling.

Figure 3 shows the orbital- and spin-resolved MAE for the (a) MnI and (b) MnII atoms. For both (a) and (b), 
we present results for U(MnI) = 0, U(MnII) = 0 eV (left panel) and U(MnI) = 2.6, U(MnII) = 0 eV (right panel) in 
order to illustrate the impact of correlations. The left panel of Fig. 3(a) shows that large negative (in-plane) con-
tributions to the MAE come from σσ′ = ↑↓ coupling and ↓↑ coupling between the −dx y2 2 and dxy orbitals, while 
relatively small positive (perpendicular or out-of-plane) contributions from ↑↑ coupling and ↓↓ coupling also 
occur between these orbitals. Additional positive contributions come from ↓↑ coupling and ↑↓ coupling between 
dx y2 2−  and dyz orbitals, dz 2 and dyz orbitals, and dxz and dxy orbitals, while ↑↓ coupling and ↓↑ coupling between the 
dyz and dxz orbitals gives a small negative contribution. The most notable difference between the orbital-resolved 
MAE of MnII and that of MnI is that the dxy and −dx y2 2 orbitals of MnII atoms contribute to larger PMA due to 
stronger ↓↓ coupling and ↑↑ coupling, while these orbitals of MnI atoms give larger in-plane contribution due to 
stronger ↓↑ coupling and ↑↓ coupling. Like MnI atoms, in the case of MnII atoms, the dyz and dz 2 orbitals also make 
a significant ⊥ contribution through ↑↓ coupling and ↓↑ coupling; while small in-plane contributions come from 
the ↑↑ coupling and ↓↓ coupling between the dxz and dxy orbitals, and from ↑↓ coupling and ↓↑ coupling between 
the dxz and dyz orbitals. With applying the Hubbard U correction of 2.6 eV at MnI site, similar trends are found as 

Figure 3.  Calculated orbital- and spin channel-resolved MAE for (a) MnI and (b) MnII without (left-panel) and 
with U(MnI) of 2.6 eV (right-panel).
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above but the magnitudes of the contributions are reduced significantly. For MnI atom, as the reductions of posi-
tive and negative contributions are of opposite sign [see the right panel of Fig. 3(a)], the changes cancel out and 
the net MAE of MnI atom does not show a considerable change by the applied U(MnI) of 2.6 eV. The U correction 
of 2.6 eV at MnI site also influences the MAE of MnII site [see the right panel of Fig. 3(b)], leading to a reduction 
of about 25% of total MAE in Mn3Ga.

The orbital-projected density of states and band-structure, shown respectively in Figs 4 and 5, provide com-
plementary information about the character of spin-orbit coupling in the (a) MnI and (b) MnII atoms. We first 
discuss our calculated DOS and band-structure in the case of U(MnI) = U(MnII) = 0 eV. The left panel of Fig. 4(a) 
shows that strong ↑↓ coupling (leading to in-plane MA) occurs between unoccupied ↑−dx y2 2  and occupied ↓dxy  
states, while relatively weak ↑↑ coupling and ↓↓ coupling (leading to PMA) occur between the occupied ↑−dx y2 2  
and unoccupied dxy ↑ states, and between the unoccupied dx y2 2 ↓−  and occupied ↓dxy  states. The left panel of 
Fig. 5(a) shows that an unoccupied dx y2 2 ↑−  band exists along the X-M and A-R lines and the existence of an occu-
pied dxy ↓ band along these lines suggests that the X-M and A-R lines are the abode of the strong ↑↓ coupling 
between these orbitals. For the dz 2 and dyz orbital pair, the ↑↓ coupling (PMA) occurs between unoccupied dyz ↑ 
and occupied dz 2 ↓ states, mostly near the Γ point on the Γ-X line, near the M point on the X-M line and near the 
A point on the A-R line. Relatively weak ⊥ contribution comes from the ↑↓ coupling between the unoccupied 
dxz ↑ and occupied dxy ↓ states. The presence of an unoccupied dxz ↑ band and occupied dxy ↓ band along Γ-X-M 
line suggests this coupling. A weak ⊥ contribution comes from the ↓↑ coupling between the unoccupied dyz ↓ and 
occupied dx y2 2 ↑−  bands, mostly along the Γ-X and R-Z lines. The ↑↓ coupling also occurs between the unoccu-
pied dyz ↑ and occupied dxz ↓ states mostly around the X point, leading however to a small in-plane contribution. 
A much stronger presence of the unoccupied ↓−dx y2 2  state near the Fermi level in MnII than in MnI [see Figs 4(b) 
and 5(b)] explains why the coupling between ↓−dx y2 2  and dxy ↓ pair gives much larger ⊥ contribution to MAE in 
MnII than in MnI. For the dyz and dz 2 pair at MnII site, the ↑↓ coupling (PMA) occurs between unoccupied dyz ↑ 
and occupied ↓dz 2  states, mostly near the Γ point on the Γ-X line. Relatively weak ⊥ contribution comes from the 
↑↓ coupling between the unoccupied dxz ↑ and occupied dxy ↓ states. The presence of an unoccupied dxz ↑ band and 
occupied dxy ↓ band along Γ-X-M line suggests this coupling. Similarly weak ⊥ contribution comes from the ↑↓ 
coupling between the unoccupied dyz ↑ and occupied dx y2 2 ↓−  bands, mostly near the Γ point on the Γ-X line. The 
↑↓ coupling also occurs between the unoccupied dyz ↑ and occupied dxz ↓ states mostly around the X point, leading 
however to a small in-plane contribution.

In the presence of on-site U correction of 2.6 eV at MnI, one feature common to both MnI and MnII atoms is 
that the correction results in a large shift of spectral weight away from the Fermi level. Pushing away the bands 
near the Fermi level by on-site U causes significant reduction of electron states at and near EF which eventually 
leads to a reduction of about 25% of total MAE in Mn3Ga.

In conclusion, taking into account the effects of strong electronic correlations, we show by comparison with 
the experiment that the DFT+U method is capable of quantitatively describing the volume and the MAE in D022 

Figure 4.  Calculated orbital- and spin- resolved electronic density of states of Mn3Ga for (a) MnI and (b) MnII 
without (left-panel) and with U(MnI) of 2.6 eV (right-panel).
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Mn3Ga ferrimagnet. For the first time using a plane-wave code, we decompose MAE into spin channel-resolved 
components to determine spin-flip and spin-conserving contributions. The Mn atom at the tetrahedral site is 
identified as the main source of the high ⊥ MAE with the most dominant spin-orbit coupling (SOC) occurring 
between its two orbital pairs: ↑↑ coupling and ↓↓ coupling between −dx y2 2 and dxy, and ↑↓ coupling between dyz 
and dz 2. Using the SOC-perturbation theory model, we provide interpretation of our numerical results. These 
results are important for quantitative microscopic understanding of the large PMA in this material, and should 
assist in the development of the futuristic spintronic devices.

Figure 5.  Calculated orbital- and spin- resolved electronic band structure of Mn3Ga for (a) MnI and (b) MnII 
without (left-panel) and with U(MnI) of 2.6 eV (right-panel).
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Method
Our calculations are performed using the VASP9 implementation of DFT, with the Perdew-Burke-Ernzerhof 
exchange-correlation functional and projector augmented wave (PAW) potentials10–14. Kohn-Sham wave func-
tions are represented using a plane-wave basis truncated at an energy cutoff of 40 Ry. Brillouin zone integrations 
are done on a uniform Monkhorst-Pack15 k grid of 19 × 19 × 11. The effect of Coulomb correlation is incor-
porated using DFT+U approach of Dudarev, in which an effective, rotationally-invariant, screened, onsite 
Coulomb U (Ud − J) is added to the DFT functional16–18. Atomic positions are fully relaxed using the conjugate 
gradient algorithm until all inter-atomic forces are smaller than 0.1 meV/Å. The MAE is determined by applying 
spin-orbit coupling and comparing the total energy values for in-plane and out-of-plane magnetization orienta-
tions, according to the following equation: MAE = E100 − E001, where (100) and (001) representing the in-plane 
and out-of-plane orientations, respectively.

References
	 1.	 Mizukami, S. et al. Long-Lived Ultrafast Spin Precession in Manganese Alloys Films with a Large Perpendicular Magnetic 

Anisotropy. Phys. Rev. Lett. 106, 117201 (2011).
	 2.	 Wu, F. et al. Epitaxial Mn2.5Ga thin films with giant perpendicular magnetic anisotropy for spintronic devices. Appl. Phys. Lett. 94, 

122503 (2009).
	 3.	 Krén, E. & Kádár, G. Neutron diffraction study of Mn3Ga. Solid State Comm 8, 1653 (1970).
	 4.	 Balke, B., Fecher, G. H., Winterlik, J. & Felser, C. Mn3Ga, a compensated ferrimagnet with high Curie temperature and low magnetic 

moment for spin torque transfer applications. Appl. Phys. Lett. 90, 152504 (2007).
	 5.	 Slonczewski, J. J. Current-driven excitation of magnetic multilayers. Magn. Magn. Mater. 159, L1 (1996).
	 6.	 Masumoto, H., Watanabe, K. & Mitera, M. On the D022-Type Alloys in the Mn-Ga System and Their Magnetic Properties. J. Jpn. Inst. 

Met. 42, 474 (1978).
	 7.	 Kurt, H., Rode, K., Venkatesan, M., Stamenov, P. & Coey, J. M. D. High spin polarization in epitaxial films of ferrimagnetic Mn3Ga. 

Phys. Rev. B 83, 020405(R) (2011).
	 8.	 Wang, D., Wu, R. & Freeman, A. J. First-principles theory of surface magnetocrystalline anisotropy and the diatomic-pair model. 

Phys. Rev. B 47, 14932 (1993).
	 9.	 Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558 (1993).
	10.	 Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994).
	11.	 Saha, S. K., Manna, S., Stepanyuk, V. S. & Kirschner, J. Visualizing Non-abrupt Transition of Quantum Well States at Stepped Silver 

Surfaces. Scientific Reports 5, 12847 (2015).
	12.	 Gennaro, M. Di, Saha, S. K. & Verstraete, M. J. Role of dynamical instability in the ab initio phase diagram of calcium. Phys. Rev. Lett. 

111, 025503 (2013).
	13.	 Saha, S. K., Manna, S., Przybylski, M., Stepanyuk, V. S. & Kirschner, J. Sharply distinct d-band quantum-well states in palladium thin 

films. Phys. Rev. B 90, 081404(R) (2014).
	14.	 Saha, S. K. & Dutta, G. Elastic and thermal properties of the layered thermoelectrics BiOCuSe and LaOCuSe. Phys. Rev. B 94, 125209 

(2016).
	15.	 Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys. Rev. B 13, 5188 (1976).
	16.	 Dudarev, S. L., Botton, G. A., Savrasov, S. Y., Humphreys, C. J. & Sutton, A. P. Electron-energy-loss spectra and the structural 

stability of nickel oxide: An LSDA + U study. Phys. Rev. B 57, 1505 (1998).
	17.	 Kostov, K. L. et al. Surface-phonon dispersion of a NiO(100) thin film. Phys. Rev. B 87, 235416 (2013).
	18.	 Saha, S. K., Stepanyuk, V. & Kirschner, J. Ferromagnetism of Pd (001) substrate induced by antiferromagnetic CoO. Physics Letters 

A 378, 3642 (2014).

Author Contributions
S.K.S. and G.D. conceived the project. S.K.S. and Z.L. carried out calculations. The manuscript was written by 
S.K.S. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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. The 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/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Impact of Coulomb Correlations on Magnetic Anisotropy in Mn3Ga Ferrimagnet

	Method

	Figure 1 (a) Crystal structure of D022 Mn3Ga under investigation, and calculated (b) in-plane lattice constant a (c) out-of-plane lattice constant c (d) magnetic moment of MnI and (e) magnetic moment of MnII as a function of effective U parameter.
	Figure 2 (a) Calculated atom-resolved MAE of D022 Mn3Ga for U(MnI) = 0.
	Figure 3 Calculated orbital- and spin channel-resolved MAE for (a) MnI and (b) MnII without (left-panel) and with U(MnI) of 2.
	Figure 4 Calculated orbital- and spin- resolved electronic density of states of Mn3Ga for (a) MnI and (b) MnII without (left-panel) and with U(MnI) of 2.
	Figure 5 Calculated orbital- and spin- resolved electronic band structure of Mn3Ga for (a) MnI and (b) MnII without (left-panel) and with U(MnI) of 2.




