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We perform a theoretical study of the electronic structure and magnetic properties of the prototypical magnetic
MAX-phase Mn,GaC with the main focus given to the origin of magnetic interactions in this system. Using
the density functional theory+dynamical mean-field theory (DFT+DMFT) method, we explore the effects
of electron-electron interactions and magnetic correlations on the electronic properties, magnetic state, and
spectral weight coherence of paramagnetic and magnetically ordered phases of Mn,GaC. We also benchmark
the DFT-based disordered local moment approach for this system by comparing the obtained electronic and
magnetic properties with that of the DFT+DMFT method. Our results reveal a complex magnetic behavior
characterized by a near degeneracy of the ferro- and antiferromagnetic configurations of Mn,GaC, implying a
high sensitivity of its magnetic state to fine details of the crystal structure and unit-cell volume, consistent with
experimental observations. We observe robust local-moment behavior and orbital-selective incoherence of the
spectral properties of Mn,GaC, implying the importance of orbital-dependent localization of the Mn 3d states.
We find that Mn,GaC can be described in terms of local magnetic moments, which may be modeled by DFT
with disordered local moments. However, the magnetic properties are dictated by the proximity to the regime of
formation of local magnetic moments, in which the localization is in fact driven by Hund’s exchange interaction,

and not the Coulomb interaction.

DOI: 10.1103/PhysRevB.105.035125

I. INTRODUCTION

MAX-phases are a promising class of functional materials
with the generic chemical formula M, ;AX, and hexagonal
crystal structure, which consists of layers of C or N (X)
and transition metal (M) atoms, interconnected by layers of
the A-group atoms. First discovered in the 1960s [1,2] and
later rediscovered in 1996 [3], these materials possess intrigu-
ing physical behavior combining the properties typical for
ceramics, such as high hardness, and those of metallic sys-
tems, e.g., good electrical and thermal conductivity [4]. This
combination of physical and mechanical properties, as well
as being easily machined [5], makes MAX phases promis-
ing for numerous applications, such as thin-film coatings for
low friction surfaces, electrical contacts, and heat exchangers
[4,5].
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In 2013, the first experimental realization of a magnetic
MAX-phase of Mn-doped Cr,GeC was presented, synthe-
sized as a heteroepitaxial single crystal thin film with excellent
structural quality [6,7]. In 2014, the long-range magnetically
ordered Mn,GaC MAX-phase was predicted by ab initio
band-structure methods and then subsequently synthesized
[8]. It was the first magnetic MAX-phase with only Mn atoms
as the M-element. Its crystal structure is illustrated in Fig. 1.
The layered structure of MAX-phases leads to a variety of
possible magnetic structures that offers an intriguing per-
spective for applications of MAX-phases in spintronics and
magnetic refrigeration [9].

Ab initio band-structure calculations, based on density
functional theory [10] (DFT) within the local density ap-
proximation [11,12] (LDA) or the generalized gradient
approximation with the Perdew-Burke-Ernzerhof functional
(PBE) [13], propose the existence of robust local magnetic
moments in Mn,GaC at low temperatures [14,15], with a
ferromagnetic (FM) ground state. In contrast to this, neutron
reflectometry in combination with DFT calculations suggests
the formation of long-range antiferromagnetic (AFM) order in
epitaxial thin films of Mn,GaC [16]. Moreover, the magnetic
order was found to be very sensitive to small changes of the
lattice volume [15]. A slight expansion of the lattice leads to a
transition from the FM to the AFM state with a canted spin
structure forming spin spirals with zero net magnetization.
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FIG. 1. (a) Crystal structure of Mn,GaC. The space group is
P63/mmc with atomic positions: Mn at 4f (3, 2,0.0821), Ga at
2d (3,%,3), and C at 2a (0,0,0). (b) An AFM configuration of
Mn,GaC, showing the relative orientation of magnetic moments.

The theoretical calculations were consistent with the exper-
imentally observed high sensitivity of the magnetic state of
Mn,GaC on temperature around room temperature [15].

The complicated behavior of the ordered magnetic struc-
ture of Mn,GaC has also been observed in experiments
[16,17]. In particular, above ~507 K there appears to be a
transition from a collinear AFM to a paramagnetic (PM) state,
while below 214 K there is a transition from a collinear AFM
to a canted AFM state. In contrast to previously suggested
local moment behavior, experimental studies of the MAX-
phase (Cr,Mn),GaC with up to 25% Mn report the FM state
due to itinerant electrons, ruling out localized magnetic mo-
ments residing on the Mn sites [18]. This raises a question
about magnetic moments in Mn,GaC in terms of itinerant or

localized electronic states, which poses a challenge for an ac-
curate microscopic description of the electronic and magnetic
properties of Mn,GaC.

In this work, we explore the electronic structure and
magnetic properties of Mn,GaC using the DFT+dynamical
mean-field theory (DFT+DMFT) approach for strongly corre-
lated systems [19-21]. By using the DFT+DMFT approach, it
becomes possible to proceed beyond a static mean-field treat-
ment of the electron-electron interactions in DFT to capture
correlated electron phenomena such as quasiparticle behavior,
orbital-selective band mass renormalizations, and coherence-
incoherence crossover of the spectral weight. It also enables us
to consider temperature-induced (local) quantum fluctuations,
and to explain the Mott transition [19,20,22-34]. Our results
suggest that Mn,GaC is a correlated metal sitting near the
regime of formation of local magnetic moments, in which
localization is driven by the on-site Hund’s exchange coupling
J (in contrast to the Hubbard repulsion U value).

II. COMPUTATIONAL DETAILS

We employ the state-of-the-art fully self-consistent in
charge density DFT+DMFT method [19,20] to examine
the electronic structure and magnetic properties of para-
magnetic and magnetically ordered states of Mn,GaC. In
our DFT+DMFT calculations, we use two independent
DFT+DMFT implementations. The first is provided in the
Toolbox for research in interacting quantum systems (TRIQS)
package for DMFT, which is interfaced with the all-electron
WIEN2K DFT code [21,35-39]. We used LDA and set
RyrKiax = 8.0. In DFT4+DMFT calculations, we consider
the Mn 3d valence states as correlated orbitals by con-
structing a basis set of atomic-centered Wannier functions
within the energy window [—7.8,6.4] eV (Fermi energy
Er = 0) [38,40,41]. We use the continuous-time hybridiza-
tion expansion quantum Monte Carlo algorithm within the
full rotationally invariant form in order to solve the realistic
many-body problem in DMFT [42—47], as implemented in the
CTHYB package [48].

In the second case, we use DFT+DMFT implemented
within a plane-wave pseudopotential formalism [28-31] in
DFT [49], combined with the continuous-time hybridiza-
tion expansion (segment) quantum Monte Carlo algorithm in
DMEFT [19,20,47]. In this approach, the Coulomb interaction
is treated in the density-density approximation, neglecting by
spin-flip and pair-hopping terms in the multiorbital Hubbard
Hamiltonian. We use the generalized gradient approximation
with the PBE functional in DFT [13]. In our DFT+DMFT
calculations, we explicitly include the Mn 3d, Ga 4s and
4p, and C 2p valence states by constructing a basis set of
atomic-centered Wannier functions within the energy window
spanned by these bands [40,41]. This allows us to take into
account charge transfer between the partially occupied Mn
3d, Ga 4s and 4p, and C 2p valence states, accompanied
by the strong on-site Coulomb correlations of the Mn 3d
electrons. The DFT4+DMFT calculations are performed with
full self-consistency over the charge density.

Using both DFT+DMFT approaches, we compute the
electronic structure, magnetic properties, quasiparticle mass
renormalizations m*/m, and spin-spin correlation function
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x (t) of the PM, FM, and AFM states of Mn,GaC as shown
in Fig. 1. We note that in our spin-polarized DFT+DMFT
calculations, the nonmagnetic DFT was employed (exchange
splitting due to magnetism appears in DMFT). We take U =
3.8 eV for the average Hubbard interaction, as estimated pre-
viously using the constrained random phase approximation
[50], and Hund’s exchange coupling J = 0.95 eV. In addition,
we explore the effects of correlation strength on the electronic
and magnetic properties of Mn,GaC taking the different val-
ues of the Coulomb repulsion and Hund’s exchange couplings
U =53and 6.9¢eV, and J = 0.5 eV, respectively [51-54].

To analyze the degree of localization of the Mn 3d elec-
trons of the PM, FM, and AFM Mn,GaC, we compute
the local spin-spin correlation function y (t) = (#i1,(7 ). (0))
within DMFT, where 71,(t) is the instantaneous magneti-
zation on the Mn 3d site at the imaginary time t (the
latter denotes an imaginary-time evolution ranging from 0
to B =1/kgT in the path integral formalism) [19,20]. In
both DFT+DMFT calculations, the fully localized double-
counting correction evaluated from the self-consistently de-
termined local occupations was used. The spin-orbit coupling
is neglected in our calculations. To obtain the self-energy on
the real axis, we employ the maximum entropy method, as
implemented in the MAXENT package [55] and Padé approxi-
mants.

In Fig. 1(a) we display the nonmagnetic two-formula-units
cell (contains eight atoms) of Mn,GaC with a lattice volume
of 40.87 A3/f.u. and c¢/a = 4.3, used in the DFT+DMFT cal-
culations (the corresponding lattice parameters are evaluated
from optimization of the unit-cell shape within nonmag-
netic DFT). In addition, we compute the electronic and
magnetic properties of PM Mn,GaC with DFT-PBE for
magnetically disordered supercells of Mn,GaC using the
projector-augmented waves technique [56], as implemented
in the Vienna ab-initio simulation package (VASP) [57,58].
To this end, we set up a 128-atom supercell consisting of
4 x 4 x 1 unit cells. To model the PM state, we distributed
the up/down Mn magnetic moments according to the special
quasirandom structure (SQS) technique [59,60]. We minimize
the short-range-order parameter [61] o; = 1 — w where
P,(1 | ) is the average conditional probability of finding a
spin-down Mn atom in the ith coordination shell of a spin-
up atom on the Mn sublattice; ¢* = 0.5 is the concentration
of spin-down atoms on the sublattice. After self-consistency,
one of the 64 Mn magnetic moments had flipped. Neverthe-
less, the absolute value of the short-range order parameters
was below 0.08 for the first eight nearest-neighbor shells. In
these calculations, we used a 5 x 5 x 5 k-point mesh and a
plane-wave cutoff 400 eV. The unit-cell volume was taken to
be 44.66 A3 /f.u. and ¢/a = 4.29 as obtained from structural
optimization of Mn,GaC within static DFT-SQS (for details,
see Ref. [15]).

III. RESULTS

A. FM and AFM long-range-ordered magnetic states

We start by computing the electronic structure and mag-
netic properties of the FM and AFM phases of Mn,GaC
at a temperature 7 =193 K using the spin-polarized

TABLEI. Long-range-ordered (7i1;), fluctuating M, and instan-
taneous ./ (ﬁz?) magnetic moments of Mn ions of the FM, AFM, and
PM phases of Mn,GaC as obtained by DFT+DMFT at different tem-
peratures. The Hubbard interaction U = 3.8 eV. In the DFT+DMFT
results at 7 = 116 K, Hund’s exchange is taken to be J = 0.5 eV,
while at 7 = 193 and 1160 K, J = 0.95 (see the text).

116 K 193K 1160 K
AFM PM FM AFM PM
(i) 0.12 0 1.70 1.73 0
Mo 0.31 0.3 1.72 1.76 1.4
() 1.8 1.81 2.2 2.2 2.3

Z

DFT+DMFT method with U = 3.8 eV and J = 0.95 eV. We
note that both DFT+DMFT schemes discussed above give
nearly identical results. In Fig. 2 we display our DFT+DMFT
results for the Mn 3d, Ga 4p, and C 2p spectral functions
of Mn,GaC. Our results for the k-resolved spectral func-
tions A(k, @) = —LTrG(k, w) of the FM and AFM phases of
Mn,GaC are shown in Figs. 3 and 4.

We find a metallic solution with a long-range magnetic
ordering of the Mn ions. The Mn 3d states are strongly hy-
bridized with the C 2p and Ga 4 p states and form a broadband
of about 8 eV bandwidth located at the Fermi level. The
occupied C 2p and Ga 4p states appear in between about
—8 to —4 eV and near —4 eV below Ep, respectively. The
unoccupied C 2p and Ga 4p bands sit above 2 eV. The spectral
functions of FM and AFM Mn,GaC show a pronounced ~1—
2 eV splitting of the Mn 3d spin-up and spin-down states due
to the magnetic exchange (see Fig. 2).

Our results for the self-energy show a typical Fermi-liquid-
like behavior, though with a notable damping of quasiparticles
of the Mn #, (a1, and ¢g) orbitals in the AFM state
[Im[Z(07)] ~ 0.01-0.03 eV]. The latter is seen as (orbital-
selective) incoherence of the k-resolved spectral weight of the
Mn 3d states near the Fermi level in Mn,GaC (see Figs. 3
and 4), implying the importance of electronic correlations
[32-34,62-66]. Moreover, we evaluate the quasiparticle mass
enhancement m*/m =1 — 0 Im¥(w)/dw|,—p using extrapo-
lation of the self-energy ¥(w) to w = 0 eV, which gives a
quantitative measure of the correlation strength. For the long-
range FM and AFM ordered states, we obtain a moderately
correlated metal with m*/m ~ 1.4 and 1.6, respectively, with
a weak orbital-dependence of m*/m. In fact, the electronic
band structure obtained by DFT4+DMFT closely follows the
spin-polarized DFT results, with a notable bandwidth renor-
malization and significant broadening (incoherence) of the
spectral weight caused by correlation effects.

The calculated long-range ordered magnetic moments for
the FM and AFM states (at 193 K), ~1.70up and 1.73up
per Mn ion, respectively, are comparable to those found
within spin-polarized DFT (PBE) for the theoretical equi-
librium volume, 1.59up and 1.83up [15] (see Table I). At
the same time, the instantaneous magnetic moment ,/(r?)
is higher, ~2.5up, implying the presence of significant (lo-
cal) spin fluctuations. To quantify the robustness of magnetic
moments of the Mn 3d states with respect to quantum fluc-
tuations, we compute the local spin-spin correlation function
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FIG. 2. Mn 3d, Ga4p, and C 2p spectral functions of the FM and AFM phases of Mn,GaC obtained within the spin-polarized DFT+DMFT

calculations at 7 = 290 K.

x(7) = (M, (7)m,(0)) within DMFT. Our DFT+DMFT re-
sults for x (r) are summarized in Fig. 5. Our analysis of the
local spin susceptibility suggests the proximity of Mn 3d
moments to localization. In particular, while x(7) is seen to
slowly decay with the imaginary time at small t (mainly for
/B < 0.05), it is significant and nearly constant for T >~ §/2,
~3.0p%, which implies the robustness of local magnetic mo-
ments in Mn,GaC. Moreover, the calculated fluctuating local

moments Mioe = [T [, d (h, (2 )m (0))]'/2 are ~1.72up

and 1.76up for the FM and AFM states, respectively. The
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FIG. 3. k-resolved spectral function of FM Mn,GaC calculated
by DFT+DMFT at T = 290 K in comparison to the spin-polarized
DFT results (shown in green).

latter are compatible with the long-range magnetic moment
of ~1.70-1.73up per Mn ion in FM and AFM Mn,GaC.

Our DFT+DMEFT total-energy calculations (with U =
3.8 eV and J = 0.95 eV) suggest a near degeneracy of the
FM and AFM states of Mn,GaC. In particular, we find that at
193 K the AFM state is energetically favorable, with a small
total energy difference between the FM and AFM state of
~4 meV /f.u., whereas at 293 K it differs by —5 meV/f.u.,
with the FM state being most stable. This behavior suggests a
high sensitivity of the magnetic state of Mn,GaC, e.g., to fine

LM HK

min

r M K T'A L H A

LM HK

FIG. 4. k-resolved spectral function of the AFM and PM phases
of Mn,GaC calculated by DFT+DMFT in comparison to the “bare”
Kohn-Sham band structure obtained within DFT (shown in green).
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FIG. 5. Local  spin-spin  correlation  function x(tr)=

(i (7)m,(0)) calculated by DFT+DMFT (with U =3.8 eV
and J =0.95 eV) as a function of the imaginary time t. Our
DFT+DMEFT results for the FM and AFM phases at 7 ~ 193 K
(B =60eV~!) and the PM phase at T ~ 1160 K (8 = 10 eV~!) are
shown.

details of its crystal structure, lattice volume, and temper-
ature, in agreement with experimental observations. At the
same time, the PM state is found to be highly energet-
ically unfavorable, with a total energy difference of ~95
meV /f.u., suggesting strong magnetic exchange interactions
in Mn,GacC.

Moreover, we observe that the magnetic properties of
Mn,GaC depend very sensitively on the particular choice
of Hund’s exchange coupling J. In fact, for a smaller value
J = 0.5 eV (and the same Hubbard interaction U = 3.8 eV),
both the FM and AFM states are found to be unstable and
collapse to the PM state at room temperature. At ~116 K for
AFM Mn,GaC, we find long-range magnetic ordering with a
weak static magnetic moment of ~0.12up per Mn ion. We
note that at ~116 K the FM phase is unstable and collapses
in the PM state. The calculated instantaneous local moments
are significantly smaller, ~1.8up, than those for J/ = 0.95 eV.
In addition to this, our DFT+DMFT calculations with U =
3.8 eV and J = 0.5 eV of the local spin susceptibility x(t)
give a typical itinerant moment behavior, with x (t) quickly
decaying to zero with the imaginary time 7. Our result for the
fluctuating moment is ~0.3up (at ~116 K).

B. Paramagnetic phase

Next, we compute the electronic structure and magnetic
state of the PM phase of Mn,GaC at a high electronic tem-
perature 7 ~ 1160 K (well above the experimental magnetic
ordering temperature of ~507 K) using the DFT+DMFT
method with U = 3.8 eV and J = 0.95 eV. In Fig. 4 (bot-
tom panel) we display our results for the k-resolved spectral
function of PM Mn,GaC in comparison with the “bare” Kohn-
Sham band structure, calculated within nonmagnetic DFT.
Our results for the orbitally resolved Mn 3d, Ga 4p, and C
2p spectral functions of PM Mn,GaC are shown in Fig. 6.

Spectral function

Energy (eV)

FIG. 6. Orbitally resolved Mn 3d, Ga 4p, and C 2p spectral
functions of PM Mn,GaC obtained by DFT+DMFT.

We obtain a strongly correlated metal with a pronounced
quasiparticle peak at the Fermi level due to the Mn a;, and e
states. The Mn eg states are seen to strongly hybridize with
the Ga 4p and C 2p states and are of about 10 eV bandwidth.
In contrast, the Mn #, bandwidth is more narrow at ~6 eV,
suggesting the importance of orbital-selective correlations.
Mn,GaC is characterized by a Fermi-liquid-like behavior of
the self-energy and large damping (finite lifetime) of quasi-
particles originating from the Mn ¢, states and Im[X(01)] ~
0.34 eV in the PM state at 290 K, respectively (see Fig. 7).
For the Mn eg states it is weaker, at ~0.14 eV. The latter is
consistent with significant (orbital-dependent) incoherence of
the spectral weight of the Mn 3d states near the Fermi level
[see Fig. 4 (bottom panel)], implying the importance of elec-
tronic correlations [32-34,62—66]. This behavior persists even
at relatively low temperature of ~193 K (in the PM state).
Moreover, our analysis of the orbitally resolved quasiparticle
mass renormalizations yields m*/m ~ 2.6 and 1.6 for the Mn
1 (ai; and ey) and eg states, respectively, implying orbital
selectivity of correlation effects in Mn,GaC. The latter agrees
well with sufficiently different bandwidth of the Mn #, and €7
states, as well as with orbital-selective incoherence of the Mn
3d states. Our results for the instantaneous magnetic moment
of the Mn ions is ~2.3up. This value is larger than the long-
range-ordered magnetic moment obtained by DFT+DMFT
for the FM and AFM phases of Mn,GaC at T ~ 193 K,
~1.7 pp per Mn ion, due to temperature-induced quantum
fluctuations.

In addition to this, our results for the local spin suscep-
tibility x(r) (with U = 3.8 eV and J = 0.95 eV) show the
presence of local moment behavior in PM Mn,GaC. x(t)
shows a slow decay with the imaginary time t to a nearly flat
region with x =~ 1.4u% near v >~ /2, implying the robust-
ness of local magnetic moments in the PM phase. Moreover,
the calculated fluctuating moment M), is large, ~1.4up,
consistent with the regime of formation of local magnetic
moments. Our results reveal a remarkable orbital-selective
renormalization of the Mn 3d bands in PM Mn,GaC, which
suggests orbital-dependent localization of the Mn 3d states.
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FIG. 7. Orbitally resolved Mn 3d self-energy on Matsubara contour X(iw,) of PM Mn,GaC evaluated by DFT+DMFT.

We notice a remarkable increase of local moments (both in-
stantaneous and fluctuating) in the low-temperature FM and
AFM Mn,GaC, suggesting an enhancement of localization of
the Mn 3d states in the FM and AFM phases of Mn,GaC. On
the other hand, this behavior is accompanied by a sizable de-
crease of the quasiparticle mass renormalizations, suggesting
the importance of orbital-selective damping of quasiparticle
coherence, i.e., an enhancement of the strength of electronic
correlations.

Interestingly, in contrast to a sharp dependence on Hund’s
exchange J, we observe a rather weak change of the electronic
structure and magnetic properties (e.g., local moments) upon
a large variation of the Hubbard U value from 3.8 to 5.3 and
6.9 eV. In particular, the instantaneous moments increase from
2.3up to 2.5up, i.e., only by less than 9% upon a change
of the Hubbard U from 3.8 to 6.9 eV (with J = 0.95 eV).
This anomalous dependence of the electronic and magnetic
properties of Mn,GaC on Hund’s coupling J, with a rather
weak dependence on the Hubbard U, is reminiscent of that in
Hund’s metals [67-76]. We conclude that the magnetic prop-
erties of Mn,GaC are dictated by its proximity to the regime
of formation of local magnetic moments, in which localization
is driven by Hund’s exchange coupling J. This implies the
crucial importance of (orbital-dependent) correlation effects
for understanding the electronic and magnetic properties of
anGaC.

To better establish the relation between our advanced
DFT+DMEFT calculations [77] with earlier simulations of
Mn,GaC carried out with DFT, we have performed DFT cal-
culations of the magnetic properties of PM Mn,GaC within
the static disordered local moment (DLM) picture. In this
approach, the quantum PM state is approximated by disor-
dered local magnetic moments distributed over the Mn sites
in the supercell of Mn,GaC consisting of 4 x 4 x 1 unit cells
to mimic complete magnetic disorder in the thermodynamic
limit [60], although neglecting quantum fluctuations. In Fig. 8
we display a histogram over the magnitudes of local magnetic
moments of the Mn ions. It has a mean value of ~1.7ug, com-
patible to the fluctuating local magnetic moments obtained by
DFT+DMFT, with a significant portion of magnetic moments
deviating from the mean value. This indicates a sensitivity of

magnetic moments to the local environment, which is usually
seen in itinerant electron magnets [78].

In Fig. 9 we compare the density of states (DOS) obtained
within DFT with the k-integrated spectral function from
DFT+DMFT. In addition to DLM, we also include nonmag-
netic DFT (PBE) calculations. We note that in the DFT-DLM
results, the main characteristic features of the nonmagnetic
DOS are still present, and the electronic structure of all local
environments adds up to a very similar DOS to that in the
nonmagnetic DFT description. This is in line with the fact that
the DFT+DMEFT calculations retain the large quasiparticle
peak due to the Mn 34 states near the Fermi energy that is seen
in the DFT results, although it is significantly renormalized
due to correlation effects.

IV. DISCUSSION

The electronic structure and magnetic properties of MAX-
phases have received much attention in condensed-matter
physics during the past decade. Nonetheless, the nature

18 T

- - -
N » (2]

—_
o

Number of atoms

0 0.5 1 15 2 25
My Ligl

FIG. 8. Distribution of Mn magnetic moments obtained from
supercell DFT-DLM calculations with PBE.
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DOS (arb. units)

E - Er (eV)

FIG. 9. Density of states of Mn,GaC obtained within nonmag-
netic PBE (solid red line), disordered local moments within the
PBE approximation (dashed green line), and the DFT4+DMFT total
spectral function (solid orange field). The energy scale is relative to
the Fermi energy, Er.

of their magnetic interactions, e.g., the origin of mag-
netic moments of the prototypical magnetic MAX-phase
compound Mn,GaC, has remained controversial. In our study,
we compute the electronic structure and magnetic properties
of the PM, FM, and AFM phases of Mn,GaC using the
DFT+DMFT and DFT-DLM electronic structure methods.
While DFT-DLM gives a static configurational treatment of
the PM state, by using DFT+DMFT it becomes possible to
treat dynamical quantum fluctuation effects at finite tempera-
tures and to study local moment formation in Mn,GacC.

For the PM phase using DFT+DMFT, we find a correlated
metal with a Fermi-liquid-like behavior of the self-energy
exhibiting a large orbital-selective quasiparticle damping (for
the Mn £, and eg states Im[X(07)] ~ 0.34 and ~0.14 eV
in the PM state at 290 K, respectively) and remarkable
orbital-selective renormalization of the Mn 3d bands. It leads
to a sufficiently strong orbital-selective incoherence of the
spectral weight of the Mn 3d states near the Fermi level,
implying the importance of electronic correlation effects. Our
DFT+DMFT results reveal a complex magnetic behavior of
Mn,GaC with strongly competing FM and AFM states at low
temperatures. This suggests a high sensitivity of the mag-
netic state of Mn,GaC to fine details of its crystal structure,
lattice volume, pressure, etc., in agreement with recent ex-
periments. Moreover, this suggests the possible importance
of structural optimization of the atomic positions and unit-
cell shape of Mn,GaC within DFT+DMFT, which remains
a great challenge for the future [79-83]. While the ordered
magnetic moments obtained by DFT+DMFT for the FM and
AFM states (~1.7up) are compatible with those found with
spin-polarized DFT, the instantaneous magnetic moment is
sufficiently higher (~2.5up), implying the presence of signif-
icant (local) spin fluctuations. Our analysis of the local spin
susceptibility suggests the proximity of the Mn 3d moments
to localization, consistent with a large quasiparticle damping
of the Mn #, orbitals in the PM state. At the same time, the
quasiparticle band renormalization of the Mn 3d states in

the long-range magnetically ordered FM and AFM phases is
found to be relatively weak, about 1.5.

We observe that the magnetic properties of Mn,GaC de-
pend very sensitively on the choice of Hund’s exchange
coupling, with a typical itinerant magnetism and coherent
quasiparticle behavior for J = 0.5 eV and robust local mo-
ments behavior for J = 0.95 eV. Moreover, DFT+DMFT
calculations with J = 0.5 eV give a sharp suppression of
the magnetic ordering temperature to ~116 K, resulting in a
weak ordered magnetic moment of ~0.12up per Mn ion (at
~116 K), in contradiction with experiment. Most importantly,
our calculations show that the magnetic properties of Mn, GaC
are dictated by its proximity to the regime of formation of
local magnetic moments, in which localization is driven by
Hund’s exchange coupling J. We observe that the quantum
dynamics of the system is driven by Hund’s exchange in-
stead of the Coulomb repulsion, suggesting that Mn,GaC is a
representative of Hund’s metals. This results in a remarkable
orbital-dependent incoherence of the spectral weight of PM
Mn,GaC, which is different from the DFT-based DLM results.

Our DFT+DMFT calculations suggest the robustness of
local magnetic moments of the Mn ions in this compound.
This explains why the previous DFT calculations give re-
liable results for the long-range-ordered magnetic state of
Ma,GaC. The robust local moment behavior seems to validate
the use of a static configurational DFT-DLM treatment of the
PM state of Mn,GaC, while the magnitude of the localized
magnetic moments is found to be affected by temperature-
induced excitations. Moreover, the DFT-based description of
the high-temperature PM state of Mn,GaC in the framework
of the static mean-field DLM picture leads to a mean magnetic
moment of ~1.7up, compatible with the fluctuating local
magnetic moments obtained by DFT+DMFT. At the same
time, the DFT4+DMFT calculations suggest the presence of
significant (local) spin fluctuations in Mn,GaC. This effect
seems to be partly captured in our DFT-DLM calculations
where a significant portion of the magnetic moments deviates
from the mean value.

V. SUMMARY AND CONCLUSIONS

In conclusion, we performed a theoretical study of the elec-
tronic structure and magnetic properties of the PM, FM, and
AFM states of the prototypical MAX-phase Mn,GaC using
the DFT+DMFT and DFT-DLM methods. Our DFT+DMFT
results show robust local-moment behavior and orbital-
selective incoherence of the spectral properties of Mn,GaC,
which imply the importance of orbital-dependent localization
of the Mn 3d states. This suggests the crucial importance of
(orbital-dependent) correlation effects for understanding the
electronic and magnetic properties of Mn,GaC.

Our calculations reveal a complex magnetic behavior of
Mn,GaC with strongly competing FM and AFM states at low
temperatures. This suggests a high sensitivity of the magnetic
state of Mn,GaC to fine details of its crystal structure, lattice
volume, pressure, etc., in agreement with recent experiments.
This is in agreement with the results of the previous DFT
calculations of the long-range magnetically ordered states of
Mn,GaC, while the robust local moment behavior seems to
validate the use of a static configurational DFT-DLM treat-
ment of the PM state of Mn,GaC.
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Most importantly, our calculations show that the magnetic
properties of Mn,GaC are dictated by its proximity to the
regime of formation of local magnetic moments, in which
localization is driven by Hund’s exchange coupling J. We
observe that the quantum dynamics of the system is driven by
Hund’s exchange instead of the Coulomb repulsion, suggest-
ing that Mn,GaC is a representative of Hund’s metals. Our
results may have important implications for the theoretical
and experimental understanding of the magnetic properties
of MAX phases. We believe that this topic deserves further
detailed theoretical and experimental considerations.
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