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By combining theoretical density functional theory (DFT) and experimental studies, structural and magnetic
phase stabilities and electronic structural, elastic, and vibrational properties of the Laves-phase compound
NbMn, have been investigated for the C14, C15, and C36 crystal structures. At low temperatures C14 is the
ground-state structure, with ferromagnetic and antiferromagnetic orderings being degenerate in energy. The
degenerate spin configurations result in a rather large electronic density of states at Fermi energy for all magnetic
cases, even for the spin-polarized DFT calculations. Based on the DFT-derived phonon dispersions and densities
of states, temperature-dependent free energies were derived for the ferromagnetic and antiferromagnetic C14
phase, demonstrating that the spin-configuration degeneracy possibly exists up to finite temperatures. The heat
of formation A,o3 H® = —45.05 £ 3.64 kJ (mol f.u. NbMn,)~! was extracted from drop isoperibolic calorimetry
in a Ni bath. The DFT-derived enthalpy of formation of NbMnj; is in good agreement with the calorimetric
measurements. Second-order elastic constants for NbMn, as well as for related compounds were calculated.
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I. INTRODUCTION

Ground-state formation of electrons with magnetic degrees
of freedom is an interesting and inexhaustible problem in
solid-state physics. In simple cases, magnetic moments are
expected to order below a defined temperature (Curie or Néel
temperature). Geometrically frustrated magnets, however, rep-
resent an exception [1-4], where different spin configurations
share the same energy. This gives rise to a large entropy at low
temperatures or even at zero temperature, which seems to be in
conflict with the third law of thermodynamics. The pyrochlore
lattice is a typical example of such frustrated magnets. In these
systems, pairwise spin interactions cannot be simultaneously
minimized because of the lattice symmetry. The geometrical
frustration can be so intense that it induces novel and complex
phenomena [2] such as spin liquids [5], spin-orbit liquids [6],
spin-ice states [3,4], spin clusters [4], and spin loops [7], as
well as singlet formation [8].

So far, research on geometrically frustrated magnets has
mostly focused on three classes of compounds of the same
space group, Fd3m: (1) R, 7,07 (R =Y, Nd, Gd, Tb, Dy,
Ho, Er, Yb; T = Ti, Mn, Mo, Ru, Cd, In, Sn, T1), (2) AT,04
or AT»S4 (A = Cd, Zn, Co, Mn, Ge, Mg, Cd; T = Ti,
Cr, Fe, Ni, V, Cu), and (3) the cubic C15 structure of the
itinerant-magnetic Laves phase, YMn, [9,10]. The R3** ions
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in R,T,05, T** ions in AT,04 or AT,S,4, and Mn atoms
in YMn, are magnetic, occupying the trigonal 16¢ (or 16d)
sites which form a geometrically frustrated pyrochlore lattice.
Neutron scattering and magnetic susceptibility measurements
have demonstrated that these systems freeze into a disordered
spin state at low temperatures and that the local nearest-
neighbor spin correlations follow the two-in/two-out structure
on vertices of each corner-sharing tetrahedra of the pyrochlore
lattice. Although Y and Zr are neighbors in the periodic chart,
YMn,; behaves differently than ZrMn,: ZrMn; exhibits a fer-
romagnetic ground state and has a very peculiar magnetically
induced structural degeneracy (at least three structure types
of Cl4, C15, and C36) at low temperatures from density
functional theory (DFT) calculations [11,12], which have so
far been unresolved by experiments [13]. Recent experiments
[14] even demonstrated that a quantum criticality also exists
in the C14 Laves-phase structure, NbFe,. Because Nb is a
neighbor of Zr in the periodic table, it is interesting to see
which behavior will appear for the corresponding compound
NbMn,. Here, we use DFT calculations (like for ZrMn,)
to obtain the degenerate states between antiferromagnetic
and ferromagnetic spin configurations with robust local mo-
ments of the spin systems in a geometrically frustrated C14
Laves-phase system, NbMn,, at zero temperature. We find
an interesting feature in which different spin configurations
not only share the same DFT energy at the ground state but
also result in almost the same densities of states at the Fermi
level.

To date, only a few crystal structural experiments have
been done [15,16] and have consistently showed that NbMn,
crystallizes in the C14 Laves-phase structure.

©2018 American Physical Society
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The electronic structure and related physical properties of
NbMnj still remain unclear, and no DFT calculation has been
performed to date.

II. COMPUTATIONAL ASPECTS AND
EXPERIMENTAL DETAILS

A. Computational aspects

To derive the density functional results the Vienna Ab
initio Simulation Package (VASP) [17,18] with the projector
augmented-wave potential [19,20] construction was applied.
The potentials were constructed in such a way that semicore
states (such as 3p states for Mn and corresponding s and p
states of Nb) were treated as valence states. To approximate the
exchange-correlation functional we made use of the general-
ized gradient approximation (GGA) of Ref. [21], including the
approach of Vosko et al. [22] for spin-polarized calculations.
Care was taken that total energies were converged in particular
with respect to basis size and Brillouin zone integration. The
energy cutoff for the plane-wave basis was chosen to be 400 e V.
Full relaxation of geometrical parameters (atomic positions as
well as all lattice parameters) was achieved by minimizing
forces, stress tensor components, and total energies. For the
derivation of local properties (such as projected densities of
states and local magnetic moments) spheres with a radius of
1.556 A were circumscribed at each atomic position.

The most abundant structural variants of the Laves phases
are the C14, C15, and C36 structures. The C15 structure is fcc,
belonging to the space group Fd3m O], No. 227. Both the
hexagonal C14 and C36 structures belong to the space group
P63/mmc Dgh, No. 194. As a particular feature of all these
structures we recognize planes forming triangular networks
typical for a kagome lattice, clearly visible for the C14 and
C36 structures in the [001] direction. It should be noted that
such a network of vertex-sharing tetrahedra is a prime example
of a geometrically frustrated system. For the CI15 structure,
such planes are of [111] orientation. For the C14 structure, two
different Mn sites occur: the 2a site with higher coordination in
the planes of triangles and the 6/ site with lower coordination.
For the C36 structure, three different Mn sites (4 f, 6k, and
6g) are defined, whereas the high-symmetry C15 structure has
only one crystallographic Mn site (16d).

In addition to non-spin-polarized (or nonmagnetic, NM)
and ferromagnetic (FM) calculations some antiferromagnetic
cases were studied. For the Cl14 structure three selected
frequently observed antiferromagnetic initial spin arrange-
ments were calculated (for the details of their magnetic
ordering see Ref. [12]). We found the energetically sta-
blest antiferromagnetic spin-up (+)/-down (—) arrangement
(as also frequently observed in experiments): 2a(+)6h(+ +
+)2a(—)6h(— — —) along (0001). The C15 antiferromagnetic
structure was modeled according to Nakamura et al. [9],
as proposed for YMn,. For the C36 type, polymorph anti-
ferromagnetic calculations were carried out in terms of the
following initial spin arrangement: 6g(4 + +)4 f(+)6h(+ +
+)4f(—)68(— — )4 f(+)6h(— — —)4 f(—) along (0001).

The elastic constants for the C14 and C15 structures were
derived from DFT total energies as a function of suitably
selected distortions (see Refs. [23,24] for details). These

energies were fitted to third-order polynomials, from which the
elastic constants for the equilibrium structures were calculated.
It should be noted that particularly for the C14 structure, a
suitably large set of k points, 12 x 12 x 10, has to be taken
into account in order to get reliably converged results.

The phonon dispersions and phonon densities of states for
the ferromagnetic and antiferromagnetic C14 structures were
derived by making use of the so-called direct method [25] based
on supercells with periodic boundary conditions [12]. The
forces are computed for independent displacements required
by the symmetry of the unit cell. A displacement amplitude of
0.03 A was chosen. For the calculation of the force constants
for both structures the corresponding supercells contain 36
atoms, and a 2 x 2 x 2 k-point grid was applied. Because the
antiferromagnetic C14 phase has lower symmetry, it needs to
run a total of 48 single-point energy calculations on supercells
containing 36 atoms. However, for the ferromagnetic C14 case
only 18 single-point energy calculations are necessary. All
these calculations for deriving the force constants were again
done using VASP.

B. Experimental details

All alloys (1 g each) were arc melted on a water-cooled Cu
hearth from high-purity elements (more than 99.99 wt %) in Ti-
gettered argon. A slight excess of Mn was used to compensate
its evaporation during melting. Each alloy was weighed after
melting, and Mn was added (if necessary) until the nominal
composition was achieved. A part of each alloy was sealed in
a vacuum quartz tube and annealed at 900 °C for 10 days prior
to quenching into cold water.

Single crystals for single-crystal x-ray diffraction (SCXD)
investigations were mechanically isolated from a crushed alloy,
in which the composition was determined by electron probe
microscopy analysis. For more details on the chemical analysis
of our samples and structural analysis of our SCXD data, see
Refs. [26,27].

For details about deriving the heat of formation of NbMnj,
via isoperibolic drop calorimetry see Sec. IV B and Ref. [28].

III. STRUCTURAL AND MAGNETIC STABILITIES

Figure 1 summarizes the calculated total energies as a
function of volume per formula unit (f.u.) for C14, C15, and
C36 structures in their NM, FM, and stablest antiferromagnetic
(AF) states for NbMn,. The right panel in Fig. 1 provides
an overview of the total energies at equilibrium volumes of
each phase, i.e., the minima of each energy-volume curve. In a
first step, we focus our analysis on only nonmagnetic phases.
Neglecting magnetism, the hexagonal C14 NM structure is
found to be the stablest one. The C36 NM phase is less stable
than the C14 NM phases by about 2 kJ mol~!, whereas the
C15 NM structure is less stable by about 3.8 kJ mol~!. The
predicted ground state is in agreement with the experimen-
tal observations of a stable C14 structure [15,16,29]. In a
second step, the stable antiferromagnetic and ferromagnetic
orderings are included in the DFT calculations. The phase
stability sequence remains unchanged for nonmagnetic, an-
tiferromagnetic, and ferromagnetic states. The experiments
were typically performed at elevated temperatures (i.e., above
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FIG. 1. Density functional total energy results for NbMn,, Left:
calculated total energies Uppr as a function of volume V for the
nonmagnetic case (NM; asterisks and solid lines) and the stablest
antiferromagnetic (AF; triangles and dashed lines) and ferromagnetic
(FM; solid circles and solid lines) spin ordering for C14, C15, and
C36 structures. Each point corresponds to a structure obtained after
relaxation of all structural parameters, resulting in the minimum of
the total energy for a given fixed volume. Right: total energies Upgr
of all structures at the minima of the energy-volume curves in the left
panel (i.e., at equilibrium volumes Vj). Energies refer to the lowest
calculated energy of the C14 FM phase.

900 °C) on off-stoichiometric samples. No low-temperature
crystal experiment on an exactly stoichiometric sample has
been reported in the literature. This is mainly due to the
difficulty in synthesizing a stoichiometric sample by directly
arc melting two elements of quite different melting points (Nb:
2469 °C, Mn: 1246 °C). From the phase diagram [30], NbMn,
was shown to congruently melt at 1500 °C at the stoichiometric
composition with a C14 structure within a large-homogeneity
region extending from ~ 28 to ~ 40 at % Nb. In contrast to
this homogeneity range, the authors of Ref. [15] derived a
rather restricted region within 31 to 36 at % Nb using a lattice
parameter study at 900 °C as part of an investigation of the
isothermal section Nb-Mn-Ga.

The CI15 structure is stabilized (1.2 kJ mol~!) only by
ferromagnetism, and the antiferromagnetic ordering has no
influence on the stability of the cubic C15 structure. The
most striking feature is magnetic ordering of the hexagonal
C14 and C36 structures, as illustrated in Fig. 1. For the C36
phase, the AF spin ordering is energetically more favorable by
1.4 kJ (mol f.u.) ~! with respect to the NM phase, and the FM
phase is even more stable by 0.2 kJ mol~! as a result of the
ferromagnetic and antiferromagnetic degeneracy. However, a
truly unexpected result occurs for the C14 structure: FM and
AF magnetic orderings possess the same ground-state total
energies per f.u., and they are only slightly lower by 0.064 kJ
mol~! than for the non-spin-polarized NM ordering. This tiny
energy difference is in line with rather small local magnetic
moments, as discussed in Sec. V. Furthermore, the C14 AF and
FM phases are energetically lower by only 0.4 kJ (mol f.u.)~!
compared to those of C36 FM, which is another indication
of degeneracies of (probably more complicated) magnetic
orderings. These findings of degeneracy for NbMn, are in

TABLE I. Calculated (calc.) and experimental (expt.) structural
parameters with the C14, C15, and C36 crystal structures. Lattice
parameters a and ¢ are in A, equilibrium volumes Vj, per formula unit
are in A 3, and bulk moduli B are in GPa.

Structure a c Vo B Method
Cl14 NM 4.799 7.874 39.28 248 calc.
Cl4 AF 4.802 7.881 39.38 219 calc.
Cl4 FM 4.803 7.887 39.40 220 calc.
Nb3sMngs 4.891 8.004 41.45 expt.”
Nb3zoMn7, 4.872 7.975 40.98 expt.?
4.880 7.996 41.22 expt.?
4.891 7.975 41.30 expt.
4.869 7.886 40.47 expt.d
CI15NM 6.817 39.30 250 calc.
C15FM 6.846 39.50 206 calc.
C36 NM 4.804 15.730 39.33 249 calc.
C36 FM 4.820 15.773 39.66 196 calc.
C36 AF 4.815 15.778 39.60 221 calc.

2Reference [15].
bReference [29].
‘Reference [16].
dReference .

contrast to ZrMn,, for which only the ferromagnetic states of
C14, C15, and C36 are nearly degenerate because of the small
difference of 0.3 kJ (mol f.u.)~!, according to Refs. [11,12].

For each structure and magnetic ordering, the equilibrium
structural parameters are obtained from a full geometry opti-
mization by minimizing the total energy. The results are listed
in Table I, together with experimental data for the C14 structure
[15,16,29]. The computed volume of the energetically most
favorable C14 structure is smaller than the experimental data by
3%—4%. This discrepancy may, on the one hand, be attributed
to the approximations made for exchange and correlation. On
the other hand, the DFT calculations are representative for ideal
stoichiometry at 7 = 0 K, whereas the experimental samples
were fabricated at elevated temperatures for an extended
range of homogeneity. Since ferromagnetic ordering tends to
increase volumes [31], the nonmagnetic phases exhibit smaller
lattice parameters and larger bulk moduli (e.g., by 20% for
the C15 and C36 phases). However, for the C14 phase the
equilibrium volumes of NM, FM, and AF are almost identical
due to very small magnetic moments.

The refinement of our single-crystal data revealed isomor-
phism of the structure of NbMn, with the MgZn, type (C14
structure; see Table IT). The heavier Nb is located at the 4 f site,
while Mn occupies the 2a and 6# sites. It is difficult to reveal
possible defects since antisite atoms or vacancies at a level
of about 5% can neither be determined from the refinement
of the occupational numbers nor simply be judged from the
atom displacement parameters. Nevertheless, the confidence
level of the structure determination is very high (R = 0.015),
and anisotropic thermal parameters of all atoms display almost
spherical shapes, indicating a rather uniform bonding scheme.
This is in line with interatomic distances, which merely reflect
the sum of the atom radii (see Table II). The evaluated structural
parameters are close to those in the literature [15,16,29].
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TABLE II. Structure data derived from the refinement of the
XSCD data (radiation: Mo Ka, A = 0.071069 nm, 2° < 260 <
72.45°) for NbMn, (MgZn, type, space group: P6s;/mmc).

Parameter Value
Compound NbMn,
a, ¢ (nm) 0.48917(2), 0.80030(4)
Reflections 1054
Number of variables 11
Ry =Y |F, - F|/ L F; 0.015
oR? 0.036
Riny 0.064
GOF 1.149
Atomic parameters

Nbin4f(1/3,2/3,2),z 0.56353(5)

Occ. 1.0(1)

Uy = Uy; Usz 10*(nm?) 0.064(2); 0.062(2)

Mnl at 6k (x,2x,1/4),x 0.171186(3)

Occ. 1.0(1)

Uy; Uy Usz 102 (nm?) 0.0062(2); 0.0056(3); 0.0060(2)
Mn2 at 2a(0,0,0), Occ. 1.0(1)

Uy = Uy Usz 10 (nm?) 0.061(3); 0.065(4)

Interatomic distances (nm)*

Nb-3Mnl 0.28607
Nb-3Mnl 0.28654
Nb-3Mnl 0.28655
Nb-3Mn2 0.28696
Nb-1Nb 0.29846
Nb-3Nb 0.30017
Mn1-2Mn1 0.23797
Mn1-2Mn2 0.24711
Mn1-2Mnl 0.25120
Mn1-2Nb 0.28607
Mn1-4Nb 0.28654
Mn2-6Mnl 0.24711
Mn2-6Nb 0.28696

4Standard deviation <(0.0005 nm.

In compositions where Nb > 33.3 at %, besides the 4 f site
Nb also enters both the 2a and 64 sites of the structure, as
shown in Fig. 2 for NbsyyMngp. In this compound the refined
composition for the Laves phase is Nbsg7Mng3 3.

Comparing Tables III (DFT) and II (experiment) for the
structural atomic parameters, one finds very good agreement
for Nb at the 4 f positions, whereas for Mn at the 64 position
the experimental parameter is 0.01 larger than the DFT results.
This difference might be related to the more complicated
Mn-Mn interactions in the triangular sublattice and the approx-
imations for exchange and correlation in the GGA functional.
There is no significant difference in the parameters for the three
different magnetic phases of the DFT calculations.

TABLEIIl. DFT-derived calculated internal parameters of atomic

SRS RRAR RARAN RARAE RAARE RAARE LR INULAE RS RAARE MR RARAN RARAE MUARE RAARE
L o ]
: Nb, Mn_ -900°C _
L 41(1/3, 2/3, 0.56254)  4Nb

6h (0.1734, 0.3468, 0.25) 5.7Mn+0.3Nb

a3 2a (0,0, 0) 1.9Mn+0.INb
_ R,=0.065 ]
s R =0.078 .

Intensity (arb. units)

- Nb_Ni_-ty] ]

[N I A
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FIG. 2. Rietveld refinement of the XPD data for the alloy
NbyoMngy. The red circles are observations. The black line represents
the model calculation. The vertical lines are Bragg positions for the
MgZn,-type Laves phase and the Nb..;Ni3-type phase. The blue line
is the difference between observations and calculations. The structural
parameters and reliability factors are included.

IV. ENTHALPIES OF FORMATION FROM DFT
CALCULATIONS AND CALORIMETRIC
MEASUREMENTS

A. DFT calculation

The equilibrium enthalpies of formation AH for NbMn,
can be calculated as the difference of density functional total
energies Uppr of the compound and its constituent elements,
Nb and Mn, in their ground-state modifications,

AH = Uppr(NbMny) — [Uppr(Nb) + 2Uprr(Mn)]. (1)

The reference calculations for the bec phase of Nb do not im-
pose any technical issues; however, the ground state of solid Mn
is extremely difficult to calculate because of the complicated
noncollinear magnetic ordering of @ Mn. For the derivation
of this reference energy we made use of the high-temperature
y phase of Mn, for which DFT total energy calculations are
feasible. Thus, a correction energy of 1.8 kJ mol~! between
the @ Mn and the high-temperature y phases was derived (for
details see Ref. [12]). Then A H for NbMn, can be determined.
Table IV presents the calculated AH for each structure for
different magnetic orderings in their equilibrium state. The

TABLE IV. DFT-derived enthalpies of formation AH [kJ (mol
f.u.)~'] for nonmagnetic (NM), antiferromagnetic (AF), and ferro-
magnetic (FM) phases of NbMn,.

positions for the C14 structure of NM, FM, and AF phases of NbMn,. NM AF FM

Wyckoff parameter NM M AF Cl4 —46.496 —46.56 —46.56
Expt.* —45.65 + 3.64

Nb: 4£(1/3,2/3,2) 0.5620 0.5629 0.5617 Cl15 —42.73 —42.73 —43.98

Mn: 6h(x,2x,1/4) 0.1618 0.1616 0.1616 C36 —44.59 —45.94 —46.15

Mn: 2a(0,0,0)

2Calorimetric data at 298 K in this work (see Sec. IV B).
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FIG. 3. Integral enthalpy of formation of (a) liquid binary Ni-Nb,
(b) Ni-Mn, and (c) ternary Ni-Nb-Mn alloys due to the dropping of
cold samples (298.15 K) of Nb, Mn, and NbMn;, in a liquid-Ni bath
at 1773 K.

A H differences between structures are very small, indicating
close competition between the different phases.

B. Calorimetric measurements

The enthalpies of dissolution of pure Nb and Mn as well
as of stoichiometric NbMn; in liquid Ni at 1773 &5 K were
measured by drop isoperibolic calorimetry. Using these data,
the integral enthalpies of formation of liquid binary Ni-Nb and
Ni-Mn and ternary Ni-Nb-Mn alloys due to dropping of cold
samples (298 K) were evaluated (for the details of the method
see Ref. [28]). The results are shown in Fig. 3. It was found
that the obtained integral values could be fitted properly using
the following thermodynamically adapted power series [32]:

AH =x(1-x)A+ (1 —x)B, 2)

where A and B are fit parameters. The coefficient A denotes the
molar enthalpy of dissolution of Nb, Mn, and NbMn, at infinite
dilution Agiss H;, and B corresponds to the enthalpy change of
1 mol of pure Ni due to heating from 298 to 1773 K A Hygg 3.
The latter value can be compared with the one evaluated from

TABLE V. The partial enthalpy of dissolution of the pure sub-
stances and the NbMnj, intermetallic in pure Ni at infinite dilution
Agiss H; at a temperature of 1773 + 5 K.

AdissI_Ii Error of Adiss H,-
Sample (kJ mol™") (+20) (kJ mol™")
Ni 66.84 0.05
66.867 *
Nb —81.30 3.22
Mn 17.29 1.32
NbMn, —1.67 1.08

#Reference [33].

20 T 437 T T
1ol C15 AF 45| 1
ot 501 © 2788 C15 NM|
1 * % C14 NM

—~-10- 1 -55[- ©-© C15 FM|
| . — %% C14 FM ]
9 ool -60|- AAC15 AF |
e | . 3 ++‘C14AF—7
2 -30¢ ) NbMn, |
T -40 -

< .
50 ~"C14FM |

-60H @@ DFT (calc.)
| = -m Calorimetry (expt.)
-70H ¢ LDA+U (calc.)

YMn2

| |
ZrM n, Nan2

FIG. 4. DFT-derived enthalpies of formation for the stable ground
state and calorimetric values at 298 K for YMn,, ZrMn,, and NbMn,.
For YMn, and ZrMn, DFT results refer to Refs. [12,34]; calorimetric
data are taken from Refs. [13,34]. Inset: comparison of the structural
competitions for the C15 and C14 phases depending on various spin
polarizations for ZrMn, and NbMn,.

the thermodynamic database for pure elements [33]. Table V
summarizes the values obtained.

The standard enthalpy of formation of the intermetallic
compound NbMnj, referred to bcc Nb and bec Mn at 298 K
was evaluated using the values from Table V as follows:

Anos H® = 2 Agiss Hypy + Adiss Hy — Adissnganz- (3)

The standard error (20) of the enthalpy of formation of the
intermetallics was evaluated as

20 =+/3.222 + 1.322 4+ 1.082, )

where 20 denotes the error for Ay H;. These calculations
yielded

Anos HY = —45.05 & 3.64 kJ(mol f.u. NbMny) ™', (5)

In order to corroborate our calculated enthalpies of for-
mation for NbMn, we consider all results of the related
compounds XMn, (X =Y, Zr, Nb). In Fig. 4, the experimental
and DFT enthalpies of formation are fairly consistent. The
calorimetric data at 298 K for YMn, and ZrMn, are —6.0 &+ 7.5
and —66.64 & 4.44 kJ mol ™!, respectively [13]. Concerning
the nonmagnetic phases, the C14 structure is clearly favored
in all cases. However, by switching on spin polarization,
antiferromagnetic ordering makes the C15 AF ground state
more stable for YMn,, with its energy lower by 8 kJ mol~!
than for the C14 AF phase (for details see Ref. [34]). For
ZrMn,, ferromagnetic ordering is favored: C15 FM is the
stable structure, but C36 and C14 are less stable by only
0.2 and 0.3 kJ mol~! in energy. For NbMnj,, the C14 crystal
structure is lowest in enthalpy, and both ferromagnetic and
antiferromagnetic orderings are degenerate. In addition, as
seen in the inset of Fig. 4, the enthalpy differences for NbMn,
are much smaller than for ZrMn,, which is due to the much
smaller local moments in NbMnj,, as discussed in Sec. V.
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V. MAGNETIC PROPERTIES AND ELECTRONIC
STRUCTURES FROM DFT CALCULATIONS

The magnetic moments and nearest-neighbor distances
for antiferromagnetic and ferromagnetic C14, C15, and C36
structures of NbMn; are compiled in Table VI. For the C15 FM
phase, because of cubic symmetry, there is only one Mn site
(16d) with a local moment of 0.63up (the nearest-neighbor
Mn-Mn distance is 2.4083 A). For the hexagonal C14 and
C36 structures, there are two and three different Mn sites,
respectively, resulting in several distinctly different moments
(Table VI).

Table VIreveals that for C14 AF and C14 FM the sizes of lo-
cal Mn moments differ significantly. As shown in Fig. 5(a), Mn
carries 0.64u g and 0.35 5 at the 2a and 64 sites, respectively.
The large moment of Mn at the 2a sites arises because of the
Mn(2a)-Mn(6h) nearest-neighbor distance of 2.43 A, which is
slightly larger than the average Mn(6/)-Mn distance of 2.41 A.
The shorter bond length quenches the moment at the 6/ site
because of increased hybridization. In the C14 AF structure,
however, Mn(2a) does not carry any moment, whereas Mn(6/)
possesses a local moment of +0.41u 5, antiparallely coupled
between two (64) planes [Fig. 5(b)]. The most striking fact is
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FIG. 5. Local magnetic moment arrangements of (a) FM and (b)
AF ordering for two C14 structures and (c) AFI and (d) AF ordering
of two C36 structures. Darker circles: Mn atoms; lighter circles: Nb
atoms.

that two different spin orderings, C14 AF and C14 FM, are not
only energetically degenerate at 0 K but also possess almost
the same atomic environments in terms of equilibrium volumes
and nearly the same positional parameters (see Table III).
In comparison with the neighboring isostructural compound
ZrMn, [11,12], the C14 AF spin ordering is very different.
For ZrMn; in the C14 AF structure only Mn(6/) carries a
large local moment of +1.35u g; no moment exists for Mn(2a).
Additionally, the magnetic moments of NbMn, are smaller
than those of ZrMnj, [12], mainly due to the smaller equilibrium
volumes of NbMnj, for all structures and magnetic orderings.

In comparison to the C14 structure, for C36 two different
antiferromagnetic arrangements were stabilized after the self-
consistent DFT calculations. Starting with the DFT calculation
with ferromagnetic spin polarization, the C36 phase was
converged to the antiferromagnetic ordering state [AFI; see
Fig. 5(c)], for which three distinctly different Mn magnetic
moments appear according to Table VI. The Mn(4 f) and
Mn(6g) sites couple parallel, carrying similar local moments
of about 1.0 . The Mn(6h) sites, however, have a sizeable
antiparallel moment of —0.50u p [Fig. 5(c)], resulting in a total
moment of 1.78 g per formula unit for the C36 AFI state. For
C36 AF the magnetic ordering is more complex [Fig. 5(d)].
This phase is less stable than C36 AFI by about 0.2 kJ (mol
f.u.)~'. Magnetic ordering is invoked by Mn moments at the
6g, 4f, and 6h sites with an antiparallel orientation along
the ¢ axis, with sizes of £1.05up, £0.7up, and +0.40up,
respectively.

We also note the small induced moments of Nb [0.02 g an-
tiparallel to Mn in C14 FM, £0.01 1 in C14 AF, —0.06 5 for
Nb(4 f) and —0.03 g for Nb(4g) in C36 AFI, and —0.05up
for Nb(4g) in C36 AF].

For NbMnj,, the C14 FM and AF phases are energetically
rather close. Additionally, the stablest C14 FM phase is
energetically more stable than the C36 AFI phase with a
more complex magnetic ordering by only 0.4 kJ (mol f.u.)~!.
This clearly indicates the sensitivity of magnetic ordering
to the local atomic environment of the Mn atoms. It might
be suspected that noncollinear magnetic ordering is likely
to occur because of the possible frustration of Mn magnetic
moment orientations in the kagome lattice, which is typical for
Laves-phase structures. Therefore, we cannot rule out more
complicated spin configurations. However, due to the rather
small magnetic moments we would not expect any substantial
change in total energies and hence in the degeneracy of C14
FM and C14 AF.

The electronic band structures of C14 NbMn; are compiled
in Fig. 6(a) for the nonmagnetic, ferromagnetic, and antiferro-
magnetic phases. In all cases the Ferml energy typically cuts
through very flat bands along A (0, 0,2 ) to I' (0,0,0) and to

(g 2;’ ,0,0). This results in high Values of the DOS at the
Fermi energy for all phases studied, as listed in Table VII.
With and without spin polarizations, all the band structures
of C14 are very similar, with only small shifts of spin-up
and -down bands for the FM case. The shift is small because
of the small magnetic moments. A very unusual feature is
that for the magnetic C14 FM and C14 AF cases the DOS
at Er is high. The value for the total DOS at Er of C14 NM
remains almost unchanged compared with that of C14 FM.
For the majority-spin component the value is lower by 15%,
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TABLE VI. Magnetic properties of NbMny: local environment of Mn sites and distances d to nearest neighbors (nn) as well as averaged
distance d (in A). Calculated local magnetic moments are in units of wpg, total magnetic moments are in units of pp per formula unit, and
exchange splitting A is in eV for Mn d-like states for the C14, C15, and C36 ferromagnetic phases.

Ferro(i)magnetic Antiferromagnetic
Site nn d d  Magnetic moments A Site nn d d  Magnetic moments A
Cl4 FM Cl4 AF
Mn(2a) —6Mn(6h) 2.4341 2.4341 0.64 0.62 Mn(2a) —6Mn(6h) 2.4334 2.4334 0.0 0.0
—6 Nb(4f) 2.8168 2.8168 —6 Nb(4f) 2.8160 2.8160
Mn(6h) —2MnQ2a) 2.4341 2.4123 0.35 0.33 Mn(6h) —2Mn(2a) 2.4334 2.4125 +0.41 +0.41
—2Mn(6h) 2.3308 —2Mn(6h) 2.3315
—2Mn(6h) 24718 —2Mn(6h) 2.4726
—4 Nb4f) 2.8112 2.8136 —4 Nb(4f) 2.8240 2.8557
—2Nb(4f) 2.8186 —2Nb(4f) 2.8016
0.84° 0.0
CISFM
Mn(16d) —6Mn(16d) 2.4082 2.4082 0.63 0.60
—6 Nb(8a) 2.8238 2.8238
1.20*
C36 AFI C36 AF
Mn(4f) —3Mn(6g) 2.4519 2.4279 0.94 092  Mn@4f) —3Mn(6g) 2.4408 2.4266 +0.7 +0.68
—3Mn(6h) 2.4039 —3Mn(6h) 2.4123
—3 Nb(4e) 2.8362 2.8264 —3 Nb(4e) 2.8306 2.8228
—3Nb4f) 2.8167 —3Nb4f) 2.8149
Mn(6g) —4Mn(6g) 2.4098 2.4238 1.06 1.03 Mn(6g) —4Mn(6g) 2.4075 2.4186 +1.0 +0.99
—2Mn(4f) 2.4519 —2Mn(4f) 2.4409
—4 Nb(4e) 2.8229 2.8227 —4 Nb(de) 2.8224 2.8202
—2Nb4f) 2.8223 —2Nb4f) 2.8159
Mn(6h) —4Mn(6h) 2.4967 2.4657 —-0.45 —0.43  Mn(6h) —4Mn(6h) 2.4879 2.4627 +0.4 +0.38
—2Mn4f) 2.4039 —2Mn4f) 2.4123
—4 Nb(4f) 2.8324 2.8260 —4 Nb(4f) 2.8346 2.8247
—2 Nb(4e) 2.8133 —2 Nb(4e) 2.8130
1.78 0.0

“Total magnetic moment.

but the value of the minority component rises by about 20%.
The total DOS at Ex for C14 AF gets even larger than that of
C14 NM, by 20% (Table VII). This behavior is significantly
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FIG. 6. Electronic valence band structure and density of states of
C14 NbMn,. (a) C14 NM, (b) C14 AF, (c) majority states of C14 FM,
and (d) minority states of C14 FM.

different from ZrMn, [12], for which the total density of
states at Ep is distinctly reduced by spin polarization. The
occurrence of a high density of states at the Fermi level even
for the spin-polarized calculations might be a hint of unusual
electronic interactions.

For the C36 AF and AFI phases spin polarizations also lead
to almost the same DOS at Eg. In contrast to the C14 cases,
for C36 their spin-polarized densities of states are reduced
by 20% with respect to the C36 NM phase. This difference
might be attributed to the larger local magnetic moments for
the C36 phases, resulting in a larger energy difference between
spin-polarized C36 phases and C36 NM (see Fig. 1).

Table VII also lists the bare-band values of the Sommerfeld
coefficient of the specific heat for a variety of calculated phases.

TABLE VII. DFT-derived total density of states at the Fermi
level N(Eg) (states eV~! fu.~!) and specific-heat coefficients y (mJ
mol~! K~2) for the C14 and C36 phases of NbMn,.

CI4NM C14FM Cl14 AF C36 NM C36 AFI C36 AF

N;(Eg) 222 1.82 2.49 2.84 1.99 2.07
N, (EF) 2.22 2.70 249 2.84 2.29 2.07
N,(Er) 4.44 4.52 4.98 5.68 4.28 4.14
y 10.46 10.65 11.74 13.39 10.09 9.76
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VI. ELASTIC CONSTANTS

The second-order elastic constants at equilibrium volumes
and zero pressure are listed in Table VIII. Although C15 is
not the stable ground state, we discuss the properties because
the structure is very common for Laves phases and is closely
related to that of C14, and it might appear at high temperatures.

To our knowledge, there are no experimental measurements
on single-crystal elastic constants of NbMn,. In Table VIII,
the bulk moduli obtained from our work are close to those
calculated by strain deformation, implying the precision of
our calculations. Because the calculated equilibrium volume
is smaller than the experimental one by 3%, the calculated
elastic constants are expectedly larger by 10%, which is very
common from calculations.

The results in Table VIII do not show any elastic instabil-
ities [36] for the C14 and C15 phases of different magnetic
orderings. In general, the values for the bulk moduli are about
250 GPa for the NM cases and about 200 to 220 GPa for the
FM and AF cases. The smaller values for the magnetic cases
are due to the slightly larger equilibrium volumes (Table I).
Interestingly, in comparison to the calculated results of ZrMn5,
TiMn,, and NbCr, the shear moduli ¢’ of all compounds with
C15 are almost the same. However, with the C14 structure,
significant differences appear in different compounds. It is
interesting to note that the C14 FM phase of ZrMn, has
the lowest cgg, 18 GPa [12], whereas NbMn, and TiMn,
have noticeably larger values, mainly due to weak magnetic
interactions.

VII. VIBRATIONAL PROPERTIES

In order to study the temperature-dependent spin behaviors
of NbMny,, the vibrational spectra of the stablest C14 FM and
C14 AF phases at their equilibrium volumes were calculated,
with the intention being to overcome the inherent restriction
to T =0 K in standard DFT calculations of the electronic
structure.

TABLE VIII. Calculated elastic constants (GPa), bulk moduli B
(GPa), and linear combination shear modulus ¢’ (GPa) at the optimized
equilibrium volume for C15 and C14 phases of NbMn, compared to
other Laves phases. The bulk moduli in parentheses are taken from
the energy vs volume curves.

C15 Cl1 Cl2 C44 B ¢

NbMn, (NM) 316 215 96
NbMn, (FM) 278 168 74
ZtMn, (FM)* 250 150 21
TiMn, (FM) 271 170 74

249 (250) 50
205 (206) 55
184 (181) 50
204 (203) 50

NbCr, (NM)® 316 216 71 252 50

Cl4 ¢ Ci2 Cn3 33 Ca Ces B
NbMn, (NM) 346 218 180 384 68 64 248 (248)
NbMn, (FM) 303 187 160 341 54 58 218 (220)
NbMn, (AF) 302 189 163 338 53 56 219 (219)
ZrMn, (FM)?* 231 196 132 269 50 18 181 (180)
TiMn, (NM) 299 203 161 332 56 48 213 (209)

4Reference [12].
bReference [35].
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FIG. 7. DFT-derived phonon dispersions and DOSs for the C14
FM (top) and C14 AF (bottom) phases of NbMns.

Because the C14 AF phase of NbMn; is very close in DFT
total energy to C14 FM, the vibrational properties are certainly
of interest. Figure 7 shows the calculated phonon dispersions
and the total and partial phonon densities of states (DOSs)
for both phases. The total number of branches is 36 for the
hexagonal C14 structure (12 atoms per unit cell). The phonon
DOS of C14 AF is very similar to those of the C14 FM structure
(left panel of Fig. 7). The main difference relevant at low
temperatures appears at low frequencies, where vibrations of
Mn(2a) build up a weak peak at about 1.88 THz for C14 AF,
which shifts to ~2.2 THz for C14 FM, mainly due to Mn(2a)
carrying no magnetic moments in the C14 AF phase.

For all phases studied, no modes with imaginary frequencies
were found, indicating that they are dynamically stable.

The total free energy F within a DFT framework may
be composed of two basic parts: the DFT ground-state total
energy Uppr for the electronic system at 7 = 0 K and the
temperature-dependent free energy of the lattice vibrations.
For the electronic part, the temperature dependence may be
introduced by the model of Sommerfeld [37] based on the free-
electron gas, involving the electronic DOS at Fermi energy.
Within this model a temperature-dependent free energy for
electrons Fy is derived. The vibrational free energy in the
harmonic approximation is defined for finite temperatures once
the phonon DOS is available [24]. Then, the total free energy
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FIG. 8. Calculated temperature-dependent energy differences for
NbMn,: DFT-derived temperature-dependent total free-energy dif-
ferences AF = F(C14 AF) —F(C14 FM); internal energy differ-
ences AU(T) = U(C14 AF) — U(C14 FM), including DFT total
energies; and entropy differences A(—=TS,,) = (=TS5,,)(C14 AF)
— (=TS,;)(C14 FM). All energies are in kJ (mol f.u.)~!. Positive
values of AF are C14 FM stable; negative values are C14 AF stable.
Thermodynamical properties calculated according to Ref. [24].

Fon(T) is written as
Fon(T) = Uppr(0) + Upn(T) — T Spu(T), (6)

where the phonon free energy F,n(T) is split into the internal
energy Upn(T) and entropy T Sph(T). Equation (6) provides
a reasonable approximation for the free energy at elevated
temperatures as long as the harmonic approximation is valid.
The temperature-dependent phase stabilities can then be de-
rived by comparing the total free energies F(T) = F + Fpp
of different structures and magnetic orderings. Figure 8 shows
the differences A F(T') of total free energies comparing the
C14 AM and C14 FM phases.

The internal energy contains the zero-point energy U ,;(0),
which is similar for both phases (9.43 kJ/mol for C14 AF and
9.42 kJ/mol for C14 FM). The comparison of free energies
of the C14 FM and C14 AF phases in Fig. 8 shows that C14
FM is slightly stable for all temperatures. Its stability increases

with increasing temperature. At 7 = 0 K, the C14 FM phase
degenerates. The most striking result is that the free-energy
differences reach only 0.1 kJ (mol f.u.)~! up to 1000 K. This
value is too small to identify a phase change experimentally to
see which magnetic structure, C14 FM or C14 AF, is stable.
At this elevated temperature anharmonic corrections could be
of some influence, but deriving them from first principles is
demanding and beyond the scope of this study. In particular,
high accuracy would be needed because very small energy
differences are involved. The temperature dependence of AF
is driven by the phonon entropy difference A(—TS,,), as
illustrated by Fig. 8. The electronic contribution is rather small.
The differences in internal energies remain rather constant in
the considered temperature range. Their weak dependence on
temperature shows a trend opposite that of the entropy term.
According to Fig. 8, the phonon entropies always favor the C14
FM phase with rather small free-energy differences.

VIII. CONCLUSION

According to the DFT results, the C14 FM and AF
phases are nearly degenerate, and even at temperatures of
several hundred kelvins the free-energy difference is only
0.02-0.03 kJ (mol f.u.)~!. The FM phase is slightly favored
over C14 AF. The magnetic phases, however, could not be
confirmed so far experimentally. At very low temperatures,
the free-energy difference between the two spin arrangements
is less than 1072 K, and therefore, spin flipping might be easily
possible. Because some of the Mn atoms form a network
of vertex-sharing tetrahedra in a kagome lattice as in cubic
pyrochlore [1] (see Fig. 5), more complex arrangements of
local Mn moments with rather degenerate free energies might
be expected, increasing the degree of degeneracy and the
residual entropy. This type of ground-state degeneracy of
antiferromagnetic spin orderings might lead to a high electron
density of states at the Fermi level, as is found in our results in
Table VII and Fig. 6.
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